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Preface

The human race has made great progress in the quest to understand nature
and harness its mysteries to improve our daily lives. It is fascinating, indeed,
to note that our exploration at the extreme scales, from subatomic particles to
distant galaxies, has a common vein: “light.” Tremendous recent advances in
optics and photonics are ushering in formidable new technologies, enabling
personalized and precision medicine approaches to improve human health.
This book represents an effort to provide a clinically focused overview of
clinical applications of light in dentistry with an emphasis on clinical imaging
techniques.

Optical imaging permits in vivo, real-time, non-perturbing, or minimally
perturbing inspection of tissues, allowing safe and repeatable examination of
biological tissues using non-ionizing imaging sources. Broadly speaking,
optical imaging can be categorized as the ability of light to interrogate bio-
logical tissue by either diffusive (passive) or ballistic (active) interactions.
The former modality is evident in interferometric approaches that largely
depend on light reflection, refraction, and transmission, while the latter
modalities are predominantly based on absorption, emission, excitation, as
well as scattering. Some practical uses of these modalities include traditional
intraoral cameras (digital dentistry), surgical loupes and microscopes, as well
as laser Doppler techniques. Intraoral applications of new modalities such as
optical coherence tomography (routinely used in ophthalmology), Raman
spectroscopy, fluorescence imaging, photoacoustic imaging, and near-
infrared spectroscopy have been investigated more recently. Ongoing
advances in laboratory-based innovations such as super-resolution micros-
copy and multiphoton imaging still require translational efforts before they
become suitable to human applications.

Among medical specialties, dentistry presents a challenging biological
scenario where both hard (mineralized) and soft tissues play integral roles in
enabling optimal craniofacial functions. The oral cavity is perhaps the best
exemplar of all human mineralized hard tissues, with structural components
ranging from the hardest known tissue, enamel, to the considerably softer
dentin, cementum, bone, and cartilage. The oral soft tissues include special-
ized parakeratinized mucosa that provides resistance to physical (mastica-
tory) compressive and shear forces, as well as non-keratinized lining mucosa.
The latter includes specialized secretory glandular epithelium that produces
saliva. There also exists an intermediate transitional epithelium between the
oral mucosa and skin termed the vermillion (lip) border. A rather unique
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feature in the oral cavity, not present in any other anatomical site, is the
anchoring of the tooth within a bony socket (alveolar bone) by means of a
complex soft tissue (gingiva) and tooth attachment. This gingival attachment
presents a unique mechanical, biological, and immunological niche that pre-
dominantly defines the progression of gingival and periodontal disease.
Hence, these complex anatomical oral and dental structures present unique
diagnostic challenges that require sophisticated hard and soft tissue imaging
approaches to inform on and enable accurate interpretation of their health
status, form, and structure.

The pathophysiological functions of the oral cavity involve an intricate
interplay of the mechano-physical (occlusive, masticatory), fluid (saliva),
immunological, and polymicrobial environment of the oral cavity. The latter,
termed the oral microbiome, has opened new vistas in our understanding of
oral-systemic health connections, giving new credence to the phrase the oral
health is a window into one’s general health. Imaging technologies that
inform on the precise composition and functions of oral biofilm serve as pow-
erful tools to gaining insights into its structure and function in healthy and
pathological scenarios such as developmental anomalies, infections, injury,
and malignancies. All of these necessitate early and precise diagnoses and
monitoring.

An exciting future expansion of applications for innovative imaging
modalities is the potential combinatorial approach of merging therapy with
diagnostics termed theranostics. Therapeutic applications of biophotonics
devices will potentially transform conventional restorative and prosthetic
dentistry techniques through innovations such as direct combinatorial image-
guided interventions and an exciting new focus on regenerative clinical dental
applications. The innovations in optical and photonic technologies high-
lighted in this book provide clear evidence that clinical dentistry is well
poised to play a leading role in healthcare innovation. The editors and con-
tributors to this book are well known for their original contributions to the
field of dental optical imaging. Overall, this book represents their sterling
effort to showcase the current state of the art in optical imaging as applied to
oral health. This book should be a very useful resource for dental clinicians
and dental researchers alike in enabling safe, efficacious, and optimal oral
health in the modern clinic.

Buffalo, NY, USA Praveen R. Arany
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Optical Methods for Monitoring
Demineralization and Caries

Daniel Fried

Abstract

In this chapter optical methods for monitoring
demineralization and remineralization on
tooth coronal and root surfaces are presented.
Methods discussed include transillumination
and reflectance imaging with visible and near-
IR light, fluorescence based imaging methods
and optical coherence tomography (OCT).
OCT can be used to acquire tomographic
images of the structure of lesions in vivo and
can be used to provide depth resolved mea-
surements of the severity of demineralization.
OCT can be used to detect if occlusal and
proximal lesions have penetrated through the
enamel to the underlying dentin. In addition,
OCT can be used to monitor changes in lesion
severity and presence of a transparent highly
remineralized surface zone that is formed
when lesions become arrested.

During the past century, the nature of dental
decay or dental caries in the USA has changed
markedly due to the introduction of fluoride to
the drinking water, the advent of fluoride denti-
frices and rinses, and improved dental hygiene.
In spite of these advances, dental decay continues

D. Fried (D<)

Division of Biomaterials and Bioengineering,
Department of Preventive and Restorative Dental
Sciences, University of California, San Francisco,
San Francisco, CA, USA

e-mail: Daniel.Fried @ucsf.edu

© Springer Nature Switzerland AG 2020

to be the leading cause of tooth loss in the USA
[1-3]. By 17 years of age, 80% of children have
experienced at least one cavity [4]. In addition
two thirds of adults aged 35—44 years have lost at
least one permanent tooth to caries. Older adults
suffer tooth loss due to the problem of root caries.
The nature of the caries problem has changed
dramatically with the majority of newly discov-
ered caries lesions being highly localized to the
occlusal pits and fissures of the posterior denti-
tion and the proximal contact sites between teeth.
These early carious lesions are often obscured or
“hidden” in the complex and convoluted topogra-
phy of the pits and fissures or are concealed by
debris that frequently accumulates in those
regions of the posterior teeth. In the caries pro-
cess, demineralization occurs as organic acids
generated by bacterial plaque diffuse through the
porous enamel of the tooth dissolving the min-
eral. If the decay process is not arrested, the
demineralization spreads through the enamel and
reaches the dentin where it rapidly accelerates
due to the markedly higher solubility and perme-
ability of dentin. The lesion spreads throughout
the underlying dentin to encompass a large area,
resulting in loss of integrity of the tissue and cav-
itation. Caries lesions are usually not detected
until after the lesions have progressed to the point
at which surgical intervention and restoration are
necessary, often resulting in the loss of healthy
tissue structure and weakening of the tooth.
Therefore, new diagnostic tools are needed for
the detection and characterization of caries
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lesions in the early stages of development.
Carious lesions also occur adjacent to the exist-
ing restorations, and new tools are needed to
diagnose the severity of those lesions and deter-
mine if an existing restoration needs to be
replaced.

Caries lesions are routinely detected in the
USA by using visual/tactile (explorer) methods
coupled with radiography. These diagnostic and
treatment paradigms were developed long ago
and were adequate for large, cavitated lesions;
however, they do not have sufficient sensitivity or
specificity for the diagnosis of the early non-
cavitating caries lesions prevalent today.
Radiographic methods do not have the sensitivity
for early lesions, particularly occlusal lesions, and
by the time the lesions are radiolucent, they have
often progressed well into the dentin at which
point surgical intervention becomes necessary
[5]. At that stage in the decay process, it is far too
late for preventive and conservative intervention
and a large portion of carious and healthy tissue
will need to be removed, often compromising the
mechanical integrity of the tooth. If left untreated,
the decay will eventually infect the pulp, leading
to loss of tooth vitality and possible extraction.
The caries process is potentially preventable and
curable. If carious lesions are detected early
enough, it is likely that they can be arrested/
reversed by nonsurgical means through fluoride
therapy, antibacterial therapy, dietary changes, or
low-intensity laser irradiation [4, 6].

Accurate determination of the degree of lesion
activity and severity is of paramount importance
for the effective employment of the treatment
strategies mentioned above. Since optical diag-
nostic tools exploit changes in the light scattering
of the lesion, they have great potential for the
diagnosis of the current “state of the lesion”, i.e.,
whether or not the caries lesion is active and
expanding or whether the lesion has been arrested
and is undergoing remineralization. Therefore,
new technologies are needed to determine
whether caries lesions have been partially remin-
eralized and have become arrested. Such data are
also invaluable for caries management by risk
assessment in the patient and for determining the
appropriate form of intervention.

Conventional Methods of Caries
Detection and Diagnostics

The most difficult to detect and the most common
early enamel lesions are occlusal (biting sur-
faces) pit and fissure and approximal (contact
surfaces between teeth) lesions. Occlusal lesions
constitute 80% of the new lesions found today
[7]. In the conventional method of occlusal caries
detection, the clinician probes areas in the denti-
tion that appear suspicious upon an initial visual
inspection with the dental explorer [8]. If the
probed area is soft and provides some resistance
upon retraction of the instrument, the site is
deemed to be carious. Studies suggest that the
use of the dental explorer to probe for caries may
actually promote or accelerate lesion formation
[5, 9]. Thus, the use of a blunt explorer or none at
all has been recommended by leading cariolo-
gists [10—12]. Clinicians base their diagnosis of
occlusal lesions and treatment planning on the
pit, fissure color, and texture. This can be mis-
leading because lesion color does not provide
sufficient information about the state of the
lesion, i.e., whether it is progressing or arrested.
Moreover, pigmentation can be due to staining
from diet and other environmental factors and not
from infection by microorganisms [13]. In a
review of conventional methods of caries diagno-
sis, ten Cate [5] indicated that visual and tactile
diagnosis of occlusal caries typically has a very
low sensitivity ~0.3, implying that only 20-48%
of the caries present (usually into the dentin) are
found [5, 10, 14]. The specificity typically
exceeds 0.95. The poor sensitivity can be attrib-
uted to the “hidden” nature of the majority of
occlusal lesions. The bulk of the lesion is not
accessible and is most often not detected unless it
is so extensive that it is resolvable radiographi-
cally. New technology is needed that can detect
these hidden areas of decay.

The International Caries Detection and
Assessment System (ICDAS) was introduced
several years ago [15, 16]. It is basically a diag-
nostic scoring system that relies on visual assess-
ment. This system has been enthusiastically
received and encourages more conservative den-
tistry; however, one should exercise caution
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regarding claims of high performance for caries
detection and take into consideration that the sys-
tem suffers from the limitations of visual assess-
ment [17].

New radiographic methods employing digital
imaging technology have higher sensitivity and
use markedly reduced dosages of ionizing radia-
tion to acquire diagnostic images [18]. Digital
subtraction radiography can be used to monitor
changes in mineral content in vitro [19]. However,
since we still do not understand the risk of low-
level exposure to ionizing radiation, even greatly
reduced levels of radiation exposure may pose a
significant risk. The principal limitation of bite-
wing radiographs for early caries detection is that
they cannot be used to detect early occlusal caries
lesions because of the overlapping features of the
crowns. It is unlikely that improvements in radio-
graphic sensitivity will enable detection of early
enamel lesions because of this problem.

FOTI, DIFOTI, Proximal,
and Occlusal Transillumination

Optical transillumination was used extensively

before the discovery of X-rays for the detection
of dental caries. Bitewing radiographs are the

Fig. 1 Light attenuation

standard method of detection for approximal
lesions. Unfortunately, as much as 25% of the
proximal areas of bitewing X-rays are unresolved
due to the overlap with healthy tooth structure on
adjoining teeth, and X-rays typically underesti-
mate the true depth of approximal lesions [20,
21]. Visual and radiographic methods have poor
sensitivity (0.38 and 0.59) for approximal lesions,
particularly noncavitated lesions and typically
underestimate lesion severity [22].

The development of high-intensity fiber-optic
light sources a few decades ago revived interest
in optical transillumination for the detection of
approximal lesions [20, 23-26]. During fiber-
optic transillumination (FOTI), a carious lesion
appears dark upon transillumination because of
decreased transmission due to increased scatter-
ing and absorption by the lesion. A digital fiber-
optic  transillumination  system,  DiFoti
(electro-optics sciences) that utilizes visible light
for the detection of caries lesions was developed
several years ago [27]. However, this system
operated in the visible range where light scatter-
ing in enamel is high and the performance was
limited. Near-IR light can penetrate a factor of 30
times further through the tooth enamel without
scattering for markedly better performance [28,
29]. Light scattering in dental enamel decreases

in enamel (red trace) and
water absorption (blue
trace) from [28, 149]
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Fig. 2 Mean lesion contrast (n = 3) for simulated caries lesions in human enamel as a function of thickness for 1310,

830, and visible wavelengths from [34]

with increasing wavelength and enamel is the
most transparent near 4 = 1300 nm. A plot of the
attenuation of light in enamel and water is shown
in Fig. 1 as a function of wavelength from 400 to
2000 nm. The mean free path of light, i.e., how
far it travels before being scattered or absorbed,
is ~100 pm around A = 500 nm and increases to
between 3 and 4 mm near A = 1300 nm [28, 29].
Moreover, optical property measurements of arti-
ficial and natural caries lesions show that the
scattering of such lesions increases by 2-3 orders
of magnitude upon demineralization at
A = 1300 nm, indicating that the highest contrast
in transillumination between sound and carious
tissues is found near A = 1300 nm as well [30].
The contrast of simulated lesions in sections of
enamel from 2 to 7 mm thickness is plotted in
Fig. 2 for visible, 830 nm, and 1310 nm. The con-
trast is higher at 830 nm than the visible but the
contrast is highest at 1310 nm, and only at

1310 nm is the lesion visible through 6—7 mm of
enamel. Approximal [31] and occlusal lesions
[32] can be imaged in whole teeth using near-IR
1310 nm light sources and an InGaAs imaging
camera.

Due to the high transparency of enamel in the
near-IR, novel imaging configurations are feasi-
ble in which the tooth can be imaged from the
occlusal surface after shining light at and below
the gumline, which we call occlusal transillumi-
nation [32, 33]. Approximal lesions can be
imaged by occlusal transillumination of the prox-
imal contact points between teeth and by direct-
ing near-IR light below the crown while imaging
the occlusal surface [31, 33, 34]. The latter
approach is capable of imaging occlusal lesions
as well with high contrast [32, 33, 35-38].

Stains that are common on tooth occlusal sur-
faces do not interfere at longer near-IR wave-
lengths since none of the known chromophores
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absorb light at longer wavelengths. The photon
energy is not sufficient for electronic excitation
of the chromophores [32, 39]. Almaz et al. dem-
onstrated that it is necessary to use near-IR
wavelengths greater than 1150 nm to avoid sig-
nificant interference from stains when measuring
lesion contrast in reflectance and transillumina-
tion modalities [40]. Therefore stains can be eas-
ily differentiated from actual demineralization in
the near-IR range, which is not possible at visi-
ble wavelengths. Chung et al. [41] demonstrated
that absorption due to stains contributed more to
the lesion contrast than increased scattering due
to demineralization at visible wavelengths [42].
Since it is impractical to remove stains from the
deep grooves and fissures on tooth occlusal
surfaces, lack of interference from stains at lon-
ger near-IR wavelengths is a significant
advantage.

In 2009, it was demonstrated that approximal
lesions that appeared on radiographs could be

detected in vivo with near-IR imaging with simi-
lar sensitivity [33] and that occlusal transillumi-
nation could be employed clinically. This was the
first step in demonstrating the clinical potential
of near-IR imaging for approximal caries detec-
tion. Figures 3 and 4 show radiographs and proxi-
mal and occlusal transillumination images of
lesions acquired at 1310 nm from that study.
Even though the sensitivity of radiographs is not
very high [21, 22, 43—-45], most studies indicate
that the specificity of radiographs is above 90%,
which makes it a suitable standard for compari-
son with the first test of this new imaging tech-
nology. In addition to demonstrating that the
sensitivity of near-IR transillumination was as
high as radiography, multiple imaging geome-
tries were employed to aid in diagnosis, and it
was shown that the occlusal transillumination
imaging geometry in which light is applied near
the gumline is extremely valuable for detecting
approximal lesions [33]. In a second study com-

Fig. 3 Images from the first near-IR clinical imaging
study. (a) radiograph, (b) near-IR proximal transillumina-
tion at 1310 nm (buccal view), (¢) near-IR proximal trans-

illumination at 1310 nm (lingual view), (d) picture of the
imaging system in use [33]
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Fig. 4 Near-IR occlusal
transillumination images
from the first near-IR
clinical imaging study.
Matching radiographs
(left) and occlusal
transillumination images
at 1310 nm (right) are
shown [33]

pleted in 2011, teeth with non-cavitated occlusal
caries lesions that were not radiopositive were
examined in test subjects using near-IR occlusal
transillumination at 1300 nm prior to restoration
[46]. That study demonstrated that occlusal car-
ies lesions can be imaged with high contrast
in vivo and that near-IR occlusal transillumina-
tion is an excellent screening tool for occlusal
lesions.

