OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Fluorescence-Based Methods for Detecting Caries
Lesions: Systematic Review, Meta-Analysis and Sources

of Heterogeneity

Thais Gimenez', Mariana Minatel Braga', Daniela Procida Raggio’, Chris Deery?, David N. Ricketts®,

Fausto Medeiros Mendes'*

1 Department of Pediatric Dentistry, School of Dentistry, University of Sdo Paulo-USP, Séo Paulo, Brazil, 2 School of Clinical Dentistry, University of Sheffield, Sheffield,
United Kingdom, 3 Dundee Dental Hospital and School, University of Dundee, Dundee, United Kingdom

Abstract

Background: Fluorescence-based methods have been proposed to aid caries lesion detection. Summarizing and analysing
findings of studies about fluorescence-based methods could clarify their real benefits.

Objective: We aimed to perform a comprehensive systematic review and meta-analysis to evaluate the accuracy of
fluorescence-based methods in detecting caries lesions.

Data Source: Two independent reviewers searched PubMed, Embase and Scopus through June 2012 to identify papers/
articles published. Other sources were checked to identify non-published literature.

Study Eligibility Criteria, Participants and Diagnostic Methods: The eligibility criteria were studies that: (1) have assessed
the accuracy of fluorescence-based methods of detecting caries lesions on occlusal, approximal or smooth surfaces, in both
primary or permanent human teeth, in the laboratory or clinical setting; (2) have used a reference standard; and (3) have
reported sufficient data relating to the sample size and the accuracy of methods.

Study Appraisal and Synthesis Methods: A diagnostic 2x2 table was extracted from included studies to calculate the
pooled sensitivity, specificity and overall accuracy parameters (Diagnostic Odds Ratio and Summary Receiver-Operating
curve). The analyses were performed separately for each method and different characteristics of the studies. The quality of
the studies and heterogeneity were also evaluated.

Results: Seventy five studies met the inclusion criteria from the 434 articles initially identified. The search of the grey or non-
published literature did not identify any further studies. In general, the analysis demonstrated that the fluorescence-based
method tend to have similar accuracy for all types of teeth, dental surfaces or settings. There was a trend of better
performance of fluorescence methods in detecting more advanced caries lesions. We also observed moderate to high
heterogeneity and evidenced publication bias.

Conclusions: Fluorescence-based devices have similar overall performance; however, better accuracy in detecting more

advanced caries lesions has been observed.
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Introduction

The prevalence of dental caries (tooth decay) and its progression
have decreased in recent years [1,2]. With this background in
mind, the early diagnosis of caries is thought to be difficult and the
changes in the presentation of the disease may be making diagnosis
worse [3]. Visual inspection (clinical examination) is the method of
choice in daily clinical practice for detecting caries lesions [4,5].
However, despite the high specificity (correct identification of
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sound sites), visual inspection has achieved sub-optimal sensitivity
(correct identification of carious sites) and reproducibility values
[6]. As a result, adjunct methods of caries detection have been
proposed to improve the accuracy and reproducibility of caries
detection and in some cases to allow for more objective
assessment.

The most common adjunct method for caries detection in
clinical practice is radiography, however, more recently several
fluorescence-based methods have been used to aid and inform the
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caries detection and diagnostic process. These methods are based
on the principle that carious dental tissues have altered (decreased)
fluorescence properties compared with sound dental tissues. The
quantitative light-induced fluorescence method of caries detection
(QLF, Inspektor, Amsterdam, The Netherlands) uses a halogen
lamp which emits a blue light with a wavelength of 370 nm that
excites the tooth structure which then fluoresces. The fluorescent
images are then captured and software quantifies the loss of
fluorescence provoked by the demineralization within carious
lesions. Reduction in the fluorescence indicates mineral loss [7].

Another laser fluorescence (LF) method is based on the emission
of a red light, with a wavelength of 655 nm, through a diode laser.
The light reaches the dental tissues, which emits fluorescence in
the near-infrared range. The first device that was made
commercially available utilising this technique captures the
fluorescence and translates its intensity into a relative numerical
scale from 0 to 99 [8]. This device was introduced onto the market
to detect occlusal and smooth-surface caries lesions (DIAGNO-
dent, Kavo, Biberach, Germany) however, this was superseded by
a cable free pen-type laser fluorescence device (LFpen) which
additionally allowed approximal surfaces to be examined (DIAG-
NOdent pen, Kavo, Biberach, Germany) [9,10]. Both devices are
based on the physical property that carious tissue fluoresces more
strongly, mainly due to bacterial porphyrins, than sound tissue
when excited by visible light at this wavelength [4,9].

More recently, a fluorescence camera (FC; Vista Proof, Diirr
Dental, Germany), has been developed for caries detection on
occlusal surfaces. The tool emits a light with a 400-nm wavelength
and filters the fluorescence emitted by the tissue. Specific software
then quantifies the fluorescence on a numerical scale from 0 to 5.
This device also captures the fluorescence from bacterial
porphyrins [11].

