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Abstract
Dental caries is one of the most prevalent and costly diseases in the United States and
throughout the world. Although the manifestation of the disease is the dissolution of tooth
structure, the biological nature of the disease is a microbial infection. Traditional dentistry
has been heavily focused on repairing damaged tooth structure via surgical approaches.
The advancement of microbiology and engineering is bringing a medical revolution to
dentistry. The on-going exciting progress in caries research has offered us great opportuni-
ties to better understand, detect, and monitor the disease. Most importantly, these new
biological discoveries and technological developments allow us to address the etiological
cause of the disease (microbial infection), which can lead to more effective treatments and

prevention of dental caries. (Pediatr Dent 2006;28:188-191)
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Initial surgical approach to dental caries

Dental caries was relatively rare until the late 1600s, when
an epidemic of the disease began in Western Europe and
spread to North America due to increased consumption of
sugars. For the first time, the disease afflicted a large propor-
tion of children and young adults. The beginning of this
epidemic led to the development of the dental profession.
In these early days, dentists diagnosed the disease through
visualization and treated the disease with extraction to re-
move what was thought to be gangrenous tissue.

Current biological
understanding of dental caries

Scientific research has provided a very different concept
of the nature of dental caries. The first biological insight
about dental caries was revealed by W. D. Miller in 1890."
In his “chemico-parasitic” theory, Miller suggested that car-
ies is not gangrene, but the dissolution of tooth structure
resulting from acids generated by microbial organisms
in dental plaques. During the last 50 years, scientific
research has provided overwhelming evidence that caries
is a specific bacterial infection linked with certain host fac-
tors.>® Molecular studies have shown that the oral cavity
harbors a complex microbial community consisting of over
400 different non-harmful/commensal microbial species
together with a limited number of acid-producing bacteria
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(called cariogenic bacteria, such as Streprococcus mutans and
Lactobacillus species).*> These cariogenic bacteria ferment
sugars from the diet to produce acids that lower the local
pH (acidogenic), and they thrive under these acidic condi-
tions (aciduric). These abilities give them a competitive
advantage over the indigenous commensal bacteria. In addi-
tion, these bacteria utilize sucrose to synthesize extracellular
polysaccharides called glucans, which allow them to adhere
to the tooth’s surface and form the dental plaque or biofilm.
Cariogenic bacteria are usually found in small quantities
in healthy plaque. However, with biological and environ-
mental perturbations, the cariogenic bacteria may become
dominant in the oral flora and produce large amounts of
acid in the dental plaque.® Acid production drives the dis-
solution of calcium and phosphate in the hydroxyapatite
crystalline structure of the tooth.” Initially, this dissolu-
tion may be reversed by remineralization from calcium
and phosphate in saliva. However, if the acidic conditions
persist as a result of overpopulation of cariogenic bacteria
together with repeated consumption of sugars or impaired
salivary flow, the acid-induced dissolution overcomes the
remineralization of the saliva. The tooth surface softens
progressively until its constituent crystals are sufficiently
weakened and cavitations are evident.

Current clinical approaches for caries
detection/treatment and obstacles for
improving clinical outcomes

A comprehensive diagnosis of dental caries should include
the detection of cariogenic bacteria,® the survey of plaque
acidogenicity, and the recognition of tooth demineraliza-
tion sites. A comprehensive treatment plan for dental caries
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should include the elimination of cariogenic bacteria, the
reduction of plaque acidogenicity, the enhancement of
tooth remineralization, and the repair of damaged teeth.
However, the current clinical approaches are heavily biased
towards detecting tooth demineralization sites and repair-
ing damaged teeth with surgical approaches, while efforts
to control cariogenic bacteria, reduce plaque acidogenicity,
and enhance remineralization are limited.