In the most recent clinical study [47] at wave-
lengths greater than 1300 nm, the diagnostic per-
formance of both near-IR transillumination and
near-IR reflectance probes were used to screen
premolar teeth scheduled for extraction. The
teeth were collected and sectioned and examined
with polarized light microscopy and transverse
microradiography which served as the gold stan-
dard. In addition, extraoral radiographs of teeth
were taken, and the diagnostic performance of
near-IR imaging was compared with radiogra-
phy. Near-IR imaging was shown to be signifi-
cantly more sensitive than radiography for the
detection of lesions on both occlusal and proxi-
mal tooth surfaces in vivo. The sensitivity of the
combined near-IR imaging probes was signifi-

cantly higher (P < 0.05) than radiographs for
both occlusal and proximal lesions in vivo. It was
anticipated that near-IR methods would be more
sensitive than radiographs since the radiographic
sensitivity for occlusal lesions is extremely poor;
however, the sensitivity was also much higher for
approximal lesions than radiography, 0.53 vs.
0.23. In addition, the sensitivity of each individ-
ual near-IR method was either individually equal
to or higher than radiography.

The first commercially available near-IR
imaging device called the Diagnocam or CariesVu
from Kavo (Biberach, Germany) uses an occlusal
transillumination probe with 780 nm light [48,
49]. The shorter wavelength allows the use of less
expensive silicon-based detectors. A previous
in vitro study indicated that transillumination
imaging at 830 nm with a low-cost silicon sensor
optimized for the near-IR was capable of higher
performance than visible systems, but the con-
trast was significantly lower than at 1300 nm and
simulated lesions could not be imaged through
the full enamel thickness [34]. It is also important
to point out that stains are still highly visible at
780 nm [40].
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Reflectance Imaging

Early enamel white spot lesions can be discrimi-
nated from sound enamel by visual observation or
by visible-light diffuse reflectance imaging [50,
51]. Very early lesions can be detected visually.
However, color, in addition to the intensity of the
reflected light, plays a large role in detecting those
changes. Moreover, such changes are difficult to
quantify, and the color of sound tooth structure
varies markedly. Specular reflectance is also a
problem since enamel has a high refractive index.
However, the visibility of scattering structures on
highly reflective surfaces such as teeth can be
enhanced by using crossed polarizers to remove
the glare from the surface [52, 53]. The contrast
between sound and demineralized enamel can be
further enhanced by depolarization of the scat-
tered light in the area of demineralized enamel
[35, 54]. A more difficult problem to overcome is
visible light absorption due to stains. In a recent
study of natural lesions on the occlusal surfaces of
extracted teeth, the image contrast was actually
negative as opposed to being positive in visible
reflectance measurements, indicating that absorp-
tion due to stains contributed more than increased
scattering due to demineralization to the lesion
contrast [41]. This renders the method useless in
areas that are subject to heavy staining, namely
the occlusal surfaces where most lesions are
likely to develop. In fact, visible light reflectance
was proposed three decades ago for use in moni-
toring early demineralization on tooth surfaces
but has proven to be unsuccessful due to the
problems indicated above [51].

VIS

In the early 1980s, ten Bosch et al. [51] intro-
duced an optical monitor that used optical fibers
for reflectance measurements on tooth surfaces.
The reflectivity increased from the lesion area with
increasing mineral loss [55]. Using the Kubelka—
Munk equations, Ko et al. [56] showed that the
optical scattering power correlated with mineral
loss and yielded improved results over reflectance
measurements. Blodgett [57] measured the optical
bidirectional reflectance distribution functions
(BRDF) and bidirectional scattering distribution
functions (BSDF) from the surfaces of human
incisors at 632, 1054, and 3390 nm. Analoui et al.
[58] showed that multispectral Laxbs color coor-
dinates measured using a diode-array spectrome-
ter in the region 380—780 nm did not correlate well
with the depth of artificial lesions.

The contrast between sound and demineralized
enamel is greatest in the near-IR due to the mini-
mal scattering of sound enamel, and this can be
exploited for reflectance imaging of early demin-
eralization [30]. Wu et al. [59] reported that the
contrast between early demineralization was sig-
nificantly higher at 1310 nm than in the visible
range. Zakian acquired hyperspectral reflectance
images of occlusal caries lesions and demon-
strated that multi-wavelength images could be
used to aid diagnosis [39]. The highest contrast is
achieved at longer near-IR wavelengths coinci-
dent with higher water absorption [60]. Water in
the underlying dentin and surrounding sound
enamel absorbs the deeply penetrating light and
reduces the reflectivity in sound areas. In turn, this
results in higher contrast between sound and
demineralized enamel. Figure 5 shows three

1450 nm

Fig. 5 Near-IR reflectance images of a tooth with stained fissures and demineralization at visible, 1300 nm, and

1450 nm
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Fig. 6 Near-IR reflectance images at 1300, 1450, 1600 and in the visible and QLF of artificial lesions on the occlusal
surface of a tooth. The mean (+SD) of the lesion contrast for 12 teeth is also shown, from [60]. The arrows labeled A
and B point to an area of preexisting demineralization in the occlusal groove and the area of most severe demineraliza-
tion that can be better differentiated in the near-IR images

reflectance images at visible wavelengths, 1300,
and 1450 nm [41]. The highest contrast is at
1450 nm where there is a water absorption band.
Note that the contrast is negative at visible wave-
lengths where absorption by stain dominates.
Hyperspectral reflectance measurements by
Zakian show that the tooth appears darker with
increasing wavelength [39]. Figure 6 shows that
the contrast of shallow demineralization in tooth
occlusal surfaces is highest at 1450 nm and is sig-
nificantly higher than QLF [60]. Recently a com-
mercial near-IR reflectance system operating at
850 nm was introduced, Vistaproof from Durr
Dental (Bietigheim-Bissingen, Germany). The
first clinical study using near-IR reflectance was
recently published, the wavelength range of
1500-1700 nm was used, and the diagnostic per-
formance was higher than radiography and other
near-IR imaging modalities for the detection of
proximal and occlusal lesions [47].

Recent studies have shown that very high
lesion contrast can be attained for very shallow
lesions by using shorter wavelength blue light
[61]. Blue light is scattered to a greater degree in

sound enamel than longer wavelengths in the vis-
ible and near-IR [28, 62, 63]. Monte Carlo simu-
lations suggest that the optimal spectral region
for the highest lesion contrast depends on the
lesion depth and severity and that shorter wave-
lengths are likely to yield higher contrast for
shallow lesions while longer wavelengths should
yield higher contrast for deeper lesions [61].

An imaging method that shows a concomitant
increase in lesion contrast with increasing lesion
severity is more useful since the lesion severity
can more easily be estimated from the images.
Near-IR reflectance at wavelengths coincident
with higher water absorption produced the great-
est range of lesion contrast values and the con-
trast increased linearly with increasing lesion
depth and severity [64].

Red or Porphyrin Fluorescence

Teeth naturally fluoresce upon irradiation with
UV and visible light. Alfano [65] and Bjelkhagen
et al. [66] demonstrated that laser-induced fluo-
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lesion

1 sound
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Fig. 7 A picture of the Diagnodent device and fluores-
cence spectra of sound and carious tooth structure adapted
from Koenig et al. [150]

rescence (LIF) of endogenous fluorophores in
human teeth could be used as a basis for discrim-
ination between carious and noncarious tissues.
Bacteria produce significant amounts of porphy-
rins and dental plaque fluoresces upon excitation
with red light [67]. The earliest fluorescence
measurements of dental caries showed the dis-
tinctive salmon red fluorescence due to porphy-
rins [65, 66]. Figure 7 shows fluorescence spectra
of sound and carious areas of a tooth, with the
characteristic salmon red porphyrin fluorescence
from the lesion area. The first commercial sys-
tem to exploit red fluorescence was the
Diagnodent from Kavo (Biberach, Germany).
The original device, shown in Fig. 7, uses a red
diode laser and a fiber-optic probe designed to
detect the fluorescence emitted from porphyrins
at longer wavelengths. The probe is designed to

be inserted in an occlusal pit and fissure, and an
electronic reading is generated representing the
amount of fluorescence from the lesion. Bacteria
produce significant amounts of porphyrins, and
dental plaque fluoresces upon excitation with red
light [67]. This device is designed to detect hid-
den occlusal lesions that have penetrated into the
dentin where the high porosity concentrates por-
phyrins from bacteria. It is important to note that
the primary microorganism responsible for den-
tal decay, Streptococcus mutans does not contain
porphyrins and that this method is not an effec-
tive means of monitoring cariogenic bacteria.
Moreover, this device is designed to detect
lesions in the later stage of development after the
lesion has penetrated into the dentin and accu-
mulated a considerable amount of bacterial
byproducts. The Diagnodent has a poor sensitiv-
ity (~0.4) for lesions confined to enamel [68]
since porphyrins have not accumulated in those
lesions, and it is not capable of providing quanti-
tative measurements of demineralization. An
approximal caries probe designed to reach proxi-
mal surfaces has also been developed [69].
The Diagnodent is well-designed for the detec-
tion of “hidden” dentinal caries but does not
provide quantitative measurements of demine-
ralization [12].

Quantitative Light Fluorescence
(QLF) (Green or Collagen
Fluorescence)

QLF is the most extensively investigated optical
technique for the measurement of surface demin-
eralization. Ten Bosch [70] has described the
mechanism for the QLF phenomenon, i.e., the
loss of yellow/green fluorescence under illumina-
tion with blue light, and it can be solely explained
by light scattering effects. Lesion areas appear
dark due to increased light scattering in the lesion
area that prevents the fluorescence from the
underlying collagen in dentin or unknown fluoro-
phores in enamel that are deeper in the tooth from
reaching the tooth surface. Excitation wave-
lengths have varied from 370 to 488 nm, and blue
laser diodes at 405 nm are more typically
employed today. According to Kasha’s rule,
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Fig. 8 Images obtained from the multimodal clinical
device. (a) A 405 nm reflectance image with high resolu-
tion and contrast of the enamel surface. (b) The AF image

emission spectra are typically independent of
excitation wavelength as long as the energy is
high enough for excitation [71]. Fluorescence
images provide increased contrast between sound
and demineralized tooth structure and avoid the
interference caused by specular reflection or high
glare from the tooth surface that can interfere
with visual detection of white spot lesions. An
example of QLF images from a tooth with demin-
eralization is shown in Fig. 8.
Hafstrom-Bjorkman et al. [72] established an
experimental relationship between the loss of
fluorescence intensity and the extent of enamel
demineralization [72]. The method was
subsequently labeled the QLF method, for quan-
titative laser fluorescence. An empirical relation-
ship between overall mineral loss (AZ) vs.
fluorescence loss was established which can be
used to monitor lesion progression on enamel
surfaces [73-75]. The gold standard for quanti-
fying lesion severity and tooth surface and sub-
surface  demineralization  is  transverse
microradiography. The lesion severity is typi-
cally reported as the product of the volume %
mineral loss and the lesion depth, AZ
(vol.% x pm). Therefore, it is advantageous to be

of the same tooth obtained concurrently with the reflec-
tance image. The arrows indicate a region with early car-
ies from [151]

able to report a similar measure using optical
methods. It is important to point out that QLF
researchers report changes in fluorescence radi-
ance (AF%) calculated as follows: AFg. = (Fger
(demin)/Fg. (sound)) x 100 for comparison with
the AZ value measured with microradiography.
Excellent correlation has been established
between AF and AZ for shallow uniform artifi-
cial lesions [72, 76]. Amaechi et al. [77] com-
pared the loss of reflectivity with lesion depth as
measured with optical coherence tomography to
the loss of fluorescence measured with QLF and
achieved a very high correlation, suggesting both
experiments measure the same thing, namely
increased light attenuation due to an increase in
light scattering in the lesion. Ando et al. [78, 79]
established that the AFg. intensity for similar
lesions depends on the actual enamel thickness.
That result suggests a very serious limitation for
clinical implementation since the enamel thick-
ness varies markedly with position on each tooth
and from tooth to tooth. Another complication is
that stains and plaque fluoresce strongly, greatly
confounding detection. Therefore, QLF has not
been successfully validated for quantifying sur-
face demineralization in the pits and fissures of
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the occlusal surfaces where most lesions are
found and has shown relatively low specificity in
clinical studies on smooth surfaces [76].

QLF has also been used to quantify and mea-
sure remineralization both in vitro and in vivo
[80]. Studies have shown optical changes in the
fluorescence intensity after exposure of in vivo
white spot lesions around orthodontic brackets
to a remineralization solution or removal of the
plaque retention device [81, 82]. However,
since QLF cannot produce an image of the
internal structure of the lesion, it cannot be
used to determine if actual mineral repair has
taken place or that the lesion simply eroded
away after removal of the bracket from abrasive
action.

In summary, QLF performs well on carefully
produced shallow uniform lesions on smooth sur-
faces free of stains. However, such performance
cannot be expected on highly convoluted occlu-
sal surfaces or the complex structures of natural
lesions. Moreover, stains, plaque, and develop-
mental defects interfere with QLF.

Several clinical devices are commercially
available that measure either red or green fluo-
rescence or both including QLF systems from
Inspektor Research Systems (Amsterdam),
Soprolife from Acteon Group (Norwick,
England), Spectra and CamX  from
AirTechniques (Melville, NY), VistaCam from
Durr Dental (Bietigheim-Bissingen, Germany),
and IS Series Cameras from Carestream Dental
(Rochester, NY).

Other fluorescence imaging techniques that
have been employed for caries detection include
time-resolved fluorescence [83], multiphoton
fluorescence [84], dye-enhanced fluorescence
[85], confocal fluorescence [75, 86], and modu-
lated fluorescence or luminescence. Confocal
fluorescence has considerable promise for study-
ing very early incipient caries lesions.

Optical Coherence Tomography
for Imaging Dental Caries

Optical coherence tomography (OCT) is a nonin-
vasive technique for creating cross-sectional
images of internal biological structure [87]. The

intensity of the reflected/backscattered light is
measured as a function of its axial position in the
tissue. Low coherence interferometry is used to
selectively remove or gate out the component of
backscattered signal that has undergone multiple
scattering events, resulting in very high axial res-
olution. The primary advantages of OCT for
acquiring depth-resolved images of biological
tissue include the capability for high resolution
(~10 pm) coupled with good penetration depth
(several mm) and utilization of fiber-optic probes
for in vivo imaging. Ultrasound allows good
imaging depth but has poor resolution (>100 pm)
and cannot be easily used on teeth due to the high
acoustic impedance. Confocal microscopic meth-
ods offer very high resolution, 100s of nm, but
have limited penetration depths of less than
200 pm. They are also expensive and too bulky to
be used in vivo.

The one-dimensional analog of OCT, optical
coherence domain reflectometry (OCDR) was
first developed as a high-resolution optical rang-
ing technique for the characterization of optical
components [88, 89]. Huang et al. [90] combined
transverse scanning with a fiber-optic OCDR sys-
tem to produce the first OCT cross-sectional
images of biological microstructure, similar to
ultrasound images, called “b-scans” as shown in
Fig. 9. The first images of the soft and hard tissue
structures of the oral cavity were acquired by
Colston et al. [91, 92]. Feldchtein et al. [93] pre-
sented high-resolution dual wavelength 830 and
1280 nm images of dental hard tissues, enamel
and dentin caries, and restorations in vivo. OCT
has also been combined with QLF [94].

OCT can be used to measure the reflectivity
within dental hard tissues to a depth of up to
3-4 mm in enamel and 1-2 mm in dentin.
Figure 9 shows a 3D OCT tomographic image of
a 6 x 6 mm? area of a tooth occlusal surface with
lesions in the fissures. The b-scan image shows
position and depth, and the magnitude of the
reflectivity or back-scattered light at each pixel is
displayed in a gray scale false color image with
white indicating high reflectivity and black low
reflectivity. Two a-scans of reflectivity vs. depth
are shown in sound and lesion areas. The reflec-
tivity from the lesion is orders of magnitude
higher than the sound reflectivity.
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Fig. 9 A visible image of an extracted tooth (a) with
demineralization in the fissure, a 5 x 5 mm box was cut to
mark the ROL. (b, ¢) show the acquired CP-OCT 3D scans
segmented to show areas of demineralization (red/yel-
low). A 2D slice extracted from the image at the position
indicated in (¢) is shown in (d), this is called a b-scan. The

High-speed Fourier domain systems (FD-OCT)
are now available that can be operated with or
without polarization sensitivity. For the older
time-domain OCT systems (TD-OCT), the sensi-
tivity (signal to noise) decreases markedly with
increased scan rate, limiting the maximum scan-
ning rate to 1-2 kHz. This is not a problem with
the FD-OCT systems, where very high scanning
rates can be achieved exceeding 100 kHz.
Galvanometers or  Microelectromechanical
(MEMS) scanning mitrors can be used to scan the
beam in two dimensions to acquire 3D images.
This is a major step forward since entire 3D tomo-
graphic images can be acquired clinically, i.e.,
systems are capable of scanning at real-time video
rates and are capable of acquiring images of a
large area of the tooth without motion artifacts.
However, at low scan rates, the performance of
TD-OCT and FD-OCT systems are similar. In

b-scan is displayed in grayscale with higher reflectivity in
white which corresponds to demineralization. Two line-
outs of depth vs intensity, called a-scans, were extracted
(red and blue lines) at sound and lesion (demineralization)
areas and are shown in (e)

fact there are advantages to using TD-OCT for
in vitro studies. In FD-OCT, a mirror image is
generated by the Fourier transform so that more
than half of the acquired image does not contain
usable information. Therefore the number of data
points acquired in each a-scan is lower for
FD-OCT. Almost all the OCT systems available
today utilize either swept-source (SS-OCT) or
spectral domain (SD-OCT) systems. These sys-
tems were first used for dental imaging more than
a decade ago [95-98]. SD-OCT systems are very
popular for ophthalmology and for dermatology,
but they have had limited applicability to dentistry
since it is difficult to achieve axial resolutions
exceeding 10 pm over scanning ranges greater
than 2-3 mm. For dentistry, scanning ranges of
7 mm are needed to scan tooth occlusal surfaces
and the high refractive index of enamel (1.63) fur-
ther restricts the scanning range.