Several studies have evaluated the performance of these
methods in detecting and quantifying carious lesions. The range
of reported results is extensive and contradictory. Systematic
reviews are important to summarize the advances in health care
for practitioners, in order to ensure the correct implementation
and adoption of research knowledge in everyday practice for the
benefit of patients. They also identify the areas where there are
gaps in knowledge. Thus, the aim of this study therefore was to
synthesize the findings about the accuracy of fluorescence-based
methods in detecting caries lesions on occlusal, approximal and
smooth surfaces of both permanent and primary teeth by
conducting a comprehensive systematic review and meta-analysis.
We also investigated possible sources of heterogeneity and
publication bias. This is the first known systematic review of
diagnostic methods of caries lesions that has performed a series of
meta-analyses and meta-regressions to evaluate overall accuracy
and possible reasons for heterogeneity.

Materials and Methods

To conduct this review, we followed the guideline “Preferred
reporting items for systematic reviews and meta-analyses
(PRISMA)” [12]. The PRISMA checklist is included as Support-
ing Information (Table S2).

Information sources

We performed the literature search in MEDLINE (PubMed) for
articles published until 19", June 2012 that reported accuracy in
detecting caries lesions by one of the following fluorescence-based
methods: QLF, LF, LFpen or FC. Similar searches were done
using the Embase and Scopus databases. To reduce publication
bias, unpublished documents were pursued through OpenSIGLE
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and the Annals of ORCA Congress (European Organisation for
Caries Research) for the last 10 years. The references of the
articles included were also checked for verification of possible
items not identified by the search. No restrictions were made with
respect to the study design.

Search

We divided the search of electronic databases into three parts,
for illustrative purposes. The first part corresponded to the optimal
search strategy for diagnostic studies [13]. The second was related
to the clinical situation under investigation (caries lesions) and the
third was associated with the caries detection method (Figure 1).
Each part was associated to the other with the Boolean tool
“AND”. The syntax was developed to search in the MEDLINE
database and was adapted for other databases.

The results of searches of various databases were cross checked,
in order to locate and eliminate duplicates.

Study Selection and Eligibility criteria

After locating the studies, the titles and abstracts were examined
to ensure they fulfilled the following inclusion criteria: (1) studies
that mentioned some fluorescence-based methods (LF, LEFpen, FC
or QLF) in detecting primary caries lesions; and (2) studies ( that
used human teeth, either in vitro or in vivo, primary or permanent
teeth and on smooth, approximal or occlusal surfaces.

The articles whose titles and abstracts met these inclusion
criteria were then searched to ensure there was a reference
standard (gold standard) and they reported the absolute numbers
of true positives (TP), false positives (FP), true negatives (TIN) and
false negatives (FN) or presented sufficient data to derive these
figures.

Two reviewers (TG and MMB) independently identified
potential references and eliminated irrelevant studies. Doubts or
disagreements were solved by discussion with a third researcher
(FMM). Studies that used the same data set for more than 1
publication were included only once in this review. Articles that
reported diagnosis of root or artificially developed caries lesions, as
well as, caries lesions around restorations, were excluded.

Data collection process

Data were extracted by one reviewer (T'G) directly from the full
texts of articles to structured tables containing all variables and
data about accuracy. A second researcher (FMM) independently
verified the extracted data. Discrepancies were solved by checking
the source and discussion. Whenever possible, we extracted raw
data from primary studies to fill a diagnostic 2x2 table. When
studies did not provide confidence intervals for sensitivity or
specificity, we estimated them using Review Manager Software
(RevMan Version 5.1, The Nordic Cochrane Centre, The
Cochrane Collaboration, Copenhagen, Denmark).

The following information was extracted from papers: diagnos-
tic method, reference standard test, cut-offs values, setting (in vivo
or in vitro studies and in case of in vitro studies, if specimens had
been stored frozen or not), type of teeth (primary or permanent),
surface evaluated (smooth, approximal or occlusal), sample size
and outcome data (sensitivity and specificity). In some articles, the
values of TP, TN, FP and FN were available. If not, we derived
the numbers from the sample size, caries prevalence and reported
sensitivity and spectficity. If a study reported pairs of sensitivities
and specificities at different cut-off points, we extracted the pair
with the highest values (optimal cut-off). If the study evaluated the
performance of the method with more than one examiner, only
the values of the first examiner were considered. Unfortunately,
this can lead to loss of accuracy data. However, this strategy was
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CCCCCCCCC((sensitive and specificity) OR sensitivity and
specificity/standards) OR specificity) OR screening) OR false positive)
OR false negative) OR accuracy) OR predictive value of tests) OR
predictive value) OR predictive value of tests/standards) OR predictive
values of tests) OR predictive values) OR reference value) OR
reference values) OR reference values/standards)) OR (((((((((((((roc)
OR roc analyses) OR roc analysis) OR roc and) OR roc area) OR roc
auc) OR roc characteristics) OR roc curve) OR roc curve method) OR
roc curves) OR roc estimated) OR roc evaluation) OR likelihood ratio)))
AND
(dental caries[MeSH Terms] OR caries OR carious)