For the moment, visual, tactile, and radiographic as-
sessments remain the most common methods used for
caries detection in a clinical setting.” Most of the con-
ventional modalities have been shown to be moderate in
specificity (correctly identifying sound tooth structures),
but low in sensitivity (accurately detecting carious le-
sions).'"” Many lesions are missed as a result of the high
false negative rate. Visual examination is most useful in
detecting smooth surface caries, but is often obscured by
plaque or salivary contamination of the tooth structures.
Tactile examination can aid the detection of occlusal caries.
However, exploration with a sharp instrument not only
damages weakened tooth structures that may otherwise
remineralize, but also inoculates noncarious fissures with
bacteria from the infected fissures. Radiographic assess-
ment improves the visualization of interproximal caries;
nonetheless, it is sometimes difficult to distinguish between
a cavitated and non-cavitated lesion. Furthermore, with
one measurement, radiographic examinations cannot dif-
ferentiate between active and arrested lesions. In the past
20 years, many efforts have been dedicated to the devel-
opment of new technologies for caries detection."" The
principle of most of these techniques is based on observ-
ing the interactions of light waves with sound and carious
tooth structures. Disruption of the ordered tooth struc-
ture by the caries process increases the likelihood of light
scattering, resulting in reduced signal from the carious
lesions. The readers should refer to Hall & Girkin'? for an
excellent review of potential new diagnostic modalities for
caries lesions, including multi-photon imaging, infrared
thermography and infrared fluorescence, optical coher-
ence tomography, ultrasound, and terahertz imaging. For
the most part, these methods have been demonstrated in
laboratories, but their clinical applications await further
perfection. A recent systematic review showed that infrared
laser fluorescence (DIAGNQOdent) can enhance the sensi-
tivity of detecting enamel and dentinal caries as compared
to the visual method."® At the same time, this method has
been found to be less specific than the visual method. Taken
together with the uncertainty of the diagnostic threshold
value, the DIAGNOdent has only been recommended as
an adjunctive tool.'

Since carious lesions are often not detected by conven-
tional methods until they are advanced to a point where
operative interventions are inevitable, most research on
caries diagnosis has been focused on more precise detection
of small lesions. Early identification of carious lesions has
definitely improved the clinical outcomes in some cases, yet
it has been well established that a significant number of early
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lesions are likely to arrest without intervention.' It remains
a dilemma as to how early a lesion should be detected and
when the lesion should be treated or monitored. The
diagnosis of dental caries should not be considered merely
as the presence of demineralization, as most of the current
approaches have focused on. It should be an encompassing
concept that also takes into account clinical risk factors (eg,
socioeconomic status, dietary habits) as well as molecular
risk factors (virulence of the microbial flora, immunological
components in the saliva). Despite the fact many clinicians
realize that caries is a multifactorial disease and that there is
a need for a paradigm shift in caries diagnosis, the advent
of reliable and predictive caries-risk assessment tools to
facilitate treatment decisions has been slow.

This lack of effective diagnostic tools leads to limited
therapeutic options as well. Currently, the treatment of
dental caries is still heavily based on repairing the dam-
aged tooth structures by operative interventions instead of
controlling the cariogenic bacteria that cause the disease.
Consequently, dental caries often persists despite extensive
clinical interventions.

Great opportunities offered by modern
biology and engineering science

One good solution to the above problems is to develop a
set of comprehensive diagnostic tools that could effectively
and quantitatively evaluate the different aspects of dental
caries. These include the detection of cariogenic bacteria,'
a survey of plaque acidogenicity, and the ability to identify
tooth demineralization sites accurately. At present, many
dental schools are revising their curricula to introduce
these advanced biological and engineering techniques to
future clinicians who will have a better understanding of
the fundamental cariogenic process and the advantages of
utilizing these novel clinical tools.