Optical Methods for Monitoring Demineralization and Caries 13

Methods for Assessing Lesion
Severity with OCT and PS-OCT

Since OCT provides measurements of the optical
reflectivity with depth, the most obvious method
for quantifying the severity of demineralization
in OCT images is to integrate the reflectivity over
the lesion depth. However, the strong reflection at
the tooth surface is typically several orders of
magnitude higher than the reflectivity/scattering
from the lesion itself, particularly for enamel.
Moreover, this reflection from the surface varies
markedly with angle of incidence, and the reflec-
tion can vary by several orders of magnitude.
Therefore, it is problematic to use this value as a
measure of lesion severity with a conventional
OCT system. Because of this problem, the first
attempts to use OCT to monitor demineralization
utilized the loss of optical penetration as a mea-
sure of lesion severity. The loss correlated well
with the mineral loss measured with microradi-
ography for uniform artificial lesions on smooth
surfaces [99]. Even though the loss of optical
penetration can be invaluable for detecting shal-
low lesions in OCT images, there are major prob-
lems with using the loss of light penetration as a
measure of lesion severity. One must arbitrarily
choose a distance from the surface to serve as a
cutoff point, based on an arbitrary intensity loss.
This is feasible for smooth surfaces with uniform
shallow lesions, but is not possible for highly
convoluted surfaces, irregular lesion geometry or
for lesions with significant structural variation.
Moreover, OCT provides measurements of the
reflectivity from each layer in the tissue. Since
the reflectivity/scattering increases by 2—3 orders
of magnitude in lesion areas due to an increase in
light scattering, it is equally likely that there will
be an increase in apparent optical penetration
rather than a loss in signal especially for deep
natural lesions or lesions in dentin, and one can-
not assume that the underlying enamel is sound.
More recently, other researchers with conven-
tional OCT systems have used attenuation coef-
ficients to quantify lesion severity [100, 101].
Both approaches are problematic since increased
demineralization can lead to either an increase in
attenuation of the reflectivity with depth or an
increase due to the complex optical behavior. In

fact, this has led some researchers to mistakenly
interpret the increase in apparent optical penetra-
tion of smooth surface lesions to indicate that the
lesion is actually more transparent than the sound
enamel [100]. In OCT images, it is easy to see
deep strongly scattering tissues (lesions or den-
tin) below the weakly scattering sound enamel
but not weakly scattering tissues under strongly
scattering tissues.

Baumgartner et al. [102, 103] presented the
first polarization resolved images of dental car-
ies. PS-OCT images are typically processed in
the form of phase and intensity images [53, 104],
such images best show variations in the birefrin-
gence of the tissues. These early measurements
indicated that it is advantageous to have polar-
ization sensitivity to enhance the contrast of car-
ies lesions and observe changes in birefringence
that occur with demineralization. Later PS-OCT
measurements demonstrated the advantage of
using the cross-polarization OCT (CP-OCT)
image to quantify lesion severity and track
changes in lesion severity overtime [54]. Ko
et al. showed that polarized Raman spectroscopy
can be combined with OCT to help identify
lesions [105, 106]. However, the polarization-
dependent light scattering/reflectivity of PS-OCT
provides the same information as polarization-
dependent Raman scattering without requiring
an additional Raman spectroscopy system. If the
incident light is linearly polarized, surface reflec-
tions do not scramble the polarization, so the
surface reflection does not interfere with the sig-
nal in the orthogonal (1) polarization state or CP
image. Demineralization strongly scatters light
increasing the light in the orthogonal polariza-
tion to the incident light [54]. Therefore, the
reflectivity from lesion areas in the CP image
can be directly integrated—including the very
important surface zones near the tooth surface—
thus overcoming the interference of strong sur-
face reflections at tooth surfaces, a serious
limitation of conventional OCT systems.
Figure 10 shows PS-OCT b-scans across a fis-
sure with a small lesion demonstrating the higher
contrast of demineralization in the CP-OCT
image. Enamel and dentin are birefringent tis-
sues, so there is some reflectivity in the CP-image
from sound tissues.
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Fig. 10 Co-polarization and cross-polarization b-scans of demineralization in the fissure of the occlusal surface. Color
table black < red < yellow < white < blue. PLM and TMR images are also shown for comparison, from [109]

The advantages of using PS-OCT to monitor
demineralization and remineralization have been
demonstrated in several studies utilizing various
lesion models and natural lesions [36, 42, 54,
107-111]. The ability of PS-OCT to monitor
remineralization and the formation of a distinct
transparent surface zone [108, 112, 113] has also
been demonstrated. Figure 11 shows PS-OCT co-
polarization (]|) and cross-polarization (L)
images of a bovine enamel sample with six win-
dows showing sound, lesion, and lesion areas that
have been exposed for 4, 8, and 12 days to a rem-
ineralization solution. There is minimal reflectiv-
ity in the sound regions outside the four windows,
while the lesions have much higher contrast in
the (L) or CP-OCT image. Although there was a
high degree of remineralization, there was still

incomplete remineralization of the body of the
lesion. The most obvious change was the forma-
tion of a distinct transparent outer surface layer
50 pm thick. The depth of the lesion shown in
Fig. 11 was ~140 pm, and the depth did not
decrease after remineralization. The integrated
reflectivity for this sample decreased by ~50%
after 12 days, showing less reflectivity from the
body of the lesion [111].

PLM, 1-axis PS-OCT, and TMR images of an
occlusal lesion are shown in Fig. 12. Line profiles
through different parts of the lesion were inte-
grated to a depth of 500 pm for matching posi-
tions in the PS-OCT and TMR images to yield
the integrated reflectivity, AR (dB x pm) and the
integrated mineral loss AZ (vol.% x pm) for
comparison. AR is analogous to AZ, the standard
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Fig. 11 PS-OCT b-scan
images of a bovine enamel
block showing the sound
(protected) regions located Sound Lesion 4-day
on the extreme left and e
right side of the sample,
the lesion area (0 days
exposed to remin. soln),
and the areas exposed for
increasing periods of time
to the remineralization
solution, 4, 8, and 12 days. ( ” )
The (]|) image represents
the light reflected in the
original polarization while
the (1) image is the Lesion
orthogonal polarization or
cross-polarization image
which was used for
analysis in these studies.
The incisions are ~100 pm
deep and separated by

1.4 mm from [112] S
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Fig. 12 A visible image of an extracted tooth (a), along  verse microradiograph taken of a thin section at the posi-
with a CP-OCT b-scan taken at the position of the dashed  tion of the dashed line in (a) which is shown in (d). Each
arrow (b). In (¢) the integrated reflectivity with depth  colored data point in (¢) was taken at the positions marked
(AR) from the CP-OCT scan and the integrated mineral by the colored lines in (b) and (d)

loss over the lesion depth (AZ) from a matching trans-
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Fig. 13 Image of the front end of a program that our
group developed for automated analysis of CP-OCT 3D
images. Clinical data is shown for one lesion at a single
time point. The image on the upper left shows a 2D image
of the surface topography with intensity varying with
height, the gingiva (G), and enamel (E) which is shown
with the gingival margin in between. A lesion is located in
the area of the yellow rectangular box in the S, image. The

unit used to represent lesion severity that is
assessed using TMR [110, 114-117]. Five
PS-OCT line profiles were taken at different
positions in the lesion and integrated to yield AR
and AZ, and there is excellent correlation.
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three images on the right are the 2D images for the surface
zone thickness (S,), lesion depth (L;), and integrated
reflectivity over the lesion depth (AR), and the small
boxes to the right of each image are those values for a
specific ROI, in this case the 1 mm x 1 mm ROI was cen-
tered on the small yellow cross. Mean values are calcu-
lated for each ROI

Automated methods have been developed for
converting 3D CP-OCT images to 2D projection
images of the lesion depth (L), AR, and the thick-
ness of the transparent surface zone (S,) [110,
111]. Figure 13 shows processed in vivo images
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Fig. 14 A visible, CP-OCT, and cross-sectional PLM
images of a bovine enamel sample with six windows.
Initial lesions were produced after 24 h demineralization
on the central four windows and then the right four win-
dows were exposed to a remineralization solution. The red
dotted line in the visible light reflectance image represents
the position of the section shown in the PLM and CP-OCT
images. Two-dimensional CP-OCT surface projection

taken from a tooth with a cervical lesion created
with a program for automated processing of the
6 x 6 x 7 mm volumetric CP-OCT data. Images of
the surface topography, as well as Ly, AR, and S,
are shown. A region of interest (ROI) was chosen
for analysis, in this case a I x 1 mm box in the
center of the lesion area shown in the small satel-
lite boxes to the right of each image. The mean
values of L,, AR, and S, in the box can be moni-
tored over time to quantify changes in the lesion
severity. Figure 14 shows a bovine enamel slab

images of the same sample are shown including the inte-
grated reflectivity (lesion severity) and the transparent
surface layer thickness. PLM and processed CP-OCT
b-scan images show an increase in transparent surface
layer thickness over the periods of exposure to the remin-
eralizing solution. The transparent surface layer is high-
lighted in yellow in the CP-OCT b-scan, from [111]

(10 mm x 2 mm x 2 mm) with six windows; the
left and right windows are sound and in between
are four windows for which the lesion has been
exposed to remineralization for 0, 4, 8, and
12 days [111]. The 3D CP-OCT image was con-
verted to 2D projection images of the integrated
reflectivity over the lesion depth, AR, and the sur-
face zone thickness, S,. The decrease in the lesion
severity with time is more accurate, and the
growth of the surface zone can be clearly seen
after exposure to a remineralization regimen.
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Assessment of the Depth
of Occlusal Lesions

Many clinicians are primarily interested in know-
ing how deep the occlusal lesions have actually
penetrated into the tooth, so that they can decide
whether a restoration is necessary. Recent studies
utilizing the NIH-funded Practice-Based
Research Network (http://www.nationaldentalp-
brn.org) [118-120] indicated that a third of all
patients have a questionable occlusal caries
lesion (QOC) which can be defined as an occlusal
tooth surface with no cavitation and no radio-
graphic radiolucencies, but caries is suspected
due to roughness, surface opacities, or staining.
After monitoring QOCs for 20 months, 90% did
not require intervention. The identification of
occlusal lesions penetrating to dentin is poor with
an accuracy of ~50% [121, 122]. OCT is ideally
suited for monitoring and improving the diagno-
sis of QOCs, and methods can be developed to
enhance the visibility of hidden subsurface
lesions. Even though the optical penetration of
near-IR light can easily exceed 7 mm through
sound enamel to image lesions on proximal sur-
faces with high contrast [34], the large increase in
light scattering due to demineralization [30] typi-
cally limits optical penetration in highly scatter-
ing lesions (also in dentin and bone) to 1-2 mm,
thus cutting off the OCT signal before it reaches
the dentinal-enamel junction (DEJ). Typically
lesions spread laterally under the enamel upon
contacting the more soluble softer dentin.
Therefore, OCT can be used to determine if
occlusal lesions have penetrated to the underly-
ing dentin [46, 123] by detecting the lateral
spread across the DEJ. In a clinical study, 12 out
of 14 of the lesions examined in vivo using OCT
exhibited increased reflectivity below the DEJ,
indicating that the lesions had spread to the den-
tin. Since none of the lesions were visible on a
radiograph, this demonstrates a remarkable
improvement over existing technology [46, 123].

The visibility of QOCs can be significantly
increased by the use of optical clearing agents
and image analysis methods [124]. Optical clear-
ing agents have routinely been used in biological
microscopy and have found recent application in

clinical imaging including OCT [125, 126].
Higher refractive index agents also appear to
increase the optical penetration depth of OCT
[127]. The viscosity is also important because
penetration of the agent into the lesion pores can
decrease the lesion contrast. Even though such
penetration may lower the contrast of the lesion
near the tooth surface, it increases the optical
penetration to deeper layers in the lesion. In addi-
tion, various image analysis methods have been
developed for enhancing the visibility of subsur-
face structures and edges, speckle reduction, and
denoising OCT images [128-130]. The Rotating
Kernel Transformation (RKT) is one approach
that has been successful for edge detection in
OCT images [111, 131-133]. In a recent study,
extracted teeth with QOCs were imaged with
optical coherence tomography (OCT) with and
without the addition of a transparent vinyl polysi-
loxane impression material (VPS) that is com-
monly used in vivo. VPS acts as an optical
clearing agent to enhance the visibility of occlu-
sal lesions that have penetrated to the underlying
dentin and also enhance the visibility of the den-
tinal-enamel junction (DEJ). Application of VPS
significantly increased (P < 0.0001) the inte-
grated reflectivity of subsurface dentinal lesions
[124].

Assessment of Root Caries

Even though the penetration depth of near-IR
light is more limited in dentin than for enamel,
one can still acquire images of early root caries
and demineralization in dentin [134]. PS-OCT
studies have successfully measured demineral-
ization in simulated caries models in dentin and
on root surfaces (cementum) [135-137]. PS-OCT
can effectively be used to discriminate deminer-
alized dentin from sound dentin and cementum
[135]. PS-OCT has also been used to measure
remineralization on dentin surfaces and to detect
the formation of a highly mineralized layer on the
lesion surface after exposure to a remineraliza-
tion solution [137]. Cementum has lower
reflectivity than dentin in OCT images, making it
possible to easily discriminate the remaining
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cementum thickness [135, 137]. Shrinkage
occurs in demineralized dentin due to the high
collagen content when the lesion area loses water.
More severe lesions manifest greater shrinkage
and lesions exposed to remineralization with an
intact highly mineralized surface zone have
reduced shrinkage [137]. There was a correlation
between the lesion severity (AZ) and the degree
of shrinkage measured using PS-OCT [138].
OCT has also been used to help discriminate
between noncarious cervical lesions and root car-
ies in vivo [139].

Assessment of Secondary Caries
and Decay Under Sealants

OCT can be used to look at different restorative
materials and identify pit and fissure sealants [93,
140]. The penetration depth of PS-OCT through
composite has been shown to be sufficient to
detect and track early demineralization or sec-
ondary caries on the occlusal surface under a
sealant or restoration in vitro. The penetration
depth is not greatly influenced by the composi-
tion of the filler. The reflectivity, however, is
markedly increased when an optical pacifier such
as titanium dioxide is added [107].

Most composites/sealants have sufficient
transparency in the near-IR to allow imaging
through the composite to resolve early deminer-
alization under sealants and restorations.
Polarization sensitivity may also help in identify-
ing particular sealants since they apparently
depolarize light at different rates. Jones et al.
[107] showed that one particular sealant had min-
imal reflectivity in the orthogonal polarization
image, i.e., does not depolarize the incident light
and has minimal birefringence. The fact that
there is minimal reflectivity from overlying com-
posite also greatly facilitates direct integration of
the reflectivity from the demineralized area.
These images demonstrate that polarization sen-
sitivity is advantageous for differentiating demin-
eralized enamel under composite sealants and
restorations for imaging secondary caries lesions.
Other studies have investigated the use of OCT
for the detection of demineralization beneath

sealants and composites in addition to primary
lesions [141-145].

Clinical Studies Monitoring
Demineralization/Remineralization

Feldchtein et al. [93] presented the first in vivo
OCT images of dental caries. In the first clinical
study using OCT to monitor demineralization,
the development of demineralization on tooth
occlusal and smooth surfaces was monitored
[146]. Orthodontic bands with a buccal window
were cemented on premolars, and small incisions
were produced on occlusal surfaces to serve as
sites for plaque retention for enhanced deminer-
alization. Bands were removed after 30 days, and
PS-OCT scans were acquired in vivo of occlusal
and buccal areas, and AR was calculated from the
CP-OCT images of the lesion areas. Teeth were
extracted, serially sectioned, and analyzed using
PLM and TMR for comparison with the CP-OCT
images. PS-OCT was able to non-destructively
measure significant increases in demineralization
on both the buccal and occlusal surfaces [146]. In
that study, a time-domain PS-OCT system was
employed with a custom built handheld scanner
shown in Fig. 15 that was capable of acquiring
single b-scans in a few seconds over tooth buccal
and occlusal surfaces. Difficulties in matching
PS-OCT b-scans to the histological thin sections
suggested that entire tomographic images (3D
images) encompassing the entire lesion area
should be acquired.