AND
(((((((((((laser fluorescence) OR DIAGNOdent) OR infrared) OR diode
laser fluorescence) OR QLF) OR quantitative light-induced fluorescence
system) OR quantitative light-induced fluorescence) OR fluorescence-
based methods) OR fluorescence camera) OR VistaProof-FC) OR
VistaProof))

Strategy Related to the
outcome of the diagnostic

method

Clinical situation

Caries detection method

Figure 1. Search strategy. Chart containing the search strategy for electronic databases.

doi:10.1371/journal.pone.0060421.9001

adopted based on a medical systematic review aiming to prevent
the duplication of sample data (cluster effect), which could lead to
bias [14]. If the study reported the interference of different
variables on the performance of the method, only baseline values
were annotated.

Risk of bias of individual studies

We used a modified QUADAS (Quality assessment of studies of
diagnostic performance included in systematic reviews) checklist to
assess the quality of included studies [15], but there was no
intention to classify the studies. We only used these quality items to
asses possible sources of heterogeneity [16]. This modified version
consists of 11 items on methodological characteristics that have the
potential to introduce bias.

Summary Measures and synthesis of results

The statistical analyses were performed separately at two
different thresholds: initial and more advanced caries lesions.
For the more advanced caries lesions threshold, only lesions
reaching dentine (when lesion depth was assessed) or cavitated
lesions were considered in the studies that the reference standard
was performed by direct visual inspection. On the other hand, for
the initial caries lesions threshold, we considered all lesions,
independent of the lesion depth or of the dental surface integrity
(cavitated or not).

The majority of analysis were performed separately considering
the different methods, types of teeth and examined dental surfaces.
The analyses included:

(1) Qualitative description of included studies.

(2) “Paired Forest Plot” to report the results of sensitivity and
specificity of individual studies for each method combined
with the type of tooth and its respective surface (RevMan
Version 5.1) [17,18].

(3) Statistical pooling of sensitivity, specificity, diagnostic odds
ratio (DOR), positive (PLR) and negative likelihood ratios
(NLR), calculated using DerSimonian Laird method (random
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effects meta-analysis model) using Meta-Disc 1.4 analysis
software (Madrid, Spain). Additionally, we summarised these
numbers in summary receiver operating characteristic curves
(sROC). Graphics were created using the MetaDisc 1.4
Software.

(4) Evaluation of individual quality of studies through QUADAS
checklist (RevMan Version 5.1).

(5) Search for the presence of publication bias through funnel
plots, based on the DOR of each study and their respective
confidence intervals (CI) (Comprehensive Meta-Analysis
Software, Statistical Solutions, Boston, USA).

(6) Search for the presence of heterogeneity (inconsistency — /%)
based on DORs of included studies (MetaDisc 1.4 Software).

(7) Explore possible explanations for heterogeneity through meta-
regressions (MetaDisc 1.4 Software). Meta-regression was
performed to compare the effect of methodological differences
related to the categories: primary or permanent teeth; clinical
or laboratory studies with specimens frozen or not; and type of
reference standard methods used (histological, operative
intervention or others — visual, tooth separation, radiographic
etc.). The statistical significance was set at p<<0.05.

We also performed sensitivity analysis with the exclusion of each
study sequentially. This analysis was performed to determine the
robustness of the results.

Results

Study Selection

Study selection flow is shown in Figure 2. Medline (PubMed),
Embase and Scopus searches yielded 740 studies (Figure 2). Using
Medline as reference, 306 articles were excluded due to
duplication. Thus, the three databases identified 434 unique
studies. On the basis of title and abstract, we excluded a further
217 articles. One hundred and forty two articles were excluded
after reading full text, due to reasons detailed in Figure 2. This left
75 studies for evaluation. The search of OpenSIGLE and abstracts
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Published Literature

Gray Literature

§ 410 references identified from Pubmed
-1 142 from Embase
ﬁ 188 from Scopus
5 (untilJune 19, 2012)
ﬁ Total: 740
- J
( )\

410 fromMedline
5 fromEmbase
19 from Scopus

Total:434

v 57 - out of the subject;
¥’ 58 - review or conceptual
articles;

v’ 16 — with non-human teeth;
v’ 7-methodology articles;
¥ 52 - notrelated to diagnosis

(monitoring, removal or
treatment of caries);
¥ 12 - method notbased on LF;
v’ 4 - without validation;