Contribution of modern science and technology to our
new knowledge of cariogenesis

A major breakthrough in the field of oral microbiology is
the ability to study the whole microbial profile of the dental
plaque. Scientists can now detect not only the cultivable
bacteria, but also uncultivable bacteria by examining bac-
terial 16S RNA and DNA.">'® With this method, our
knowledge of microbial flora in the oral cavity has increased
dramatically in the past several years. In conjunction with
a new technique called fluorescent in situ hybridization
(FISH), the spatial distribution of different oral bacteria
(both cultivable and uncultivable) within the plaque has
also been revealed."” Furthermore, the National Institute
of Dental and Craniofacial Research has recently initiated
a metagenomic project for oral microbial flora. With the
completion of this project, scientists will know not only the
number of oral microbes in the oral cavity, but also their
metabolic genes and virulence factors.'® This knowledge
is what Miller was struggling to learn in 1890, but was
unable to accomplish without our new methodologies.
The vast amount of new information gathered from these
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studies enables us to decipher the sophisticated intraoral
microbial interactions and appreciate the complex etiology
of dental caries.

In addition to our improved understanding of the den-
tal plaque microbial composition, great progress has also
been made in monitoring plaque acidogenicity. Scientists
and engineers have developed various new methods to
monitor plaque pH in situ in a noninvasive manner. For
example, pH-sensitive fluorescent dyes that can produce
different absorption spectra under different pH levels have
been developed (Molecular Probes Inc, Eugene, OR)."
In combination with two-photon excitation microscopy,
pH-sensitive dye can be used to monitor the spatial distri-
bution of protons in a dental biofilm. Scientists at the Jet
Propulsion Laboratory have developed a polyaniline-based
planer pH sensor which facilitates real time monitoring of
plaque pH. Most recently, scientists at Pacific Northwest
Laboratory developed a highly sensitive combined nuclear
magnetic resonance (NMR) confocal microscope that can
monitor pH gradient within dental plaque in real time.?

The combination of accurate detection of oral bacteria
and in situ real time monitoring of plaque pH is opening
a new chapter for cariology. For the first time, scientists
can address the following interesting questions by these
innovative techniques: Are some plaques more virulent
than others? Which bacteria are more dominant in the oral
cavity, uncultivable or cultivable bacteria? Are uncultivable
bacteria more virulent than cultivable bacteria in the plaque?
How virulent are the currently-known cariogenic bacteria?
How do other plaque bacteria or host factors affect the
growth and pathogenicity of the known cariogenic bacteria?
Analysis of these questions is providing new insights in the
mechanisms of cariogenesis and new leads in developing
novel biomarkers for the diagnosis and risk stratification
of dental caries.

The dynamics of demineralization/remineralization is
a substantial parameter in the cariogenic process. New
imaging tools such as atomic force microscopy (AFM)
and laser interference microscopy (LIM) are being used to
instantaneously detect bacteria-induced demineralization in
an ultra-sensitive level. We anticipate that the perfection
of this technique will translate to a good quantitative as-
sessment modality for the cariogenic potential of different
bacterial species.

Translation of scientific discoveries into
clinical applications
Early detection and quantification of cariogenic bacteria in
plaque or saliva samples can help clinicians take preventa-
tive measures to stop caries development, much like early
detection of cancer markers before the cancer metastasizes.
Since old culture techniques are slow and can only detect
cultivable bacteria, new antibody or nucleotide-based
bacterial detection techniques have been developed for the
detection of cariogenic bacteria in chairside or laboratory
settings.”’ In conjunction with nanotechnology develop-
ment, these tests can be further developed into different
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forms of nano-chips for the detection of multiple oral
pathogens in a clinical setting.*

Plaque acidity is a good index for monitoring tooth
demineralization. Improving the accuracy and ease of
measuring plaque pH in situ or at chairside will provide
clinicians with an effective tool for caries risk assessment.
For the moment, no such tools are available to the clinicians,
but a portable, microscale planer pH sensor that can be used
in a clinical setting is currently in development.