In a subsequent study, a high-speed swept-
source CP-OCT system with an integrated
MEMS scanner from Santec (Komaki Aichi,
Japan) was used to acquire 3D volumetric images
of the area at the base of orthodontic brackets
over a period of 12 months after placement. The
system and images from the study are shown in
Fig. 16. The reflectivity was measured at 3-month
intervals for 12 months to determine if there was
increased demineralization. Even though an
increase in demineralization was not visibly
apparent in images taken before and after
12 months, CP-OCT was successful in monitor-
ing a small but significant (p < 0.05) increase in
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Fig. 15 Co-polarization (a) and cross-polarization (b).
OCT b-scans of a sound area of the tooth from the first
clinical study monitoring demineralization in vivo show-
ing clear resolution of the dentinal-enamel junction from
the crown to the root. The CP-OCT image of the occlusal

the mean lesion depth (L,) and integrated reflec-
tivity (AR) with time over the area cervical to the
brackets further validating the utility of CP-OCT
for monitoring early demineralization [147].

In a clinical study recently completed, exist-
ing smooth surface enamel lesions were moni-
tored using CP-OCT over a period of 30 weeks
before and after application of a fluoride varnish
[148]. Each lesion was imaged before application
of the varnish and at 6-week intervals. It was
interesting to observe that a transparent surface
zone was visible in CP-OCT images for all but
one of the enamel lesions (62/63). CP-OCT
images from one test subject are shown in Fig. 17.
A distinct surface zone approximately 150-pm
thick is clearly visible. After 30 weeks, the lesion
structure, depth, and severity (integrated reflec-
tivity) remained the same, suggesting that this

surface of another tooth (¢) shows demineralization that
was confirmed using polarized light microscopy (d) after
tooth extraction. The PS-OCT system is shown in use (e)
along with images of the custom fabricated scanning
probe (f) from [146]

lesion was already arrested. There was no signifi-
cant change (P > 0.05) in Ly, AR, or the surface
zone thickness (S,) after 30 weeks for the 63
enamel lesions monitored. All 63 lesions were
present after 30 weeks, and no changes were
apparent upon clinical examination (photo-
graphs). Linear regression was used to determine
if there was a significant increase in S, with time
for each lesion (positive slope significantly dif-
ferent from 0, P < 0.05), and only a small fraction
of the lesions manifested a significant increase in
S,, 7 out of 63. Even though most of the lesions
were likely arrested and underwent little change
with intervention, the study demonstrated that
the internal microstructure of caries lesions could
be monitored overtime during preventative inter-
vention. This ability offers many intriguing pos-
sibilities for future caries research.
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Fig. 16 Images from the first clinical study monitoring
demineralization with a high-speed 3D CP-OCT system.
The Santec system is shown in (a) along with the handpiece
with integrated inteferometer and MEMS scanner in (b)

Fig. 17 An in vivo CP-OCT b-scan of a cervical enamel
lesion that appears arrested. There was no change in the
lesion structure after treatment with fluoride varnish after
30 weeks. The lesion is clearly visible, and it has a well-

50 100 150 200 250
and (c). (d) Surface rendering of 6 x 6 x 7 mm 3D CP-OCT
image around bracket; G-gingiva, S-sound, and L-lesion.
(e) Collapsed 2D image of AR (rotated by 90°) showing the

area monitored over time in red box from [147]

defined surface zone (S;) that is visible. The dentinal—
enamel junction (DEJ) and the gingival (G) are visible in
the image, and the position of the scans are indicated on
the photograph of the tooth from [148]
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Endodontics and Pulpal Diagnosis

Jan M. O'Dell

Introduction

When a patient presents to a healthcare provider,
it is often with the expectation that the practitio-
ner will “fix what ails” the patient. The practitio-
ner must develop a plan of treatment based on an
accurate diagnosis. This treatment can be for a
variety of reasons. Most often, the goal of treat-
ment is to eliminate the disease process which the
patient has and to provide a cure. Or treatment
may be geared to treat chronic conditions or
maintain some discrete level of health, for exam-
ple, with hypertension. Or treatment may be initi-
ated to provide only palliative care. In any case,
an accurate diagnosis is essential. Without an
accurate diagnosis, any proposed treatment may
result in an adverse outcome for the patient.

In 1963, Robinson defined diagnosis as the
“identification of the nature of an illness or other
problem by examination of the symptoms™ [1].
This is most frequently accomplished by incor-
porating several different but complementary
methods of data collection to determine if there is
any deviation from normal. Among the most use-
ful items contributing to an accurate diagnosis
are the patient’s chief complaint, a review of both
the patient’s medical and dental history, and the
performance of diagnostic tests.
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It is paramount to remember that treatment
cannot be initiated unless and until a preliminary
or differential diagnosis has been determined.
The patient must be fully informed about the pro-
posed treatment, alternatives to proposed treat-
ment, and consequences of no treatment. Included
in this discussion between the patient and clini-
cian are the potential risks and the expected out-
come of treatment. The patient must fully
understand and have an opportunity to ask ques-
tions regarding treatment.

Because patients often seek care only when
they are in pain, the clinician should always pro-
ceed in a thorough manner and not skip steps in
an attempt to quickly relieve the patients’ pain.

Medical History

The importance of obtaining a complete and accu-
rate medical history cannot be overstated. With
patients living longer and often taking multiple
medications, it is necessary to have a thorough
understanding of the conditions and medications
that may alert the clinician to the need for consult-
ing with the patient’s physician before starting
treatment. The first step in obtaining a medical
history is to have the patient(s), or care giver(s),
complete a health history form. Every question
should be answered, and any condition that is
identified should elicit further investigation. There
are many medical conditions that have oral
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implications, and some non-odontogenic condi-
tions may mimic dental pain. Among the most
common is a maxillary sinusitis that may present
as a toothache in the maxillary posterior quadrant.
Or the patient(s) may insist that a particular tooth
is causing pain when in fact the patients are suf-
fering from trigeminal neuralgia [2]. It is impor-
tant to remember that often patients have a very
different idea of what is to be included. For exam-
ple, the patients may only mark “yes” to a ques-
tion regarding illness if they have been
hospitalized, or they may not include medications
taken except those drugs prescribed by a physi-
cian. There are several sources available to obtain
generic health history forms, or they may be
developed by the practitioner with areas of par-
ticular interest emphasized. In any event, the
health history must be reviewed at every appoint-
ment, and vital signs recorded (Fig. 1). If, after
review of the medical history, it is determined that
a medical consultation is warranted, documenta-
tion should include the physician, date, and rea-

son for the consultation (Fig. 2), and the response
should be entered into the patient’s records.
Furthermore, it will be necessary to have the
patient(s) sign a consent for treatment and the
release of such protected information (see Fig. 2).

Dental History

There are two components to the dental history.
First is a general history, which should focus on
previous treatment as well as any problems the
patient may have encountered. Then, the history
of the present illness should be taken. This is
most often centered around the patient’s chief
complaint. The chief complaint should be
recorded verbatim and is the reason the patient is
seeking treatment. The patient is asked the nature
and severity of the problem. This is easily accom-
plished by providing the patient with a pre-
printed form (Fig. 3). Included on this form
should be simple “yes” or “no” questions, as well
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Fig. 1 Health history form. (Courtesy of Dr. G. Carr, TDO)
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Dental SpERIALSTS

MEDICAL/CONSULTATION REQUEST

Patient Name DOB Patient #
Home Phone Work Phone
CONSULTATION
Dr. Telephone
Address

HISTORY AND PHYSICAL FINDINGS

SERVICES DESIRED

Doctor Signature Patient Signature Date
(If applicable)

**PHYSICAN’S RESPONSE**

Signature Date

** PLEASE RETURN RESPONSE TO THE PRACTICE

Attn: Dr.

TDS-16082

Fig.2 Medical consultation form. (Courtesy of Dr. A. Law, The Dental Specialists)

as open-ended questions to allow the patient to dental procedures, trauma, and what if anything
explain or characterize and quantify the symp- elicits or relieves the pain. It is also important to
toms. There should be questions regarding recent
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record if the patient has taken any analgesic that
may alter diagnostic testing results.

Patient Examination

The patient examination should start the moment
the patient arrives at the dental office. Included in
this generalized physical exam should be an evalu-
ation of the patient’s posture and gait, exposed
skin surfaces, vital signs, mental acuity, and the

ability to communicate. Often the patient who
presents with acute pain has visible signs of swell-
ing, redness, lack of sleep, etc., which may con-
tribute to inaccurate information. Once the patient
is seated, evaluation of both extraoral and intraoral
structures should be accomplished to determine if
there are any abnormalities (Fig. 4a). If any lesion
is identified, the location, size, color, and shape
should be recorded and followed to resolution.
Also, an oral cancer screening should always be
performed and findings recorded (Fig. 4b).

SADDLEBACK VALLEY ENDODONTICS

Pain History

—_

Have you experienced pain in this tooth any time in the past?

[ Yes [J No (If you are not in pain now and have never been in pain with this tooth, go directly to question #17).
2. Areyou in pain now?

[ Yes [ No
3.  If you are in pain now, how long have you been in pain?

[(J1day [J2days [13days [l4day [J5days

[J6days [J1week [J2weeks [13week [ >3weeks

4.  Did this pain either keep you awake or awaken you last night?

[ Yes [ Yes, and | have been up all night in pain
O Yes [ No, but it has before

5.  Can you locate the tooth that is causing the pain?
[J Yes [J No

[J Not Sure [ There may be more than one tooth

6.  Does the pain radiate to other parts of your jaw or down your neck and shoulders?

[ Yes [ No [ No, but it has in the past

7. Is the pain spontaneous or does it always require some stimulus to become painful?
[ I have spontaneous pain [ It always takes some stimulus to make it hurt
[ I don't have spontaneous pain now, but | have in the past with this tooth

8. Do you feel swollen now?
[J Yes J No
Has there been a history of prior swelling?
[J Yes [J No
Are you running a fever?
[ Yes [J No

9.  How would you rate the severity of your pain today? (as a number and as a description, 10 being unbearable,

1 being very slight)?

01 O2 O3 O4 Os Oe 7 Os O9 10
10. Do you have lingering pain?
[ Yes O No [ No, but | have in the past

11.  Please check the frequency and nature of the pain that most accurately describes your discomfort.

[J Sharp LI Dul [ Radiating
L] Throbbing [ Migrating [ Constant
[ Aching [ Intermittent (] Momentary
[ Gnawing [ Variable
[J Shooting [ Tingling [ Itching

J Yes [J Only when chewing or biting

[J Enlarging to other areas

Fig. 3 Dental history form. (Courtesy of Dr. S. McNicholas, Saddleback Valley Endodontists)
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12.  Is the tooth sensitive to temperature?
O No, but there is a history of temperature sensitivity in the past
] More to hot than cold Il Equally to hot and cold
L] Neither [] Notsure [ More sensitive to cold than hot
13.  What relieves the pain?
O Nothing U cold [ Hot Il Massage U vicodin
ONon-biting [ Aspirin -+~ [INSAIDS  [IcCodeine [ Advil/ Aleve
] Antibiotics ] other (I Darvon / Darvocet ] Tylenol
14.  If you don’t touch the tooth or bite on it, does it still hurt?
[ Yes ] No [ sometimes [ Only if | bite a certain way
] Not now, but it has in the past
15.  What increases the pain?
U Touching ] Biting [Icold L] Hot ] Eating Ll cold air
U Lying down O Pressing on gum O Flossing O Nothing L] sweets
16.  What is the course of pain?
O] Increasing U] Decreasing [0 Constant 00 Variable [0 None now
17. Has there been any recent restorative work done on this area?
O Yes O] No ] Not sure
18.  Prior to this appointment has endodontic treatment been started by any doctor?
L] Yes ] No ] unknown
19. Have you had recent periodontal (Qum) surgery or a recent tooth cleaning?
O vYes O No
20. Have you ever had any endodontic surgery (apico) done on this tooth?
L] Yes ] No L] unknown
21.  Are you numb now (been given anesthesia earlier today)?
[ Yes ] No O Slightly ] Not sure
22. Have you takerny antibiotics for this problem?
] No O Today O] Last2 days O] Last3 days
L] Last4 days L] Lastweek [ Last month L] other
22. Have you taken any pain medication for this problem?
[ No L] Today L] Last night
[ Last2 days [ Last3 days ] Last4 days
L] Lasts days U] Last6 days L] various times
23. Did you explicitly request this referral?
] vYes ] No
24. Did your doctor recommend this referral?

L] Yes ] No

Fig. 3 (continued)
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Fig. 5 Sinus tract. (a) Gutta percha. (b) Radiographic verification

After review of the general dental history and
chief complaint, the clinician may have a good
idea of what area or tooth is contributing to the
patient’s pain. However, a complete exam
should still be performed to confirm the patient’s
information. The intraoral exam should include
a general assessment of oral soft tissues, hard
tissues, and dentition. The generalized peri-
odontal condition, carious lesions, enamel frac-

tures, discolored teeth, as well as missing and
restored dentition should all be noted. If a soft
tissue lesion is discovered, with a sinus tract, it
should be traced with gutta percha and a radio-
graph taken to confirm the origin of the lesion
(Fig. 5).

Once a general assessment of the patient’s
dentition is completed, it is time to concentrate
on diagnostic tests with the goal of confirming
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the clinician’s preliminary determination of
pulpal status, which in turn will provide the basis
for treatment.

Traditional Clinical Tests to Assess
Pulpal Status

Chambers [3] stated that the determination of the
pulp status is critical to an accurate diagnosis. He
added that “the ideal pulp test should provide a
simple, objective, standardized reproducible and
inexpensive method of assessing the exact condi-
tion of the pulp tissue at any given time.” Ehrmann
[4] recommends evaluating the pulp status before
restorative procedures. This is important because
the patient may not be experiencing pain even
though the tooth is not responding to vitality tests.
Vitality may be absent long before radiographic
signs are apparent, or the patient is symptomatic.
Traditionally, the primary use of vitality tests has
been as an aid in the diagnosis of pain and as an
adjunct to the radiographic investigation.
Additional uses have been suggested by Mumford
and Bjorn [5] and include posttraumatic evalua-
tion, determination of pulp vitality following pre-
vious pulp therapy or assessment of teeth that have
been heavily restored. It has also been suggested

Table 1 Clinical classification of pulpal diagnosis

that a pulpal response can be used to determine if
a tooth is exhibiting profound pulpal anesthesia.

Alghaithy et al. [6] describes the use of a “ref-
erence standard” which does not necessarily iden-
tify the target condition with 100% accuracy. A
reference standard enables the measurement of
sensitivity, specificity, and accuracy. The gold
standard is the best available method against which
the performance of other diagnostic or index tests
is evaluated. The gold standard for the determina-
tion of pulp status is histopathology. Unfortunately
this is not possible in clinical settings. Most cur-
rent methods employed by clinicians depend on
the sensory response of the pulp rather than pulpal
blood flow, even though the latter provides a more
predictable assessment of vitality [7, 8]. Banes and
Hammond [9] discussed the work by Johnson and
Hinds demonstrating that a test may elicit a nega-
tive response even though there may still be vital
pulp tissue if the test is only able to gain informa-
tion on a neural level.

When performing any test, it is advisable to
test at a minimum one tooth mesial and distal,
and possibly the opposing or contralateral tooth
to provide a control or baseline reading.

Terms for both pulpal (Table 1) and periapical
diagnosis (Table 2) are described and represent
the most current descriptions [10].

Treatment

Terminology

Clinical findings

Radiographic findings

Normal pulp

Symptom-free and normally
responsive to pulp testing

Radiographic findings show no
evidence of resorption or decay

No endodontic
treatment needed

Reversible pulpitis

Based on subjective and
objective findings. Stimulation
is uncomfortable but reverses
quickly upon removal. Inflamed
pulp normally capable of
healing

Radiographic findings may
disclose caries or defective
restorations

Conservative removal
of irritant will
normally resolve
symptoms

Symptomatic Based on subjective and
irreversible objective findings indicating the
pulpitis vital inflamed pulp is incapable

of healing.