A 4
207 from Medline
4 from Embase
6 from Scopus
Total: 217

After inclusion criteria

/ 217 studies excluded: \

\‘/ 11 — notabout performance/

3 references from OpensSigle
(untilJune 21, 2012)
133 abstracts
(Annals of ORCA Congress)

56 studies excluded:

v’ 2 -review or conceptual articles;
v’ 15 — withnon-humanteeth;
v 33 - notrelated to diagnosis

(monitoring, removal or

v treatment of caries);

\ 4

0 references from OpenSigle
80 abstracts (Annals of ORCA Congress)

142 studies excluded:
v' 6 duplication of data;
¥’ 65 - no performance data or
reference standard method;
v/ 10 —not related to diagnosis
(monitoring, removal or
treatment of caries);
¥’ 13 - method not based on LF;
v’ 9 - conceptual / review of the
literature;
v 4 —conference abstracts
without performancedata;
v 10 - diagnosis of secondary or
root caries lesions;
v’ 1 withnon-humanteeth;
v’ 4 - artificial lesions;

\ 4

§
§
&
{
g

lesions;

v 2 —diagnosis of activity of caries

v 16 — wthout contingency table

\\/ 2- fullanicleunavailable/

A 4
73 from Medline
1 fromEmbase
1 from Scopus
Total: 75

Included Studies

Figure 2. Flow diagram for selection of studies.
doi:10.1371/journal.pone.0060421.g002

from Annals of the ORCA Congress yielded 136 investigations
(Figure 2), but none were included due to lack of full data about
accuracy.

Study Characteristics

Publication year ranged from 1999 to 2012. The vast majority
of studies were conducted in the laboratory using the occlusal
surfaces of permanent teeth with a histological reference standard.
Most studies were performed using the LF method (DIAGNO-
dent), followed by studies using LFpen. A summary containing
characteristics of each included study is provided in the online
supplementary material (Table S1).

Risk of bias within studies

The overview of the QUADAS checklist for all studies
demonstrated some differences in terms of study quality. The
analysis showed that almost 75% of the studies lacked a
representative spectrum of lesion severity. Practically 100% did
not specify the time between test and reference standard and
nearly 50% did not report relevant clinical information. The great
majority of studies used an acceptable reference standard, avoided
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¥ 6 notabout caries lesions

J
4

65 studies excluded-no

N performance data;

15 studies excluded —without
contingency table;

. J

A 4

0 references from OpenSigle
0 abstracts (Annals of ORCA Congress)

partial verification and incorporation bias, reported uninterpre-
table, intermediate or indeterminate results and explained
withdraws (Figure 3). Usually, the authors do not mention
uninterpretable, intermediate or indeterminate results, and these
results are commonly removed from the analysis. However, it is
important that these are reported so that the impact of these results
on test performance can be determined.

Results of individual studies

Paired forest plots show the sensitivities and specificities of each
study with their 95% confidence intervals depicted as horizontal
lines, grouped by caries detection method, permanent or primary
tooth and dental surface tested. We observed a wide range of
results across the studies with a tendency to higher sensitivity and
specificity values when the methods were used to detect more
advanced caries lesions. The paired forest plots of the values of
performance at initial caries lesions threshold (Figure 4) and at
more advanced caries lesions threshold (Figure 5) are provided.
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Figure 3. QUADAS graphic. Analysis of study quality considering the
Quality assessment of studies of diagnostic performance included in
systematic reviews (QUADAS) checklist.
doi:10.1371/journal.pone.0060421.9003

Synthesis of results

Pooled sensitivity, specificity, DOR, PLR, NLR, I* and sROC
were calculated separately for the method used, type of tooth and
dental surface. Within these groups, the area under curves (AUC)
of summary ROC analysis provided more adequate description of
the study results.

An overall analysis showed that the fluorescence-based methods
had similar accuracy for all types of teeth, setting and tooth
surfaces. A trend towards better accuracy could be observed at the
more advanced caries threshold. A tendency towards higher
pooled specificity than the pooled sensitivity could be observed,
except for the more advanced lesions threshold on the occlusal
surfaces of permanent teeth that showed similar values of
sensitivity and specificity.

With regard to the occlusal surfaces of permanent teeth
(Figure 6) at initial lesions threshold, the values of pooled
sensitivity, specificity, DOR, PLR, NLR, AUC of sROC were
pretty similar amongst the three methods (LF, LFpen and FC),
while at the more advanced lesions threshold, pooled DOR for LF
and FC methods were higher than for LFpen. Considering the
occlusal surfaces of primary teeth (Figure 7), the values of pooled
sensitivity, specificity, DOR, PLR, NLR, AUC of sROC were
again similar among the three methods (LF, LFpen and FC) in
detecting initial caries lesions. At more advanced lesions threshold,
pooled DOR for LF were the lowest value, LFpen showed an
intermediate result and FC method presented the highest value.