Radiographic or laser scanning techniques are useful
tools for detecting tooth demineralization. Methods of
higher sensitivity and better specificity for caries detection
have always been in demand. Of particular importance in
the search for better detection methods is the discovery of
calcium-specific-binding biomolecules that can enhance the
direct visualization of tooth demineralization.

The improvement of diagnostic tools is also promoting
the development of better therapeutic tools. Several on-
going research projects (eg, enhanced active vaccination or
passive vaccination, bacterial replacement, targeted antimi-
crobial therapy) are providing new directions for treating
dental caries.”®?¢ In particular, the targeted antimicrobial
approach may provide long-lasting protection as it can se-
lectively kill the cariogenic bacteria in dental plaque, thus
turning a pathogenic plaque into a non-pathogenic one.
Moreover, a complementary method to the antimicrobial
effect is the development of accelerated remineralization
specifically to the demineralized lesion by using bioactive
molecules to actively recruit calcium to the carious site.

Future perspectives

We expect that on-going innovative research and develop-
ment will have a great impact on dentistry. We envision
that, in the future, dentistry will be a medical-based dental
practice emphasizing the triple-pronged approach of early
detection, sustainable treatment, and effective prevention.
Specifically, pathogen-based early detection will become
routine. Diagnostic tools based on fluorescent or other
chromatically-labeled antibody, nucleic acid, or other bio-
molecules will allow instantaneous chairside quantification
of cariogenic bacteria in plaque or saliva samples. This
clinical adjunct will help clinicians to reinforce the concept
of dental caries as an infectious process and will facilitate
immediate treatment decisions.

The development of a compact and portable microscale
planer pH sensor will be a major breakthrough in assessing
plaque acidity at the chairside. The application of nano-
technologies to this prototype will further reduce the size
of the sensors and make the device more user friendly to
both the patients and the clinicians.

In-depth understanding of the ecological tug-of-war
between the endogenous microbial flora and the cariogenic
pathogens has become the gateway leading to more specific
therapeutic approaches. The ability to selectively remove
cariogenic bacteria while preserving the normal oral flora
is a more targeted and proactive approach to dental caries
than the conventional operative dentistry.
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These innovative research findings and technologies are
about to revolutionize the clinical management of dental car-
ies. Pediatric dentists will be able to adopt a more proactive
approach in preventing dental caries through monitoring
the bacterial burden in the caregivers, thus preventing
colonization of pathogenic bacteria in an infant. For those
pediatric patients who have already harbored the pathogens,
early diagnosis will bring about early preventive measures to
reverse the disease process. The frustration of dealing with
recurrent caries will soon disappear. A reliable caries-risk as-
sessment protocol will enable clinicians to channel resources
in treating patients who are at high caries risk and monitor
those whose caries is unlikely to progress.

Acknowledgements

The authors greatly appreciate the editorial assistance
of Pauli Nuttle and the constructive suggestions of Renate
Lux. This work was supported in part by NIH grant U01-
DE15018 and a Delta Dental grant WDS78956 to W. S.,
and a NIH R01-DE014757 grant to E Q.

References

1. Miller WD. Agency of micro-organisms in decay of
the teeth. Dental Cosmos; 1883.

2. Fitzgerald R], Keyes PH. Demonstration of the etio-
logic role of streptococci in experimental caries in the
hamster. ] Am Dent Assoc 1960;61:9-19.

3. Krasse B. Biological factors as indicators of future car-
ies. Int Dent J 1988;38:219-225.

4. Kolenbrander PE. Oral microbial communities: bio-
films, interactions, and genetic systems. Annu Rev
Microbiol 2000;54:413-437.

5. Paster BJ, Boches SK, Galvin JL, Ericson RE, Lau CN,
Levanos VA, et al. Bacterial diversity in human sub-
gingival plaque. ] Bacteriol 2001;183:3770-3783.