Intermittent or spontaneous
pain. Exposure to stimuli elicits
heightened and/or prolonged
response. Pain may be sharp,
dull, localized, diffuse, or
referred

Early stages fail to show any
change in radiographic
appearance. In advanced cases,
there may be a thickening of the
periodontal ligament
radiographically. There may be
deep restoration, caries, pulp
exposure, direct, or indirect pulp
therapy

Endodontic treatment.
If left untreated, the
pulp will eventually
become necrotic

(continued)
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Table 1 (continued)

Terminology Clinical findings Radiographic findings Treatment
Asymptomatic Based on subjective and Radiographically, there is Endodontic treatment.
irreversible objective findings indicating evidence of caries extending into | If left untreated, tooth
pulpitis that the vital inflamed pulp is the pulp may become

incapable of healing. Patient
does not complain of pain.
Clinical and/or radiographic
evidence of caries extending
into the pulp

symptomatic, and pulp
will become necrotic

Pulp necrosis

Based on subjective and
objective findings indicating
that the pulp is nonresponsive to
pulp testing. It follows
irreversible pulpitis and
attempts to describe the
histologic status of the pulp.
Tooth will typically become
symptom free until there is an
extension of the disease process
into the periradicular tissue.
Tooth is normally
nonresponsive to cold or electric
stimulation, but may respond to
heat stimuli. Pulp necrosis may
be partial or complete resulting
in confusing responses to
testing

Radiographic changes may
include a thickening of the
periodontal ligament space or
the appearance of a periapical
radiolucent lesion

Endodontic treatment

Previously treated
(accurate

Based on objective findings
indicating the tooth has been

May or may not show
radiographic evidence of

If patient is
asymptomatic and

pretreatment endodontically treated and the thickened periodontal ligament there are no clinical or
diagnosis may not | canals are obturated with a space or appearance of a radiographic signs or
be possible) medicament or filling material. | periapical radiolucent lesion. symptoms of disease,
Patient may or may not present | There is evidence of an no treatment may be
with signs or symptoms intracanal medicament or canal | indicated. If patient
obturation with a filling material | exhibits clinical or
radiographic signs or
symptoms, the tooth
will require additional
nonsurgical or surgical
endodontic procedures
to retain the tooth
Previously Based on objectives findings May or may not show Endodontic treatment
initiated therapy that a tooth has been previously | radiographic evidence of
(accurate treated by partial endodontic thickened periodontal ligament
pretreatment therapy such as a pulpotomy or | space or appearance of a
diagnosis may not | pulpectomy. This is often an periapical radiolucent lesion.
be possible) emergency procedure, but may | There may be evidence of an

include vital pulp therapy,
treatment of traumatic injury,
apexification or apexogenesis

intracanal medicament but will
not show evidence of canal
obturation

Terms are consistent with those of the AAE Glossary of Terms, 9th ed., 2016
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Table 2 Clinical classification of periapical diagnosis

Terminology

Clinical findings

Radiographic findings

Normal apical tissues

Patient is asymptomatic and the tooth
responds normally to percussion and
palpation

Radiograph reveals an intact lamina
dura and periodontal ligament space
around all root apices

Symptomatic apical
periodontitis

Inflammation, usually of the apical
periodontium producing clinical symptoms
including a painful response to biting,
percussion, or palpation. Tooth may or may
not respond to pulp vitality tests

Tooth will typically exhibit at least
a widened periodontal ligament
space. May or may not show an
apical radiolucency associated with
one or all of the roots

Asymptomatic apical
periodontitis

Inflammation and destruction of the apical
periodontium of pulpal origin; however, the
patient is usually symptom free. Tooth
typically will not respond to vitality tests

There is normally an apical
radiolucent area around one or
more of the roots

Acute apical abscess

An inflammatory reaction to pulpal infection
and necrosis. Patient may experience one or
more of the following symptoms: rapid
onset, spontaneous pain, tenderness to
pressure, pus formation, and swelling. Acute
pain on biting, percussion, and palpation.
There is no response to any pulp vitality
tests. May exhibit varying degrees of
mobility. In addition, patient may exhibit
lymph involvement, fever, and swelling

Will vary from a widened
periodontal ligament space to an
apical radiolucency

Chronic apical abscess

Chronic inflammatory reaction to pulpal
infection and necrosis. There is often no
discomfort or a gradual onset of pain. There
may be an associated sinus tract with
intermittent discharge of pus. Tooth is
nonresponsive to pulp vitality tests

Radiographically the tooth will
exhibit a periapical radiolucency
around one or more root apices

Terms are consistent with those of the AAE Glossary of Terms, 9th ed., 2016

Periodontal Examination

Mobility can be used to determine if the peri-
odontal attachment apparatus is compromised.
Berman and Rotstein [11] have suggested several
possible reasons for tooth mobility. Among them
are all types of trauma, periodontal disease, root
fractures, or an extension of pulpal disease that
has extended into the periodontal ligament. If the
causative factors can be corrected, the mobility
may improve. To perform a mobility test, use the
flat ends of two instruments such as the mirror
handle or perio-probe and place one end on the
buccal surface while the other is on the lingual
(Fig. 6). Pressure is then applied in a buccal-lin-
gual direction and given a score of 1-3 according
to O’Leary [12].

Fig. 6 Mobility test

Periodontal probing should also be measured
and recorded (Fig. 7a, b). A solid knowledge of
root morphology is essential when probing inter-
proximal and furcation areas. In general, a probing
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that spreads across a tooth is considered broad and
suggests a periodontal origin. However, if the
probing is isolated and deep, it is suggestive of a
defect of endodontic origin. It is imperative that a
pulpal diagnosis is included when deciding on the
appropriate treatment and prognosis. For example,
the probing may be indicative of a vertical root
fracture, in which case the long-term prognosis
may be considered poor or hopeless. On the other
hand, it may be endodontic in origin with a peri-
odontal component, which may resolve with
appropriate treatment. If a vertical root fracture is
suspected, it may be necessary to anesthetize the
area to “sneak” into the defect, which often will
then extend to the apex of the root (Fig. 7c).

Fig. 7 Periodontal probing. (a) Buccal. (b) Lingual. (c)
Vertical root fracture

Mechanical Tests

The primary mechanical tests include palpation,
percussion, transillumination, bite testing, test
cavities, isolated anesthesia, and electric pulp
testing. These tests, while limited in their useful-
ness in determining the actual state of pulpal
health, may provide valuable information in
applicable situations.

Palpation

While not necessarily considered a test of pulpal
vitality, this test is often the first test performed
by the clinician. Its advantage lies in the ease by
which it can be performed. There is no equipment
required, it only takes a minute or two to com-
plete, and apprehensive patients usually tolerate
the test well. It can be performed with very little
digital pressure which can be repeated with
increasing pressure until a response is elicited.
The purpose is to detect areas of soft tissue swell-
ing or bony expansion when compared to adja-
cent and contralateral areas.

Palpation is performed by the application of
gentle finger apical pressure (Fig. 8a) and asking
the patient to respond to any area of discomfort. It
is also possible to perform this test using a cotton
tip applicator (Fig. 8b). However, the amount of
pressure applied is not as consistent and patients
will often provide a false-positive response to
pressure upon palpation with the cotton tip appli-
cator. It is therefore recommended to use increas-
ing digital pressure. A positive response may
suggest an active inflammatory response of the
periapical tissue. Unfortunately, this test is, how-
ever, not conclusive for pain of endodontic origin.

Percussion

Percussion is very valuable as an indirect mea-
sure of pulpal involvement. Kulilid [13] has
described three clinical situations that may pres-
ent with a positive response to percussion. The
most frequent and easiest to treat is following the
recent placement of a restoration that is high in
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Fig.9 Percussion. (a) Instrument. (b) Digital pressure

occlusion. Often the patient will indicate that a
restoration was recently placed and the symp-
toms did not appear until after the appointment.
To relieve symptoms, mark the patient’s occlu-
sion. Then with no anesthesia, if possible, per-
form any adjustment necessary until the patient is
comfortable biting and moving through excursive
movements. Often the patient will experience
immediate relief. However, occasionally the
nerve has undergone significant trauma and the
patient will experience immediate relief but will
return within a few days with the same complaint.
At this point, the clinician must decide if end-
odontic intervention is appropriate. The second
case is when the pulp has become necrotic, and a
periapical lesion has developed. The patient, in
this case, will often state that the tooth feels high
but can be compressed back into the socket
because it feels “mushy.” Early sensitivity to per-
cussion may not be associated with any radio-
graphic evidence of periapical pathology;

however, there is often the presence of large
existing restorations on the tooth in question.
With further testing, the tooth will typically be
non-responsive to other routine diagnostic tests.
Finally, it may also be possible to determine if a
tooth has a coronal fracture. In this case, the tooth
may be sensitive to percussion while also
responding to thermal stimuli.

Anxiety by the patient may be decreased or
eliminated by a simple explanation to the patient
of what to expect. Initially, using the mirror han-
dle or other similar instrument, gently tap on sev-
eral control teeth from the occlusal or incisal
surface before testing the suspect tooth (Fig. 9a).
When it is not possible to isolate a particular
tooth based on an abnormal response, wait for
3—4 minutes and retest with increasing the pres-
sure. It may also be necessary to repeat this test
tapping from the buccal or facial and lingual sur-
faces. An alternative to tapping with an instru-
ment has been suggested by Kulilid [13]. He
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Fig. 10 Fiber-optic illumination. (a) Instrumentation. (b) Clinical use

recommends using digital compression of the
tooth into the socket until the patient can discrim-
inate between teeth being tested (Fig. 9b).

Percussion testing is considered one of the
oldest diagnostic tools available. It is very easy to
accomplish and provides good information
regarding the inflammation of the periodontal
ligament, indirectly implicating the health of the
pulp. However, it is difficult to consistently
reproduce the amount of pressure being used,
perhaps leading to both false-positive and false-
negative results. Many necrotic teeth may
respond normally to percussion tests, especially
if the disease process has not affected the peri-
odontal ligament. To control this variable,
Weisman [14] reports on the development and
use of a calibrated percussion instrument. The
instrument has a spring-loaded piston allowing
the clinician to set the instrument at one of six
equal preset graduated positions. Unfortunately,
this instrument has not proven to provide infor-
mation that is superior to that obtained by the
quick and easy-to-use manual method.

Transillumination

Transillumination involves the passage of light
through hard or soft tissue. It is based on the prin-
ciple that as light passes through the interface
between two structures or tissues of different refrac-
tive indices, it bends, producing areas with varying

appearances of brightness. Transillumination of
teeth can be a valuable addition to routine diagnos-
tic tests, particularly when symptoms are vague or
not consistent. Hill suggests transillumination can
be useful for determining the vitality of a tooth
when combined with thermal tests [15]. Friedman
and Marcus [16] found transillumination to be use-
ful in the detection of caries or calculus; however, it
is more beneficial in the identification of coronal
fractures and has been shown to be of value in teeth
that have undergone traumatic injuries. While any
small direct light source will accomplish transillu-
mination, it is most frequently performed with a
fiber-optic light source such as the Microlux™
(AdDent, Danbury, CT) (Fig. 10a). This allows
cold, high-intensity light to be used with ease and
flexibility.

During transillumination, isolation with a rub-
ber dam will provide the best result. The opera-
tory light should be turned off. The fiber-optic
light source is then placed on the surface of the
tooth in question (Fig. 10b). When evaluating a
posterior tooth, it is best to confirm findings by
placing the light on both the buccal and lingual
surface. If there is a cusp fracture or a marginal
ridge fracture, the side of the tooth with the light
source will be illuminated leaving the tooth struc-
ture past the fracture darker in appearance.
Identification of factures with this method is easy
and accurate, but it fails to provide any informa-
tion on the extent of the fracture or the status of
the pulp. Further investigation with additional
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diagnostic tests should be performed to assess the
status of the pulp. A bite test will often confirm
the initial diagnosis of a coronal or root fracture.

Occasionally, the heavily restored tooth may
result in difficulty identifying a crack. In this sit-
uation, it may be helpful to place a small amount
of methylene blue dye on the tooth, waiting a few
minutes then rinsing and applying a gentle stream
of air to dry the tooth prior to observation with
the fiber-optic light source. The dye will pene-
trate the fracture and make it more visible. It is
important to be sensitive to the patient’s com-
plaint as the application of water and/or air may
cause discomfort in the patient.

In addition to fracture detection, transillumi-
nation can be useful following trauma as the
tooth may exhibit a subtle change in color. A
healthy tooth will appear white with a yellow or
pink hue. Following trauma and subsequent dam-
age to the pulp, the tooth may appear brown,
gray, or a darker shade of yellow.

Bite Test

A patient may present with a complaint of pain
with biting or chewing. Frequently, the patient
will add that the pain is sporadic and difficult to
localize. Adding a bite test to the transillumina-
tion test can often confirm the presence of a frac-
ture. If the pulp has suffered enough damage, it
may affect the periodontal ligament, resulting in
an inflammatory response. There have been a
variety of devices used in the past that are easy
and convenient for the practitioner to use. These
include a cotton tip applicator, cotton roll,
orangewood sticks, etc. More recently, several
devices have been developed specifically for
testing sensitivity to biting. Tooth Slooth®
(Professional Results, Laguna Niguel, CA) is but
one example (Fig. 11a). It is shaped like a double-
ended toothbrush with one end having a divot and
the other having a raised area. In this manner, the
clinician can test each cusp independently as well
as apply pressure directly in an occlusal apical
direction. To reproduce the patient’s chief com-
plaint, patients are instructed to bite firmly and

Fig. 11 Bite tests. (a) Instrumentation. (b) Clinical use

then release quickly, making note as to whether
the pain elicited is on biting pressure or on release
(Fig. 11b). If it is determined that the tooth has a
fracture but responds normally to other diagnos-
tic tests, the patient may elect to have a full cov-
erage restoration placed. The patient should be
advised that the tooth may require endodontic
therapy in the future.

Test Cavity

Even after a thorough exam and completion of
diagnostic tests, it may not be possible for the cli-
nician to identify the source of the patient’s pain.
In these circumstances, it has been suggested that
a test cavity be performed on the tooth suspected
of causing the pain. Teeth most frequently subject
to a test cavity are those with full coverage resto-
rations and subgingival margins and teeth that
have extensive calcification.

The patient is informed of the proposed proce-
dure and must understand that it is an irreversible
procedure performed without anesthesia. A small
class one preparation is made using a high speed
and small round bur with air and water. If the
patient feels a painful sensation, the procedure is
stopped, and the tooth is restored [17]. It is pre-
sumed that the tooth still has some viable nerve
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tissue remaining. Ehrmann, however, recom-
mends the use of a slow-speed so the cavity can
be kept shallow, extending only into the dentine
[4]. Jafarzadeh [8] states that a test cavity is
unlikely to provide definitive information and
suggests that the diagnosis will depend on the
skill and experience of the clinician. He concludes
his review stating “test cavities are not justified in
modern endodontic or dental practice and in the
best interests of the patient.”

Isolated Anesthesia

Similar to the test cavity, the application of iso-
lated anesthesia is rarely used. However, it can be
very helpful in determining the location of the
offending tooth or if the pain is of odontogenic
origin. This test is only useful when the patient
presents with pain at the time of examination. For
example, a patient may complain of pain in the
mandible. If diagnostic tests suggest that all teeth
in the area are vital, and if the pain remains fol-
lowing the administration of anesthetic, it may be
cardiac in origin, and a referral to a physician is
indicated. Similarly, a patient may complain of
radiating pain in the maxillary arch and cheek. It
may be possible to rule out a tooth as the source
of pain and recommend evaluation for acute
sinusitis, or perhaps neuralgia [18].

Electric Pulp Testing (EPT)

The use of electricity to determine tooth vitality
originated in the late 1800s. While Marshall has
been credited with describing the application of
electricity to evaluate tooth health in 1891,
Jafarzadeh places the earliest application of elec-
trical current to stimulate pulp tissue in the 1878
Treatise on Dental Caries by Magitot [8]. EPT
works by direct stimulation of sensory nerves in
the pulp tissue. The nerves stimulated with the
electric current are the A-delta nociceptors, and
the result is often reported as a tingling or painful
response by the patient. Most modern EPT sys-
tems are monopolar with a single electrode. With
monopolar instruments, the current flows through

all tissues between the electrodes. However, on
occasion the EPT can produce a false-positive
result as there may be excitation of nerves other
than those of the pulp. Nahri [19] found that the
threshold for pulp tissue is lower than for non-
pulp tissue, so that activation of non-pulp tissue
is unlikely. Newer models such as the Vitality
Scanner™ (Kerr Dental, Orange, CA) (Fig. 12a)
are frequently battery powered and have a power
output that increases automatically to avoid a full
charge on the initial application. Seltzer et al. [20,
21] found results are most accurate when no
response is obtained, irrespective of the current
applied. The lack of response is indicative of a
necrotic pulp. A study by Peterson et al. [22]
found the sensitivity (identification of teeth with
disease) was 72%, compared to 83% for cold and
86% for heat. Specificity (identification of teeth
without disease) revealed that 93% of teeth with
a healthy pulp were correctly identified with ther-
mal tests, but only 41% of teeth were correctly
identified with electric testing. Their conclusion
was electric testing had an accuracy of 71% com-
pared to 86% with cold and 81% with heat.
Techniques for obtaining the most accurate
results with the EPT will depend on several fac-
tors such as isolation, the speed which the current
is applied, restorations and placement of the probe.
As with other diagnostic procedures, it is best to
begin testing on an adjacent tooth to obtain base-
line healthy vales. The teeth being evaluated should
be isolated with cotton rolls or with a rubber dam.
Myers [23] found that if there are teeth with con-
tacting amalgam restorations, the current can travel
between them which could result in false readings.
Following isolation, the teeth are then dried and
the electrode placed on either the incisal or buc-
cal surface of the tooth with a conducting medium
(Fig. 12b). Since clinicians now routinely wear
gloves, in order to complete the circuit, the patient
should be instructed to hold the end of the probe
[24]. The current is then gradually increased until
the patient reports a “tingling” sensation. If the
instrument reaches the maximum reading without
eliciting any response it is presumed that the tooth
being tested is necrotic. Practitioners should con-
sider the EPT to be an “all or none” test. Michaelson
et al. [25] evaluated different interface media,
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Fig. 12 Electric pulp testing. (a) Instrumentation. (b) Clinical use

including toothpaste, water, and EKG paste. Each
material was tested on the facial and lingual sur-
faces, and the results showed no appreciable differ-
ence between the materials as long as the material
was either water or petroleum-based. Because of its
ease and availability, most clinicians use toothpaste
as a conducting medium. It is imperative that the
probe makes contact with the tooth, not with metal-
lic or other restorations. A study by Bender et al.
[26] found that when the probe was placed in the
incisal region in an area of exposed dentin there
was a significant decrease in the threshold response
compared to the cervical and middle third. Contrary
results were found in a study by Jacobson. In their
laboratory study, the middle third of the incisor and
the occlusal third of the premolars elicited the least
resistance [27]. Multiple readings should be taken,
and the results averaged to ensure that if there was a
lack of response, it was not due to faulty positioning
of the probe.