For approximal surfaces of both permanent and primary teeth
(Figure 8), only LFpen method had sufficient studies to permit a
meta-analysis. For permanent teeth, the LFpen showed similar
values at both thresholds, whilst for primary teeth, the same
method presented higher pooled DOR in detecting more
advanced caries lesions.

Only three articles using QLF were included; because of this, we
could not perform any meta-analysis. All studies were carried out
on permanent teeth. At the non-cavitated lesions threshold, only
one study evaluated the accuracy of the method on occlusal
surfaces [19]. This reported high sensitivity values at the expense
of specificity. Two articles reported the performance at the more
advanced lesions threshold. One was conducted on smooth
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surfaces [20] and the other on occlusal surfaces [21]. They
reported high values of both specificity and sensitivity.

Likewise, only two included studies assessed the accuracy of the
methods on smooth surfaces. They both used LF device, one on
permanent [20] and the other on primary teeth [22]. Further-
more, one of them also evaluated the performance of the QLF on
permanent teeth [20]. On both non-cavitated lesions and more
advanced lesions thresholds, these reported values of sensitivity
lower than those of specificity.

The test chosen for estimating heterogeneity among studies was
P. Overall, the studies presented heterogeneity varying from
moderate to high. Regarding occlusal surfaces of permanent teeth,
the values of ¥ were pretty similar between LF and LFpen with
moderate heterogeneity at initial caries threshold (65% and 54%
respectively), and moderate to high at more advanced lesions
threshold (77% and 73% respectively). The FC method presented
very low inconsistency at both initial (0%) and more advanced
(17%) lesions thresholds. With regard to the occlusal surfaces of
primary tecth,  values of LFpen and FC methods in detecting
initial caries lesions were 0% while LF presented high inconsis-
tency (75%). At more advanced lesions threshold, LF and LFpen
showed low to moderate heterogeneity (23% and 31%, respec-
tively) and FC method presented higher heterogeneity (80%).
Regarding approximal surfaces of permanent and primary teeth,
LFpen method showed high inconsistency in both initial (93% and
84%, respectively) and more advanced (84% and 89%) lesions
thresholds.

Heterogeneity analyses were not possible for other situations
due to lack of sufficient studies.

Evidence of publication bias among the studies

Funnel plots were performed for each of the methods and tooth
surfaces at each lesion severity threshold (Figure 9A to D). We
observed evidence of possible publication bias considering the
following conditions: LI on occlusal surfaces at both thresholds
(Figure 9A); LIpen used on occlusal surfaces only at more
advanced caries lesions threshold (Figure 9B); and FC only at
iitial lesions threshold (Figure 9C). We also observed evidence of
publication bias with the LFpen used on approximal surfaces at
more advanced caries lesions threshold (Figure 9D).

Additional analysis

In the sensitivity analysis, we did not observe any statistically
significant difference with the exclusion of any study.

Meta-regression analyses were performed to compare the effect
of methodological differences related to the different situations:
primary vs. permanent teeth; clinical or laboratory setting with
specimens frozen or not; and type of reference standard method
used (histological, operative intervention or other reference
standard methods). Only LF method used on occlusal surfaces of
permanent teeth at dentin threshold demonstrated a statistically
significant difference comparing in vivo studies and in vitro studies
in which the specimens were not frozen (Table 1).

Regarding the type of reference standard, LF method used on
occlusal surfaces of permanent teeth at initial caries lesions
threshold demonstrated a statistically better performance when
other reference standard methods were used compared to the
histological examination (Table 2). Studies with the LF method
used on occlusal surfaces of permanent teeth at dentin threshold
that used operative intervention as reference standard method
demonstrated a statistically better performance than studies using
histological examination (Table 3). Other meta-regression analyses
did not present statistically significant differences and the data
were not presented.
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Achilleos EE, 2012a1 FC
Diniz M8, 2012a2 FC
Diniz M8, 2011a2 FC

Jablonski-Momenid, 2012 FC
Jablonski-MomeniA, 2012 FC
Jablonski-Momeni &, 2011 FC