6. Marsh PD. Are dental diseases examples of ecological
catastrophes? Microbiology 2003;149(Pt 2):279294.

7. Featherstone JDB, MJ, Fu J. Physico-chemical as-
pects of root caries progression. Dentine and dentine
reactions in the oral cavity. Oxford: IRL Press; 1987:
127-132.

8. Tanzer JM. Salivary and plaque microbiological tests
and the management of dental caries. ] Dent Educ
1997;61:866-875.

9. Ismail Al Visual and visuo-tactile detection of dental
caries. ] Dent Res 2004;83(Spec No C):C56-66.

10. Bader JD, Shugars DA. A systematic review of the
performance of a laser fluorescence device for detecting
caries. ] Am Dent Assoc 2004;135:1413-1426.

11. Stookey GK, Gonzalez-Cabezas C. Emerging meth-
ods of caries diagnosis. ] Dent Educ 2001;65:1001-
1006.

12. Hall A, Girkin JM. A review of potential new diagnos-
tic modalities for caries lesions. ] Dent Res 2004;83
(Spec No C):C89-94.

Pediatric Dentistry — 28:2 2006

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Medical Approach to Dental Caries

Pitts NB. Clinical diagnosis of dental caries: a Euro-
pean perspective. ] Dent Educ 2001;65:972-978.
Ellen RP. Microbiological assays for dental caries
and periodontal disease susceptibility. Oral Sci Rev
1976;8:3-23.

Igarashi T, Yamamoto A, Goto N. Direct detection
of Streptococcus mutans in human dental plaque by
polymerase chain reaction. Oral Microbiol Immunol
1996;11:294-298.

Sakamoto M, Umeda M, Benno Y. Molecular anal-
ysis of human oral microbiota. ] Periodontal Res
2005;40:277-285.

Sunde PT, Olsen I, Gobel UB, Theegarten D, Winter
S, Debelian GJ, et al. Fluorescence in situ hybridiza-
tion (FISH) for direct visualization of bacteria in
periapical lesions of asymptomatic root-filled teeth.
Microbiology 2003;149(Pt 5):1095-1102.

Schloss PD, Handelsman J. Metagenomics for study-
ing unculturable microorganisms: Cutting the Gordian
knot. Genome Biol 2005;6:229.

Niesner R, Peker B, Schlusche P, Gericke KH, Hoft-
mann C, Hahne D, et al. 3D-resolved investigation
of the pH gradient in artificial skin constructs by
means of fluorescence lifetime imaging. Pharm Res
2005;22:1079-1087.

Majors PD, McLean JS, Pinchuk GE, Fredrickson JK,
Gorby YA, Minard KR, et al. NMR methods for in
situ biofilm metabolism studies. ] Microbiol Methods
2005;62:337-344.

Shi W, Jewett A, Hume WR. Rapid and quantitative
detection of Streptococcus mutans with species-specific
monoclonal antibodies. Hybridoma 1998;17:365-
371.

LiY, Denny P, Ho CM, Montemagno C, Shi W, Qi E,
etal. The Oral Fluid MEMS/NEMS Chip (OFMNC):
diagnostic and translational applications. Adv Dent
Res 2005;18:3-5.

Eckert R, Qi E Yarbrough D, He ], Anderson M,
Shi W. Adding selectivity to antimicrobial peptides:
Rational design of a multi-domain peptide against
Pseudomonas spp. Antimicro. Agent Chemother.
2006;In press.

Hillman JD. Replacement therapy for the control of
dental caries. New Dent 1980;10(6):24-27.
Hillman JD, Socransky SS. Replacement therapy
of the prevention of dental disease. Adv Dent Res
1987;1:119-125.

Smith DJ, King WE Barnes LA, Peacock Z, Taub-
man MA. Immunogenicity and protective immu-
nity induced by synthetic peptides associated with
putative immunodominant regions of Streptococcus
mutans glucan-binding protein B. Infect Immun
2003;71:1179-1184.

Tiang et al. 191