EPT has the advantage of providing better
results in teeth with much secondary dentin
where thermal tests have not produced adequate
results [4]. Fuss et al. [28] found that ETP was
more dependable than ethyl chloride or ice,
which was in agreement with Ehrmann’s results.

Concern regarding the use of electric tests in
patients with cardiac pacemakers was first studied
by Woolley, Woodworth, and Dobbs [29] using a
canine model. Their results suggested that the
magnitude of currents used could affect the pace-
maker function and cautioned clinicians against
using these devices in patients with cardiac pace-
makers. Contrary to the work of Woolley et al. in

2006, Wilson et al. [30] concurred with the find-
ings of Simon, stating that there was no effect on
implanted cardiac pacemakers with either the
electric pulp testers or electronic apex locators
[31]. However, consulting the patient’s physician
is still recommended if there is any question con-
cerning the patient’s cardiac condition.

In addition to the concerns above, the electric
pulp tester can be awkward to use, especially in a
crowded dentition, a heavily restored dentition, or
in the patient undergoing orthodontic treatment.
Fulling and Andreasen [32] reported a higher
current threshold for teeth with immature apices.
Hyman and Cohen [33] also found that teeth with
open apices usually gave little or no response.
Until innervation is complete (4—5 years after
teeth have been in function), electric testing is not
a reliable means of determining tooth vitality [8].

Thermal Tests

Thermal testing is one of the oldest and most
commonly used diagnostic tests. It involves
either the application of a cooling agent to lower
the tooth temperature or applying heat to raise
the temperature of the tooth, both in an attempt
to elicit a response from the patient. However,
like the electric pulp tests, there is only a symp-
tomatic, but not a causal correlation between
thermal tests and the pathological state [20, 21,
34]. Furthermore, Seltzer et al. have found that,
in general, cold tests produce more reliable
results than heat tests [4, 20, 21, 34]. White and
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Cooley [35] suggest that a test providing a rapid
thermal change is more desirable than a gradual
temperature change. The patient is instructed to
raise their hand as soon as they feel any sensa-
tion, and leave their hand up as long as the sensa-
tion lasts. The stimulus is removed and the time
recorded.

Cold

Ice sticks, spray refrigerants, and carbon dioxide
(CO,) are three materials that can be used to stim-
ulate the pulp. Cold responses appear to be related
to the thickness and type of tooth structure [36].
Other factors that may affect the thermal response
include a history of trauma, root development,
and heavily restored teeth [37].

1

Ice sticks are one option. They are typically
made by freezing water in used anesthetic car-
tridges (Fig. 13a). The main disadvantage is that
the ice melts quickly and can spread to another
tooth, resulting in a false response. To eliminate
this problem, the tooth should be isolated and the
ice placed near the cervical area rather than on
the occlusal surface, where the test is most likely
to give a positive response according to Peters
et al. [38] (Fig. 13b). Even though the response
time is relative, it should be noted to allow com-
parison between teeth being tested. For teeth that
respond, the clinician is looking for a delayed,
lingering, or extreme reaction compared to con-
trol teeth.

Refrigerants such as 1,1,1,2-tetrafluroethane
(Endo-Ice or HFC 134a) (Hygenic,® Endolce,®
Coltene/Whaledent, USA) also provide an easy
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Fig. 13 Cold tests. (a) Ice. (b) Clinical use of ice. (¢) Refrigerant. (d) Clinical use of refrigerant. (e) CO,. (f) Clinical

use of CO,
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manner for testing the patient’s response to cold.
It is colder than ice at —26 °C and is available
in a spray canister (Fig. 13c). These refrigerants
should not be sprayed directly on the tooth but
should be sprayed on a cotton ball until saturated
and then the cotton ball placed on the teeth being
tested (Fig. 13d). Jones [39] evaluated different
types of carriers for Endo-Ice and found that the
greatest temperature change was recorded when
a large cotton pellet was used compared to a
smaller cotton pellet, a cotton tip applicator, or
a cotton roll. Miller et al. [37] compared three
commonly used cold tests on teeth with vari-
ous restorations. The results of his work showed
intact premolars and teeth restored with PFM
or all-ceramic restorations responded similarly.
He concluded that Endo-Ice was the most effec-
tive method for testing teeth restored with gold,
PFM, and all-ceramic when the stimulus was
applied for less than 15 s. If the test was lon-
ger, the Endo-Ice produced a greater decrease
in temperature than CO,. A study by Jones et al.
compared response times of spray refrigerants
and carbon dioxide and found that both gave
equivalent pulpal responses regardless of the
tooth tested or presence/absence of restorations.
However, the CO, took significantly longer to
evoke a response [40].

Carbon dioxide is also used extensively. Based
on the work of Obwegeser and Steinhauser,
Ehrmann [4] recommends CO, as the agent of
choice for testing pulp vitality. The temperature
typically ranges from —56 to —98°C and this test
is considered by many to provide the most reli-
able results. A cylinder of liquid CO, and a tube
with a plunger are attached to a tank (Fig. 13e).
As the liquid CO, passes through the orifice, is
compressed with a plunger to generate an ice
pencil which is then applied to the teeth (Fig. 13f).
It is possible to test multiple teeth with a single
cartridge and coolant placement is very well con-
trolled. When evaluating young patients, the EPT
was found to be less reliable than CO, and Endo-
Ice. However, for adult patients, there was no sta-
tistical difference between refrigerant, CO,, and
EPT [28]. The initial cost of procuring a tank is a
consideration for using this technique. Following
a concern that the extreme cold might damage the

enamel by causing cracks to the tooth surface,
studies by Peters et al. [41] as well as Ingram and
Peters [42] have shown that application of CO, to
the tooth did not damage the tooth surface.

Heat

The application of heat to a tooth causes a slower
reaction than cold due to stimulation of the
unmyelinated C fibers resulting in a longer sensa-
tion. Jafarzadeh and Abbot discuss the methods
of delivery and conclude that heat tests are infre-
quently performed because of the difficulty asso-
ciated with isolation and obtaining a consistent
heat source. Furthermore, they cite multiple stud-
ies which studies show the poor diagnostic accu-
racy of this test [7]. Heated gutta percha, heated
hand instruments, electrical heat sources, fric-
tional heat application, and heated water baths
have all been used with varying results.

Gutta percha (Fig. 14a) or stopping compound
(Fig. 14b) can be heated and placed on the teeth
that have been prepared by drying and then lightly
coated with petroleum jelly. Rickoff et al. recom-
mend that heat should not be applied in this way
for more than 5 s [43]. The difficulty in maintain-
ing a constant known temperature of the gutta per-
cha as well as isolation especially in the posterior
region has made this test of limited value.

Hand instruments can be heated over a flame
and then placed on the tooth. However, the tem-
perature is unknown, and the risk of burning the
soft tissue is substantial. Therefore, this method
is not recommended. The hot water bath is
another technique that allows for very little con-
trol over the temperature and the possibility of
burning the patient, as it is difficult to keep the
liquid from touching other tissues.

Perhaps the best option for consistent heat
delivery is an electric source. A heat source is set
at the manufacturer’s recommendation using the
appropriate delivery tip. As with the gutta percha,
the tip is then placed on the tooth that has been
dried and lightly lubricated. The temperature is
not adjusted or increased, and 150 °F has been
determined to be a safe temperature that will not
result in damage to the hard or soft tissue [7].
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Fig. 14 Heat tests. (a) Gutta percha application. (b) Stopping compound application

Five techniques, including heated gutta per-
cha, heated ball burnisher, hot water, and two
electronic heat sources were evaluated by Bierma
et al. [44]. Results suggest that hot water or a
heated ball burnisher provided the most rapid
response which could be useful when attempting
to evoke a response from teeth that did not
respond to milder stimuli. However, the heated
gutta percha and electronic methods were found
to be the safest in terms of preventing damage to
healthy tissue. In the end, it is important that the
clinician remains vigilant when applying a heat
source to the dentition so as not to damage nor-
mal tissue.

Other Thermal Tests

Surface Temperature

In 1978, Banes and Hammond [9] evaluated a
method to reliably assess the vitality of teeth.
The premise of their study was that teeth with no
vital pulp tissue would have a surface tempera-
ture that was significantly and measurably lower
than vital teeth. They used a thermistor and eval-
uated matched pairs of vital and non-vital teeth.
Their results confirmed the earlier works of
Howell and others as well as Stoops and Scott
[45] that non-vital teeth did indeed demonstrate
a surface temperature measurably lower than
vital teeth. The only exception was teeth restored
with full gold coverage, where there was no dif-
ference between temperatures of vital vs. non-
vital teeth. The authors concluded that restorative
materials presented the greatest difficulty in
measuring tooth surface temperature.

Fanibunda [46] also studied whether tooth
vitality could be determined by crown surface
temperature. He introduced a device consisting
of two matched thermistors connected back-to-
back, allowing one to measure the temperature of
the crown and the other to act as a control. His
results were not able to support the hypothesis
that each tooth type would have a specific tem-
perature range. However, he was able to show
that after cooling the tooth surface, there was a
correlation between time to rewarm and tooth
vitality. Unfortunately, the time needed to acquire
the measurements and the sensitivity of the tech-
nique to mouth breathing make this technique
difficult to use in a clinical setting.

Some 20 years later, Smith et al. [47] re-
evaluated the studies of Fanibunda regarding the
validity of using tooth temperature to assess the
vitality of human pulp tissue. After both in vitro
and in vivo experiments, Smith concluded there
were too many variables to allow meaningful clin-
ical use of this approach.

Plethysmography

A plethysmograph is an instrument that measures
changes in volume within an organ, usually result-
ing from fluctuation in the volume of blood that it
contains. First mentioned by Reich in 1952, it has
been described by several other names. The tech-
nique involves passing light through a tooth and
measuring the amount of light transmitted through
the tooth at specific wavelengths of light using a
photocell and galvanometer. Hemoglobin selec-
tively absorbs certain wavelengths of light such
that warmth or inflammation-related vasodilation
results in increased selective light absorption by
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hemoglobin. While theoretically feasible, the tech-
nique’s reliability has yet to be established. At the
time of Pitt Ford’s evaluation of available tech-
niques for the determination of pulp status [48], he
noted only one investigation that was able to dem-
onstrate a successful application in dentistry.
Schmitt et al. [49] proposed a study to investi-
gate the influence of tooth size, detector position,
and wavelength to develop an instrument that can
be used to distinguish between vital and non-vital
teeth. Using a prototype device that measured dif-
fuse light transmission at 575 nm, they were able
to demonstrate that plethysmography showed
promise as an objective and noninvasive diagnos-
tic method for clinically assessing pulp vitality.

Electronic Thermography

Gratt and Sickles [50] evaluated the possibility of
using electronic thermography as a diagnostic test
for patients with complex diagnostic issues.
Computerized electronic thermography is a rapid,
noninvasive, nonionizing method of obtaining
information based on heat emission from facial
structures. Thermography is based on the pre-
sumption that body temperature is maintained in a
homeostasis, allowing vascular changes to be
detected before structural changes occur.
Components include an infrared scanner, control
unit, thermal image computer, software, cables,
stands, supports, and color monitors with a cam-
era and printer. The unit may require liquid nitro-
gen cooling. Electronic thermography has been
determined to be a safe adjunctive procedure for
use in the diagnosis of select neurologic and mus-
culoskeletal conditions. At the time of this study,
thermography has not shown to be useful in dis-
criminating between common dental problems
and should only be considered an investigational
procedure. Continued research in this area may
allow future clinicians to identify pathologic con-
ditions which have no other explanation.

Nonionizing Optical Methods
Employed for Diagnosis

Teeth that have undergone trauma may not
respond to the typical tests in the clinician’s
arsenal [28, 32]. Trauma may result in resorp-

tion when the tooth is not treated endodonti-
cally, or if it is treated unnecessarily this will
result in devitalization and subsequent arrested
root development. Both these situations are
more serious when the teeth involved have not
reached complete development. A method that
can inform on pulpal blood flow may overcome
some of the inherent problems of previously
described methods that attempt to determine
vitality. Two techniques show great promise and
several others show promise, but require further
research.

Pulse Oximetry (PO)

In 1975, the pulse oximeter was introduced. Its
development is credited to a Japanese bioengi-
neer, T. Aoyagi. Pulse oximetry is a noninvasive
and nonionizing technique used to measure oxy-
gen saturation in the blood. It is based on the
Beer—Lambert law, which defines the linear rela-
tionship between absorbance and concentration
of an absorbing species. The pulse oximeter
applies this principle to measuring hemoglobin
oxygenation within the blood [51]. As perfusion
is a measure of pulpal vitality, and as adequate
perfusion correlates with maximum oxygenation
levels, this approach provides an objective
method of quantifying pulpal vitality. Gopikrishna
[52] described the technology as consisting of as
two light-emitting diodes, one that transmits red
light (640 nm) and one that transmits infrared
light (940 nm). A photodetector is placed on the
opposite side of the vascular bed as the light
source (Fig. 15). It is the difference in absorption
of oxygenated vs. deoxygenated hemoglobin that
allows the pulse oximeter to determine the oxy-
gen saturation levels, providing a direct and mea-
surable assessment of pulp tissue vitality. The
finger probe most often used for oxygen satura-
tion is not ideal for intra-oral testing because of
the curvature of the dentition, which affects
access and a linear light path. Schnettler [53]
evaluated a new probe design to take this curva-
ture into account and found pulse oximetry to be
a reliable and noninvasive method to diagnose
pulp vitality. Calil et al. [54] reported that the
oxygen saturation level of vital pulp tissue as
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Fig. 15 Pulse oximeter dental probe placed on patient’s
tooth

determined using a specifically configured dental
probe was consistently less than that determined
using a finger probe.

Therefore the only appropriate use of a finger
pulse oximeter in dentistry is for monitoring
patients’ overall health during sedation [55].

Another valuable application of pulse oxime-
try is the determination of pulpal status following
traumatic injury. It is well recognized that tradi-
tional but indirect methods routinely used to eval-
uate pulpal health following trauma have
provided inconsistent results [5, 6, 8, 19, 22].
Gopikrishna found that 94% of teeth recently
traumatized showed pulp vitality when evaluated
with a pulse oximeter starting at day zero, but
when testing with thermal and EPT vitality test-
ing did not return to normal for 3—6 months fol-
lowing the traumatic incident [52]. Thus pulse
oximetry provides the clinician the ability to ren-
der treatment based on an accurate diagnosis
without having to wait for confirmation.

Several variables may influence the reliability
of the pulse oximeter. Jafarzadeh describes the
critical elements to ensure reproducible and
accurate results. First, the “sensor should con-
form to the size, shape, and anatomy of the
tooth.” Second, the probe should be held firmly
against the tooth. And third, both the patient and
the probe should be very still for the duration of
the reading [51]. Pulse oximetry may provide a
high reading if the patinet is hypoxic. The vary-
ing anatomy of different teeth presents addi-
tional challenges, and several authors have

developed methods to improve and stabilize
probe placement. Noblett et al. [56] modified a
rubber dam clamp to allow placement and
removal of the sensors, insuring probe stability.
They were then able to manipulate the oxygen
saturation levels used, which allowed a variety
of saturation levels to be evaluated for accuracy.
Gopikrishna [52] also demonstrated the ability
to obtain accurate results with a custom-designed
probe and sensor holder (Fig. 15). With a modi-
fied ear probe, Goho [57] was able to determine
that non-vital teeth recorded 0% oxygen satura-
tion levels while vital teeth provided readings
averaging 94% and the finger control provided
readings of 98%.

Optical Coherence Tomography (OCT)

Optical coherence tomography was first intro-
duced by Huang in 1991 [58]. OCT uses waves in
the near infrared spectrum (wavelength of approx-
imately 10~ m). As a result, OCT is considered to
be a noninvasive, nonionizing imaging technique.
It is able to penetrate tissue with resolution levels
from 0.5-15 pm and penetration depths of up to
2.0 mm depending upon the wavelength selected.
OCT combines principles of ultrasound and
microscopic imaging. Rather than sound waves,
OCT uses near infrared light waves that reflect off
the internal microstructure of tissues. An image is
produced by scanning along the specimen, acquir-
ing line images that enable either a 2D or a 3D
image to be produced.