Seremidi K, 2012a1 FC
Rodrigues JA, 2011a3 FC
Novaes TF, 2012a2 FC
Matos R, 2011a1 FC
Abalos C etal, 2012 LF
Barberia E, 2008a1 LF
Baseren NM, 2003 LF
Akarsu SB, 2006 LF
Deery C, 2006 LF
de Paula AB, 2011a LF
Cortes DF, 2003 LF
Chong MJ, 2003 LF
Francescut P, 2003a1 LF
Diniz MB, 2012a LF
Diniz M8, 2011a LF
Jablonski-Momenid, 2011 LF
Manton DJ et al, 2007 LF
Lussi A, 1999 LF
Lussi A, 20063 LF
Seremidi K, 2012a LF
Umermori 8, 2010 LF
Sridhar N, 2009 LF
Shi X@, 2000 LF
Sheehy EC, 2001 LF
Reis A, 2006a1 LF
Reis A, 2006a LF
Rodrigues J&, 2011a LF
Rodrigues J4, 20092 LF
Olmez 4, 2006 LF
Rando-Meirelles MP, 2011 LF
Rechmann P etal, 2012 LF
Pereira AC etal, 2011a LF
Virajsilp V, 2005 LF
Mendes FM, 2005 LF
Barberia E, 2008a LF
Bengtson AL, 2005 LF
Francescut P, 2003a LF
Goel A, 2009 LF
Kawadia K, 2008 LF
Kawadia K, 2011 LF
Rocha-Cabral RM, 2008 LF
Rocha RO, 2003 LF
Rodrigues JA, 2009a1 LF
Rodrigues JA, 2008 LF
Novaes TF, 2012a LF
Mendes FM, 2006a LF
Neuhaus KW, 2011a LF
Apostolopoulou D, 2009 LF
Huth KC, 2010 LFpen
Lussi A, 2008 LFpen
Achilleos EE, 2012a LFpen
Aldan AM, 20112 LFpen
Diniz MB, 2012a LFpen
Diniz MB, 2011 LFpen
Jablonski-Momeni &, 2017 LFpen
Huth KC, 2008 LFpen
Lussi A, 2006a1 LFpen
Rodrigues J&, 2011a1 LFpen
ChenJ, 2012 LFpen
Braga MM, 2009 LFpen
Bittar DG, 2011a1 LFpen
Novaes TF, 2009 LFpen
Novaes TF, 2010 LFpen
Bittar DG, 2011a LFpen
Matos R, 2011a LFpen
Novaes TF, 2012a1 LFpen
Matos R, 2012 LFpen
Neuhaus KW, 2011a1 LFpen
Pereira AC etal, 2011a1 QLF

Initial caries lesions

Teeth
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent

Primary
Primary
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Permanent

Surface
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal

Approximal
Buccalipalatal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Ocelusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Approximal
Approximal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Approximal
Approximal
Approximal
Approximal
Approximal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal
Occlusal

Sensitivity
0.97 (0.85,1.00)
0.74(0.64,082)
0.76[0.61,087)
0.76 (0.63, 0.96]
0.80(0.70,089)
0.71(0.59, 0.81)
0.35(0.25, 0.46)
0.75 (0,64, 0.84)
0.72(0.59,082)
0.44(0.39,0.49)
0.97 (0.90,1.00]
0.39(0.23, 0.58)
1.00(0.74,1.00)
0.88(0.78,0.95)
0.94(0.79,099)
0.71 058,083
0.73(0.64,081]
089 0.65, 0.99]
0.7 (0,62, 0.89]
0.85(0.76, 0.91]
0.43(0.29,0.58)
0.82(0.74,088)
0.49(0.40, 0.58)
0.83(0.74,091)
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Figure 5. Paired forest plot of the results at more advanced caries lesions threshold.

doi:10.1371/journal.pone.0060421.g005
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Figure 8. sROC curves of accuracy performed on approximal surfaces. Summary Receiver-operating characteristics (SROC) curves and
synthesis of the results obtained with studies about accuracy performed on approximal surfaces. LFpen = pen-type Laser fluorescence method.

doi:10.1371/journal.pone.0060421.9g008

Discussion

Systematic reviews are useful methods to present the best
existing evidence about a specific question. Clinicians and health
care professionals should be aware of the best evidence available to
support their clinical practice. Concerning advanced adjunct
methods employed to detect dental decay based on fluorescence, a
previous systematic review was performed in 2004, but this was
limited to the LF method only [23]. Another more recent
systematic review has been published, but the authors did not
perform a meta-analysis [24]. Our study is the first systematic
review of diagnostic methods of caries lesions that has performed a
series of meta-analyses and meta-regressions. Thus, we have
evaluated empirically the key aspects of different fluorescence
based methods used to detect caries lesions, such as the accuracy of
these methods, the heterogeneity among the studies, the evidence
of publication bias, and if differences in the methodology could
interfere with the results of the meta-analysis. Our review is
intended to add important information for clinicians to use in
order to enable them to make a decision as to the actual usefulness
of the fluorescence-based methods.

The review search was limited to four laser fluorescence
methods which were those that were reported most in the
literature: LF, LFpen, FC and QLF. We observed that all devices

showed similar results about accuracy. These results were observed
independent of the tooth type or dental surfaces examined.

The findings with regard to the similar accuracy of the devices is
to be expected because although of different designs and working
with different light sources and wavelengths, these methods are
based on the fact that carious tissue fluoresces differently to sound
surfaces when excited by light at a certain wavelength range. The
only significant difference is that QLI predominantly measures the
loss of intrinsic fluorescence of the dental enamel caused by
demineralization and the other methods (LF, LFpen and FC) are
based on the alterations (increase) in fluoresce of carious tissues
due to the presence of bacterial metabolites [8,25,26].

Some significant differences were observed. For example,
studies have suggested that the results obtained with the original
LF cannot necessarily be extrapolated to those obtained with the
new LFpen or with the FC [26,27]. This assertion is because the
LFpen device tends to give higher readings than the LF; hence
different cut-off points should be considered for the different
devices. In our study, we found similar performance among the
methods probably because the meta-analysis tends to adjust for
these differences in the cut-off points.

The most commonly used indicators of diagnostic performance
have been sensitivity and specificity. We could see a trend of
pooled specificity being greater than the pooled sensitivity, except
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Figure 9. Funnel plots to evaluate evidences of publication bias. Funnel plots plotted to evaluate possibility of publication bias of studies
using laser fluorescence method (A), pen-type laser fluorescence (LFpen) method (B) and Fluorescence camera (C) in detecting occlusal caries lesions

and LFpen for approximal caries lesions (D).
doi:10.1371/journal.pone.0060421.9g009
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Table 1. Meta-regression analysis to compare the effect of differences related to the setting of the studies performed to detect
more advanced caries lesions on occlusal surfaces of permanent teeth.

teeth

Laser fluorescence (LF) Pen-type LF Fluorescence camera

RDOR (95% CI) P RDOR (95% ClI) p RDOR (95% ClI) p
Clinical 1.00 1.00 1.00
Laboratory 0.28 (0.12 to 0.66) 0.004 0.35 (0.04 to 2.99) 0.276 3.83 (0.53 to 27.73) 0.132
Laboratory using frozen 0.45 (0.12 to 1.67) 0.223 1.27 (0.18 to 8.79)  0.768 2.96 (0.36 to 24.45) 0.227

RDOR = Relative Diagnostic Odds ratio; 95% Cl=95% Confidence interval.
doi:10.1371/journal.pone.0060421.t001

for the dentine threshold on the occlusal surfaces of permanent
teeth. This is important as most new lesions in young patients
occur on the occlusal surface and the dentine threshold may be
used by some to base operative intervention on. Having a lower
specificity on this surface at this threshold could lead to
overprescription and unnecessary treatment. This tendency of
higher specificity and lower sensitivity at the initial threshold was
also observed in a previous systematic review considering only the
LF [23]; however, our results on primary teeth showed a different
pattern of results of this previous review. Specificity values were
higher than the sensitivities at both thresholds. Nevertheless, when
the results of different studies are pooled, the threshold effect
usually occurs, as both sensitivity and specificity parameters are
not independent [28].

Thus, the best indicator of accuracy is the DOR, which is a
parameter that combines diagnostic values of accuracy in a single
value. DOR does not suffer influence of the threshold effect among
the studies. Considering this parameter, a trend of better
performance at the more advanced caries lesions threshold could
be observed. This pattern has been observed in several individual
studies using fluorescence-based methods in detecting occlusal
[10,29-32] and approximal [9,33-35] caries lesions.

Regarding heterogeneity, P describes the percentage of total
variation across the studies which is due to heterogeneity rather
than chance. A value of 0% indicates no observed heterogeneity
and larger values show increasing heterogeneity. It is not always
appropriate categorizing I, but it is possible to assign ranges of
values adjectives such as low, moderate and high values of 7 to
25%, 50% and 75% respectively [36]. In the present study, we
observed inconsistency ranging from moderate to high in the
analyses; however, as systematic reviews bring together studies that
are different in several aspects, heterogeneity is expected. Research
about the inconsistency of the studies involves more than just
quantifying it, but to identify differences in clinical and method-
ological aspects [36]. There are different approaches suggested to

deal with the sources of heterogeneity described in the literature
[37]: (1) Ignore the heterogeneity using fixed effect models; (2)
Consider the heterogeneity using random models; and (3) Explore
the heterogeneity through subgroup analysis or meta-regression.

Concerning the meta-regressions performed in our study, we
compared the effect of methodological differences related to the
important aspects of the studies: studies using primary or
permanent teeth; clinical or laboratory setting; and differences
related to the reference standard method used. Considering the
setting, we also divided the laboratory investigations into studies
which used frozen specimens or not. Previous research has
demonstrated that the best method to store texted teeth in LI
studies is to freeze them at —20°C [38]. We found that only LF
method used on occlusal surfaces of permanent teeth with the
more advanced caries lesions threshold demonstrated a statistically
significant difference between the clinical setting and in vitro
studies whether the specimen was frozen or not [38]. Surprisingly,
with regard to the type of teeth, differences in the accuracy
between primary and permanent teeth were not observed,
although important anatomical and compositional differences
exist between them [39,40].