Otis et al. developed the first OCT system for
dental use in 2000 [59]. It generated images of
teeth, periodontal structures (including gingival
tissue contour, sulcus depth, and connective tissue
attachment), and restorative margins. Shemesh
was able to evaluate the internal surface of root
canal walls using OCT pullback scans (Fig. 16a)
[60]. Results suggest that OCT can generate intra-
canal microscopic images without ionizing radia-
tion. However, the cost of the catheter is expensive
and may limit this modality. In a second study,
Shemesh was also able to show both high speci-
ficity and sensitivity for the identification of verti-
cal root fractures using OCT [61].
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Fig. 16 OCT root canal imaging schematic. (a) OCT catheter inside root canal. (b) Rotating needle with a transparent
tip situated inside catheter to serve as both a light source and receiver

A study by Braz examined the ability of OCT
to identify the pulp—dentin boundary. Using a
“home-built” spectral OCT system, images were
obtained for comparison with histologic findings
[62]. Braz et al. reported that all structural com-
ponents of the pulp—dentin complex were identi-
fied in OCT and confirmed by comparison with
histologic images. Braz discusses the findings of
Camp’s work evaluating the importance of
remaining dentin thickness after tooth prepara-
tion. The smaller the remaining dentin thickness
the greater the likelihood of pulpal damage. Braz
suggested that OCT can be useful during tooth
preparation to avoid inadvertent pulp exposure.
OCT may also be used to monitor dentin bridge
formation, providing information on pulp cap-
ping success.

Laser Doppler Flowmetry (LDF)

At about the same time as the emergence of OCT,
laser Doppler flowmetry (LDF) was being devel-
oped to measure blood flow. First developed for
medical applications, it was not long until dentists
saw the value of an accurate and reproducible
method to determine pulpal blood flow as a mea-
sure of pulpal vitality and as a basis for treatment
planning in the patient.

LDF uses either an infrared (780-820 nm) or
near infrared (632.8 nm) beam of light that is
directed at the target tissue through optical fibers.
The light source will hit both the stationary cells
and any moving cells, and photons will scatter

these cells differently. Photons that hit stationary
cells will not have their frequency shifted, while
photons scattered by the moving cells will shift
the frequency of absorbed light in agreement
with the Doppler principle. The light containing
both the shifted and non-shifted cells is backscat-
tered to a photodetector. The outcome signal
depends on the number and velocity of illumi-
nated cells and is termed flux. Ultimately, this
signal is converted based on algorithms and
recorded as perfusion units (PU) (mL/min/100 g
tissue). However, the perfusion unit is an arbi-
trary unit and varies according to the software of
each instrument [63]. As a result, the PU cannot
be compared between instruments or even on the
same unit unless the instruments have been
calibrated.

To improve the objectivity of the results of
LDF, a technique known as fast Fourier trans-
form (FFT) analysis can be applied. FFT identi-
fies the presence of consistency of time between
peaks in pulses of the LDF, confirming vitality.

In 1986, Gazelius [64] was the first to demon-
strate that LDF could differentiate between vital
and non-vital pulp tissue in humans. This was
based on a small sample where a patient’s heart
rate (measured by electrocardiogram) was com-
pared to the peak of flow measured first in healthy
teeth and then again in teeth that had been injected
with anesthetic containing epinephrine. The
injection of epinephrine resulted in a pronounced
and long-lasting reduction in values. In a later
case report, Gazelius was able to show in injured
teeth with no flux at the time of initial injury,
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after 6 weeks LDF showed an incomplete return
of pulpal blood flow. Nine months after traumatic
injury, the teeth showed a normal response to
both LDF and electrical stimulation, with the
EPT indicating a return to normal [65].

Wilder-Smith [66] in 1988, applied noninva-
sive laser Doppler flowmetry as a method to
examine differences in pulpal blood flow (PBF)
of the various types of teeth and to monitor the
influence of carious lesions at 3 and 14 days post
restoration. Results of her work show that PBF of
teeth with minimal carious invasion did not
change significantly from that of control teeth
with no carious lesions, confirming the histologi-
cal findings of Massler [67]. Furthermore, teeth
with deep lesions demonstrated an increase in
PBF which was also supported by histological
findings of Brannstrom and Massler [67, 68].
These results support the correlation of deep car-
ies and pulpal inflammation. Teeth that did not
improve over 14 days, suggesting severe pulpal
damage, were re-evaluated after 2 months. Five
of the six teeth demonstrated minimal PBF lev-
els, and three showed no response to electric or
thermal stimuli. Based on these early findings, it
seems clear that PBF can be used to assess the
state of the pulp tissue and consequently can be a
valuable adjunctive method to aid in pulpal diag-
nosis. Yanpiset [69] in 2001 was able to defini-
tively show that LDF can correctly predict pulpal
status using histological parameters. He found
LDF readings correctly predicted the pulp status
as vital or non-vital in 83.7% of the teeth evalu-
ated, 73.9% for vital pulp, and 95% for those
teeth that were non-vital.

One of the obstacles to reproducing consis-
tent results over time is the difficulty in placing
the probe in the same location for each test. One
solution is to fabricate a custom-made stent.
This will ensure that the probe is placed in the
same location and orientation at each appoint-
ment. However, there are several possible short-
comings to using a custom stent. First, if the
patient presents with a recent history of trauma,
it may not be possible to make an impression at
that appointment. Second, if there is any mobil-
ity in the dentition, the stent may not fit accu-

rately on subsequent visits. Third, if the patient
is undergoing orthodontic treatment, it may be
difficult to fabricate a stent because of the brack-
ets and tooth movement. There may also be a
problem with storage of the stent as well as
warpage over time, depending on the material
used. Differences in the actual probe design
were evaluated by Ingolfsson et al. [70]. He
looked at the separation and orientation of fibers
within the probe and found the probe design
with the largest separation between fibers was
the design that produced the higher output.
However, contradicting results were reported in
subsequent studies by Ingolfsson [71] as well as
Odor [72].

Soo-ampom et al. found that interference from
other tissues such as the gingiva can generate a
confounding positive output signal when testing
teeth with necrotic pulp tissue [73]. To minimize
this interference, it has been recommended to
place a rubber dam over the teeth to be evaluated
prior to fitting the customized stent.

Difficulties encountered by probe design,
probe placement, and/or tissue interference are
easily addressed theoretically. However, in spite
of the well-documented potential of LDF in den-
tistry, it has not been adopted for endodontic
diagnosis in clinical practice.

Ultrasound

Ultrasound technology may not be as valuable
as LDF or pulse oximetry in detecting pulpal
blood flow. However, if there is an apical lesion,
ultrasound may be able to contribute to a more
accurate diagnosis, directing potential treat-
ment options. Because it is non-ionizing, it is
considered a safe technique for evaluating soft
tissues.

As its name implies, ultrasound imaging pro-
duces an image from sound rather than light. It
involves the production of a sound wave, receiv-
ing the echo, and the formation and display of the
resulting image. In addition, ultrasound requires
a medium for transmission. Sound waves are pro-
duced by a piezoelectric transducer (the probe) at
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a frequency between 1 and 18 MHz. The sound is
focused and produces an arc-shaped wave from
the transducer face. The wave then travels into
the body and focuses at the desired depth. The
sound wave is reflected back to the same probe
based on the tissue encountered. The sound wave
that returns vibrates the transducer, and this com-
ponent turns the vibrations into electrical pulses
that go to a scanner, where they are processed and
form a digital, real-time 3D image. The image is
formed by the difference in time for the wave to
return and the strength of the echo [74]. As the
probe is moved, a new image is generated.
Between 30 and 50 images can be obtained per
second. Areas such as bone are characterized as
hyperechoic because the tissue has a high-echo
intensity, whereas soft tissue is considered
hypoechoic since it displays a low-echo intensity.
The greater the difference between the two tis-
sues, the greater the amount of reflected energy
and the higher the echo intensity. These areas will
appear as bright spots. Interpretation of the gray
values is based on comparison with normal tis-
sue. The point of echo origination can be calcu-
lated based on the time to travel to the tissue and
back [75, 76].

In addition, the ultrasound image can be
enhanced by the use of color power Doppler
(CPD) to determine perfusion in the tissue of
interest. The Doppler ultrasound test uses the
same sound waves, and the reflected wave is pro-
cessed by a computer and creates a picture that
represents blood flow within the vessel. This
movement of blood causes a change in the pitch
of the reflected sound wave [77].

A 2001 study by Cotti of apical lesions pro-
vided valuable foundational information for this
technology. Results of this first study include: (1)
alveolar bone appeared white due to its ability to
reflect the waves; (2) roots appeared whiter and
were distinguishable in three dimensions; (3)
solid lesions present with various echo patterns,
therefore, appeared as shades of gray; and (4)
lesions filled with serous fluids appear dark [75].
A second follow-up study by Cotti concentrated
on the ability of ultrasound combined with CPD
to discriminate between a cyst and granuloma.

For this study, a cyst was defined as a transonic,
well-defined cavity containing a fluid, surrounded
by bone with no evidence of vascularization. A
granuloma was a lesion that was either echogenic
or had a mixed content, vague bony contours and
the presence of vasculature [77]. Results of this
study indicated near complete agreement with
the matching histology, confirming that ultra-
sound technology was sensitive enough to distin-
guish between a cyst and granuloma. Gundappa
compared ultrasound, digital, and conventional
radiography to evaluate their ability to correctly
identify the nature of periapical lesions. The digi-
tal and conventional films were unable to differ-
entiate the nature of the lesion. Ultrasound
diagnosis was in agreement with the histologic
exam in all 15 cases, but underestimated the
extent of the lesion [78]. Aggarwal compared the
use of CT scans and ultrasound to differentiate
between cysts and granulomas and found that in
all 12 cases the preoperative diagnosis by CT and
ultrasound coincided with the histopathological
diagnosis [79].

More recently, attention has been directed to
the evaluation of healing following endodontic
therapy. Rajendran followed five patients for
6 months and found that ultrasound with Doppler
was useful for monitoring the healing process
[80]. Even though this study included a small
sample size and a short follow-up period, the
results demonstrated that US could be an effec-
tive tool that is nonhazardous and accurate when
used to monitor the healing of lesions of end-
odontic origin. This was confirmed by Tikku who
found ultrasound with color Doppler was signifi-
cantly better than conventional radiography in
detecting changes in healing. This is because
radiographs are of limited value in the detection
of early bone regeneration. There did not appear
to be any statistically significant difference in the
mean percentage change when comparing the
color Doppler and ultrasonography at either
1 week or 6 months, indicating both were valu-
able methods of evaluating bone healing com-
pared to conventional radiographs [81].

One of the problems encountered when using
ultrasound Doppler to measure pulpal blood flow
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included the inability to transmit sufficient energy
to detect the small Doppler frequency shift of the
slow-moving pulpal blood flow, as well as the
inability to penetrate hard tissue. These chal-
lenges have been partially overcome by the recent
development of high-frequency ultrasonic
devices. Yoon was able to demonstrate the value
of ultrasound Doppler imaging to determine
pulpal blood flow. Results showed a significant
difference based on multiple parameters, with
root-filled teeth showing a linear and non-pulsed
waveform compared to vital teeth that showed a
waveform that is characteristic of an arteriole.
Another advantage of using ultrasound Doppler
is that unlike the pulse oximeter, it does not need
a special probe that has to be stabilized on the
tooth [82].

Because of its non-invasive nature, ultrasound
can be used repeatedly. It is also an option for
patients in whom MRI is contraindicated due to
cardiac pacemakers. And it can now be used for
the evaluation of both hard and soft tissues.
Disadvantages include difficulty in positioning
the probe when evaluating posterior areas of the
oral cavity. Furthermore, ultrasound has usually
been applied to superficial tissues because the
bone features of the face tend to shield the deeper
tissues. A practical disadvantage is that the cor-
rect interpretation of ultrasound images currently
requires a trained radiologist with extensive
experience [83].

Magnetic Resonance Imaging (MRI)

The invention of magnetic resonance imaging
was credited to Paul Lauterbur and Mansfield in
1971. This imaging technique relies on a strong
magnetic field rather than radiation. Most MRI
machines are graded on the strength of the mag-
net, which is measured in Tesla (T) units. In vivo
MRI applications range between 1.5 and 3 Tesla
units. MRI techniques are founded on the princi-
ple that individual atomic nuclei can absorb or
emit radio frequency energy when placed in an
external magnetic field. Hydrogen atoms are
most frequently used because they exist naturally

in biological organisms—in particular, the soft
tissues—and can generate a detectable radio fre-
quency. When a patient is placed within the mag-
netic field, the hydrogen atoms will align the
protons along the long axis of the magnetic field
and the patient’s body. The application of a radio-
frequency pulse depolarizes the hydrogen atoms
and the energy released is detected [74]. By
manipulation of parameters that introduce varia-
tions or gradients in the magnetic field strength in
a biological sample, contrasts may be generated
between different tissues and converted into two-
and three-dimensional images.

The superior ability of MRI to distinguish soft
tissue lesions makes it ideal for the detection of
odontogenic cysts and tumors [83]. Eggars found
that MRI scans do not appear to be as affected by
metallic restorations when compared to CT
images [84]. Idiyatullin was able to evaluate a
new MRI technique, Sweep Imaging with Fourier
Transform (SWIFT) to visualize dental tissue.
The SWIFT images were compared with conven-
tional radiographs, CBCT images, gradient-echo
MRI, and histologic sections. It was found that
SWIFT images had the potential to image minute
dental structures within clinically relevant scan
times, offering the endodontist a promising
method to longitudinally evaluate teeth that have
undergone regenerative procedures [85].

Current disadvantages of MRI involve long
scanning times, high hardware cost and limited
access to radiology units. While MRI appears to
be a safe imaging technique, the high cost of the
procedure currently makes its value limited to
cases where its use is essential for a correct
diagnosis.

Summary

A summary of the most frequently used diagnos-
tic tests and those on the horizon is provided in
Table 3. It is intended as a guide to assist the cli-
nician in developing a diagnosis and treatment
plan for every patient, understanding that patients
often present with a complex variety of signs and
symptoms.
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Table 3 Overview of testing

Test ‘ Technique ‘ Advantages Disadvantages ‘ Comment
Periapical disease
Palpation Use finger or cotton | Little to no Test may not be Detects soft tissue
tip applicator; apply | equipment conclusive for pain of | swelling or bony
increasing pressure | needed. Easy to endodontic origin. expansion when
in area of tooth apex | perform Results are subjective | compared to control
and may vary between | teeth
teeth and patients
Percussion Use finger or Easy to perform. | Difficult to Result may represent a
instrument, tap on Provides good consistently reproduce | restoration that is high in
tooth in question information the amount of occlusion, or a coronal
from buccal, lingual, |regarding pressure used fracture
or incisal as needed | inflammation of
the PDL
Pulpal sensibility
Electronic pulp Isolate tooth in Inexpensive. Awkward to use in Lack of response is
testing question and apply Easy to perform crowded dentition or | suggestive of a necrotic
probe with and interpret in patients undergoing | pulp.
conducting medium, | results. Good for | orthodontic treatment. | Concern regarding
increasing current teeth with Unreliable results in patients with cardiac
until patient increased amount | recently traumatized pacemakers
responds of secondary teeth or teeth with
dentin open apices
Cold Using instrument of | More reliable in Response time is Difficult to gain
choice, isolate tooth | young teeth than | relative. Response is dependable results with
and apply cold to EPT. CO, seems subjective. Initial cost | heavily restored teeth.
tooth until patient to provide most of CO, system. Response to cold
gives either a reliable result Concern of generally has a diagnosis
positive response or microfracture with of irreversible pulpitis,
indicates no extreme cold nonresponsive teeth
sensation to cold frequently suffer from
irreversible pulpitis or
pulpal necrosis
Heat With tooth isolated, Poor diagnostic
apply heat source accuracy. Difficulty
until patient maintaining constant
responds temperature
Surface Place two Ability to show a | Time needed to Full coverage
temperature thermistors on tooth | correlation of acquire measurements | restorations may affect
and record time to rewarm and sensitivity make results
difference upon the tooth and technique difficult to
cooling vitality use clinically
Plethysmography | Using a probe, light | Apparatus Reliability of
is passed through the | measures changes | technique has not
tooth at different in blood volume been established
wavelengths clinically
Pulpal vitality

Pulse oximetry

A probe with two
diodes is placed on
the tooth to measure
oxygenated and
deoxygenated
hemoglobin

Useful in
determination of
pulpal status
following
traumatic injury

Technique sensitive

The curvature of the
tooth and dental arch
results in a false reading
because of the distortion
of the beam as it passes
through a convex
surface.