Regarding the reference standard methods, at initial caries
lesions threshold, we observed a better performance in studies
using other reference standards when compared to histological
examination. Probably, this finding was because other reference
standard methods usually incorporate visual inspection to detect
imitial lesions. Other finding of our study was that studies using LF
at more advanced caries lesions threshold with operative
mntervention as reference standard presented better performance
than those with histological validation. This difference could be
explained by the existence of differentiated or partial verification
of the sample [41]. In this case, a differential verification could
cause a given quantity of lesions is assumed to be sound by visual
inspection and is not evaluated by operative intervention. Thus,
there would be an overestimation of the test accuracy.

Table 2. Meta-regression analysis to compare the effect of differences related to reference standard of the studies performed to
detect initial caries lesions on occlusal surfaces of permanent teeth.

Laser fluorescence (LF) Pen-type LF
RDOR (95% CI) P RDOR (95% Cl) P
Histological 1.00 1.00
Operative intervention 0.91 (0.37 to 2.22) 0.824
Others 4.13 (1.24 to 13.76) 0.023 4.41 (0.19 to 103.92) 0.294
RDOR = Relative Diagnostic Odds ratio; 95% Cl=95% Confidence interval.
doi:10.1371/journal.pone.0060421.t002
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Table 3. Meta-regression analysis to compare the effect of
differences related to reference standard of the studies
performed to detect more advanced caries lesions on occlusal
surfaces of permanent teeth.

Laser fluorescence (LF) Pen-type LF

RDOR (95% CI) p RDOR (95% CI) p

Histological 1.00 1.00

Operative 3.01 (1.26 to 7.20)0.015 0.96 (0.12 to 7.77)0.961
intervention

Others 0.62 (0.15 to 2.46)0.483

RDOR = Relative Diagnostic Odds ratio; 95% Cl=95% Confidence interval.
doi:10.1371/journal.pone.0060421.t003

Another way to evaluate possible sources of heterogeneity is
through quality analysis. The QUADAS checklist showed that
almost 75% of the included studies lacked a representative
spectrum of lesion severity, mainly because the vast majority of
articles were performed under laboratory conditions. Further,
some clinical studies did not have a representative spectrum
because they chose specific teeth (third molars or periodontally
compromised teeth). For the same reasons, over 50% of the studies
did not give relevant clinical information. When the spectrum of
lesions or other type of biases are present, a significant
overestimation in the accuracy is expected [41]. Therefore, the
authors should design research to avoid these possible biases,
mainly spectrum bias.

The publication bias has been defined as the tendency on the
part of investigators to submit, and or the reviewers and editors to
accept, manuscripts based on the direction or strength of the study
findings [28]. There is a tendency to publish the strongest and
most positive studies, with negative experiments with small sample
size having less chance to be published [42]. Most of the funnel
plots obtained in our study indicated evidence of publication bias
for different reviewed methods and study conditions.

Although some studies have shown that the exclusion of articles
published in other languages does not seem to bias systematic
reviews [43,44], we included non-english manuscripts in our
review. Six articles were fully analyzed; however, they failed in
reporting some important data and were not included in the meta-
analysis. Regarding the databases searched, it is known that a
survey based on searches carried out only in the MEDLINE
database is not considered appropriate for systematic reviews and
may lead to the occurrence of bias due to missing studies [45-47].
Thus, we attempted to minimize this limitation by searching for
articles in other sources, including gray literature. Unfortunately,
this search provided no additional studies in our review, since
abstracts lacked the data needed to build the 2x2 tables required
for calculation of the necessary statistical parameters. This
problem can be solved if abstracts of future primary research
include a contingency table or the sample size and caries
prevalence of their sample.
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We observed in our systematic review that the fluorescence-
based methods presented similar results concerning the accuracy,
heterogeneity, quality of the studies and publication bias.
However, despite the similarity among these advanced methods,
the authors should take into account the accuracy of additional
methods compared with that of visual inspection. The pooled
sensitivities in detecting more advanced caries lesions obtained
with the different fluorescence-based methods tended to be higher
than those obtained with visual inspection in clinical studies of
occlusal surfaces [6]. On the other hand, the pooled specificities
were likely to be lower than those obtained with clinical
examination [31,48,49]. This pattern was more evident on
approximal surface studies [33,35]. Considering the overall
accuracy, however, no evident differences can be observed.
Therefore, the actual improvement of the accuracy using the
adjunct methods in the caries detection strategy is unclear. In fact,
two recent clinical studies about caries detection strategies have
contested the benefits of the adjunct methods compared to the
visual inspection performed alone [50,51]. A systematic review
with meta-analysis about visual inspection for detection of caries
lesions should therefore be performed to evaluate the overall
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In conclusion, despite the heterogeneity of the studies and
evidence of publication bias, all the fluorescence-based methods
showed similar accuracy in detecting occlusal and approximal
caries lesions, on both primary and permanent teeth. The
performance tended to be better in detecting more advanced
caries lesions. The majority of studies included in this review were
performed under laboratory conditions or with an inappropriate
spectrum of patients/lesions which limits the extrapolation of the
actual usefulness of these methods to the clinical situation.
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