(continued)
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Table 3 (continued)

Test Technique Advantages Disadvantages Comment
Laser Doppler Apply probe to tooth | Immediate and Picks up signal from Challenging for use in
flowmetry surface as far real-time read out | periodontal blood clinical setting
removed from of data flow. Extremely
gingival tissue as technique sensitive.
possible Measurements are not
reproducible
Ultrasound Place probe with Ease of use Low resolution, poor | Limited hard tissue
transmission image quality penetration
medium on tooth
surface to initiate
sound wave
Magnetic Patient is placed Superior ability to | Procedure most often | Scans not as affected by
resonance within a magnetic distinguish soft performed at an metal when compared to
imaging field where tissue lesions imaging center. CT images
hydrogen atoms will | such as cysts and | Expensive
align the protons tumors
along the long axis
of the magnetic field
and patient’s body
Test cavity With no anesthesia, | If patient reports | Irreversible Unlikely to provide

a small class I cavity
is prepared

a sensation,
presumption of
vitality

procedure. Increased

patient anxiety

definitive information,
especially in case of
extreme calcification or
heavily restored tooth

Selective
anesthesia

Using a small
amount of
anesthetic, inject
near target site

Useful as a tool to
rule out pain of
endodontic origin

Can only be used
when the patient

presents with pain at

the time of
examination

May be useful in
determining pain of
non-odontogenic origin
such as cardiac, TMD,
referred or neural origin

Miscellaneous

Transillumination | Apply light source Easy to perform Rarely useful when Most useful in the
to buccal and lingual | and accurate testing a tooth that has | identification of cusp or
surface been heavily restored | marginal ridge fracture.
Extent of fracture may
be difficult to determine
Bite Instruct patient to Easy and Result may be Provides anatomical
bite firmly then convenient for subjective specific response
release quickly from | both patient and
instrument clinician to use
Optical coherence | Apply imaging Real-time Imaging depth may be
probe to the tooth or | high-resolution inadequate to view the
inside root canal imaging entire dental pulp

structure. Cost may be

a limiting factor

Conclusion

Endodontic therapy is performed for a variety of
reasons. Foremost is the alleviation of pain and
pathosis. However, a patient may experience
trauma necessitating endodontic therapy, or a

complex restorative plan may call for intentional

endodontic therapy. In any case, prior to initiat-
ing treatment, an accurate diagnosis must be

determined. A thorough understanding of the
biology of the pulp is needed as well. The testing
modalities currently available to the clinician will
provide information necessary to develop an
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accurate diagnosis. In addition, the patient must
be informed of the anticipated prognosis, which
may include alternative treatment modalities,
such as extraction and restoration of function
with an implant, bridge, or removable partial
denture.

Unfortunately, the most frequently used diag-
nostic tests only give the practitioner a sugges-
tion of the actual status of tooth health and
vitality. With current advances in science and
technology, more precise techniques will make
their way into endodontic and general dental
practices, enabling more accurate diagnoses, bet-
ter endodontic outcomes and overall improved
oral health.
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Abstract

For decades, there has been an ongoing search
for clinically acceptable methods for the accu-
rate, noninvasive diagnosis, and prognosis of
periodontitis. There are several well-known
inherent drawbacks with current clinical pro-
cedures. The purpose of this chapter is to sum-
marize some of the newly emerging diagnostic
approaches, namely, laser Doppler (LD) imag-
ing, optical coherence tomography (OCT),
infrared spectroscopy, and ultrasound. The
history and attractive features of these new
approaches are briefly illustrated, and the
interesting and significant inventions related
to dental applications are discussed. The par-
ticularly attractive aspects for the dental com-
munity are that some of these methods are
entirely noninvasive, do not impose any dis-
comfort to the patients during the procedure,
and require no tissue to be extracted.
Morphologically, some other noninvasive
imaging modalities, such as OCT and ultra-
sound, could be employed to accurately mea-
sure probing depths and assess the status of
periodontal attachment, the front-line of dis-
ease progression. These methods could either

C. Todea
University of Medicine and Pharmacy,
Timisoara, Romania

S. Canjau (D<)
Coesfeld, Germany

© Springer Nature Switzerland AG 2020

replace traditional clinical examinations for
the diagnosis of periodontitis or at least serve
as attractive complementary diagnostic tools.
However, the potential of these techniques
requires careful, informed examination given
the multifactorial character of periodontal dis-
ease. Alternative modalities like microbio-
logic and genetic approaches are also being
developed.

Flow Chart Overview of Existing
Techniques, Currently Available
New Minimally Invasive Imaging
Methods, and View to the Future

Periodontal diseases are prevalent human dis-
eases defined by the signs and symptoms of gin-
gival inflammation and/or periodontal tissue
destruction [1].

Periodontal disease is diagnosed after the
analysis of information collected in a periodontal
examination. This includes the patient’s medical
and dental histories, and data on the presence or
absence of clinical signs of inflammation, and
other signs or symptoms, including pain, ulcer-
ation, amount of observable plaque and calculus,
probing depths and the extent and pattern of clin-
ical attachment and bone loss [2].

Periodontitis is a highly prevalent chronic
inflammatory disorder with a negative impact on
the quality of life affecting 30—40% of the popu-
lation over 35 years of age [3]. It involves the
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breakdown of tooth-supporting tissues and sub-
sequent tooth loss and is considered a major fac-
tor in the global burden of oral diseases [4]. It has
been estimated that in developed countries,
approximately 50% of the adult population has
gingivitis in three or four teeth at any given time
and 30% has periodontitis (presence of three or
more teeth with pockets of >4 mm) [5].

The main cause of gingival inflammation is an
ecological imbalance between the oral microbial
biofilm and an impaired host inflammatory
response [6]. Periodontal inflammation can lead
to superficial ulcers in the gingival sulcus, where
blood capillaries are exposed to microbial bio-
films [7]. Periodontal pathogens are trans-located
and released from the sulcus into the bloodstream
leading to breakdown of microcirculatory func-
tion. On the other hand, dysfunction of microcir-
culation may impair tissue perfusion and result in
organ dysfunction [8]. Inflammatory mediators

that increase vascular permeability in micro-
vessels with adherens junctions exert this effect
by disrupting junctional complex assembly via
phosphorylation, internalization, and/or degrada-
tion of junctional molecules [9]. Gingival inflam-
mation results in an increased number of capillary
loops, enlargement of the vessel size and slowing
of blood flow, and limitation of the afferent blood
vessels. Research indicated an interaction
between gingival blood flow and gingival health
[10]. Inflammatory changes of the vascular mor-
phology are associated with blood flow changes,
which may serve as early indicators of the onset
of pathological events in the gingival tissues [11].

For decades, there has been an ongoing
search for clinically acceptable methods for the
accurate, noninvasive diagnosis, and prognosis
of periodontitis. There are several well-known
inherent drawbacks with current clinical proce-
dures. The purpose of this chapter is to summa-
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Fig. 1 Flow chart overview of existing techniques, currently available new minimally invasive imaging methods, and
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rize some of the newly emerging diagnostic
approaches, namely, laser Doppler (LD) imag-
ing, optical coherence tomography (OCT),
infrared spectroscopy, and ultrasound. The his-
tory and attractive features of these new
approaches are briefly illustrated, and the inter-
esting and significant inventions related to den-
tal applications are discussed. The particularly
attractive aspects for the dental community are
that some of these methods are entirely noninva-
sive, do not impose any discomfort on the
patients during the procedure, and require no
tissue to be extracted. For instance, multiple
inflammatory indices withdrawn from near-
infrared spectra have the potential to identify
early signs of inflammation leading to tissue
breakdown. Morphologically, some other nonin-

vasive imaging modalities, such as OCT and
ultrasound, could be employed to accurately
measure probing depths and assess the status of
periodontal attachment, the front-line of disease
progression. Given that these methods reflect a
completely different assessment of periodontal
inflammation, if clinically validated, these
methods could either replace traditional clinical
examinations for the diagnosis of periodontitis
or at least serve as attractive complementary
diagnostic tools. However, the potential of these
techniques requires careful, informed examina-
tion given the multifactorial character of peri-
odontal disease. In addition to these imaging
tools (Fig. 1), alternative modalities like micro-
biologic and genetic approaches are also being
developed.

periodontal diagnostic
process
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Fig. 2 Flow chart of needs and goals of diagnostic process as well as the diagnostic parameters
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Need and Goal of Diagnostic
Process

The goal of periodontal diagnostic procedures is
to provide information to the clinician on peri-
odontal disease type, location, and severity; this
information can serve as a basis for treatment
planing and monitoring [12]. Traditional diag-
nostic procedures are often insufficient for identi-
fying sites of active disease, for arriving at a
diagnosis and planing treatment, for quantita-
tively monitoring a patient’s response to therapy
and for measuring the degree of susceptibility to
future disease progression [13] (Fig. 2). Thus,
identifying susceptible individuals or sites at risk
for disease and diagnosing active phases of peri-
odontal disease are challenging for both clini-
cians and oral health researchers [14].

There has been increasing focus on develop-
ing more sensitive and specific diagnostic tests
for periodontal diseases as a means of improving
therapy [15]. Innovations such as biosensors,
nanotechnology, ultrasonography, optical imag-
ing systems, and proteome analysis of oral fluids
are all being considered as potential tools for
determining the health and/or disease status of
patients. Several novel methods that are cur-
rently being explored as complementary tools in
periodontal diagnostics are discussed in this
chapter.

Principles and Devices of Minimally
Invasive New Imagining Methods

Laser Doppler

Microcirculation of the Gingiva

Assessed by Laser Doppler Flowmetry
There is little information in the literature about
the vascular dynamics of the gingival circulation
in healthy and diseased sites. Laser Doppler
flowmetry (LDF) emerged more than 30 years
ago as a noninvasive and real-time method for
perfusion measurements [16]. LD techniques
were able to demonstrate the differing blood flow
wave patterns between gingival tissue types [17]
and the consistency of same-subject measure-
ments over time [18]. One of the earliest signs of

any inflammatory process is the change in vascu-
lar architecture and microvasculature. This is also
true for gingivitis [19]. The healthy gingiva is
characterized by a sub-epithelial vascular plexus
consisting of a capillary network with loops arch-
ing towards the epithelium [20]. Gingival inflam-
mation presents an increased vascularity with
larger vessel size, more capillary loops [21],
slowed blood flow [22], and a restriction of the
afferent blood vessels [23]. The capillary units
are among the first vessels affected by inflamma-
tion in the crestal gingiva [24]. If changes of the
vascular morphology in inflammation are related
to blood flow changes, they may serve as an early
predictor for the onset of gingival pathology [25].
Gingival microcirculation (GM) has lacked exact
evaluation for a long time. This was mainly due
to methodological difficulties. Different meth-
ods, such as impedance plethysmography or the
implantation of microspheres, have been
employed to study GBF [26-28]. Unfortunately,
most of them were invasive or inapplicable to
humans. Other studies on dogs have shown that
predictable morphologic changes occur in the
blood vessels at the gingival margin with the
onset of inflammation. These vascular changes
precede recognizable histopathological altera-
tions, starting as early as 2 days after the induc-
tion of gingivitis [29, 30]. In our studies, in order
to obtain a correct LDF measurement of the gin-
gival blood flow, the probe was positioned 4 mm
above the cervical line of the upper incisors and
was also distanced using a gingival dam. This
distance was necessary in order to avoid pressure
on the gingival tissue. A silicone rubber holder
was used to secure the gingival LDF probe in
position. A small hole for the laser probe was
placed in the holder at 4 mm away from the gin-
gival margin, using a high-speed handpiece and a
1.5 mm diameter fissure bur. After calibration
and disinfection, the laser probe was inserted into
a rigid opaque plastic tube with a 1.5 mm diam-
eter and 0.1-0.2 mm longer than the fiber. The
plastic tube was used to reduce the movement
artifacts of the fiber inside the impression, by
increasing adherence and protection of the active
optic surface. The plastic tube was forcefully
inserted in the canal carved in the impression and
positioned afterwards according to study
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protocol. With the purpose of ensuring the repro-
ducibility of LD signal acquisition, a guiding
mark was set on the fiber in order to allow its
placement in the same position for each testing.

Healthy and Inflamed Gingiva

LDF provides data on the blood flow of the mar-
ginal gingiva. However, there exists a difference
in blood supply of marginal gingiva of the upper
and lower jaws [31] and between blood flow at
the premolars vs. molars vs. the anterior teeth. A
statistically significant difference was also dem-
onstrated between blood supply in the maxillary
and the mandibular anterior gingiva in the inter-
dental gingiva, attached gingiva, and alveolar
mucosa [32]. The difference was significant for
the mandibular anterior gingiva only in the alveo-
lar mucosa region [33]. Scattering by surround-
ing tissues as well as morphological characteristics
such as gingival thickness, in particular, peri-
odontal biotypes, might influence LDF variabil-
ity [11]. Age as well as the epithelial thickness
also affect the gingival vasculature, decreasing
LDF readings [34]. Mechanical stimulation of
the gingiva, for example, during tooth brushing,
significantly increases gingival blood flow in the
papillary gingiva of healthy individuals [35].

Marginal blood flow can also be affected by
restorations or plaque accumulation [36]. Vag
and Fazekas investigated the effects of the crown
margin on gingival health and found a correlation
between gingival index and LDF results [37].
Al-Wahadni et al. found higher gingivitis levels
associated with plaque accumulation on resin-
bonded bridges [38]. Sub-gingival restoration
margins might bring forth an additional
inflammatory effect on the gingival tissue result-
ing in higher blood flow values of test sites [9].
Nevertheless, LDF was found to have only lim-
ited diagnostic value in relation to the clinical
performance of fixed prostheses [10].

The gingival microcirculation exhibits a dra-
matic, dynamic change in response to the devel-
opment and progression of gingivitis. However,
the relationship between plaque accumulation,
gingival inflammation, and tissue microcircula-
tion remains controversial. Increased blood flow
in inflamed gingiva vs. healthy gingiva was dem-
onstrated in several animal [28, 39, 40] and clini-

cal studies [17, 32, 41, 42]. According to
Kerdvongbundit et al., inflammation alters the
microcirculatory and micro-morphologic dynam-
ics of the human gingiva before and after conven-
tional treatment (scaling and root planing);
however, blood flow returned to normal after
treatment and remained stable for 3-month post-
treatment. However, Matheny et al. reported
reduced blood flow in inflamed gingiva and an
increased number of superficial vessels [43].
Other clinical studies found a positive correlation
between LDF measurements and gingival inflam-
mation or bleeding on probing [37, 44, 45].

LDF is an objective noninvasive method of
monitoring the response to periodontal therapy. It
can be used to quantify gingival blood flow fol-
lowing periodontal surgery, mapping out chang-
ing patterns of microvascular blood flow during
the wound healing period [46]. The gingival
blood flow decreases immediately following
anesthesia and remains diminished immediately
following surgery. A comparison of the gingival
blood flow responses following simplified papilla
preservation techniques vs. the modified Widman
flap technique indicated that the first method may
be associated with faster postoperative recovery
of the gingival blood flow [47].

LDF techniques have been used to demon-
strate the effects of smoking on gingival blood
flow. In young people, a significant, immediate
increase in gingival blood flow was observed dur-
ing smoking that returned to baseline within
10 min [48]. It is speculated that small repeated
vasoconstrictive attacks due to cigarette smoking
may contribute to gingival vascular dysfunction
and periodontal disease in the long run [49].
However, work by Palmer et al. does not seem to
support the theory that tobacco smoking causes
localized vasoconstriction in the periodontal tis-
sues [50]. This may be due to elevation in blood
pressure induced by smoking, which overcomes
any vasoconstrictive effects of smoking. Mullally
proposed that LDF in periodontics is only appli-
cable in the measurement of acute changes in
blood flow [51]. However, it was shown that
smoking causes an acute increase in relative
blood flow in the forehead skin in light smokers
compared to heavy smokers, suggesting a poten-
tial induction of tolerance in regular users of
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tobacco [52]. Moreover, gingival blood vessels in
smokers with healthy gingival conditions respond
differently to administration of an anesthetic con-
taining a vasoconstrictor in comparison with
those of non-smokers [53].

Changes in gingival blood flow after orth-
odontic force application were also studied by
the LDF technique. It was estimated that this
change correlated to the degree of force applied
to displace the teeth although individual responses
to the same degree of force varied in dependence
on the degree of tooth displacement [54] and the
size of the interdental space [55]. The regression
coefficient of decreased blood flow to the per-
centage of tooth displacement was significantly
higher in young subjects than in adults. Barta
et al. showed that the application of a force of
75 g to the maxillary canine in an ectopic posi-
tion resulted in a decrease in gingival blood flow
up to 50%, but it returned towards the baseline
after a few months [56].

One of our studies [57] aimed at evaluating
the microcirculation in subjects with gingivitis
compared to healthy gingiva by using LDF. The
subjects of the present study were young adults in
whom oral hygiene and dietary habits were well
established. Ramsay et al. [58] indicated that the
reliability of blood flow measurements required
accurate repositioning of the measurement probe;
that is why the technique used in the study went
to great lengths to ensure reproducibility of the
LDF measurements. The results showed that

LDF could be a useful noninvasive, sensitive,
reproducible, and harmless method for measuring
GM in humans. LDF may therefore be an impor-
tant element in clarifying the role of GBF dynam-
icsinclinical gingivitis as well as in understanding
the blood flow dynamics in the gingiva. In our
study, on the the seventh day, the gingiva was not
restored to a healthy condition, with normal
blood flow as shown by LDF, but after 14 days,
the GM recorded by LDF and the clinical assess-
ment also showed almost a complete restoration
of the gingivitis group. Consequently, the clinical
signs of inflammation correlated with the changes
in GBF (Fig. 3).

The results showed significant statistical dif-
ferences between the four measurement time
points. At 24 h after the initiation of therapy, the
GBF was significantly increased compared to the
baseline values, suggesting local inflammation of
the tissues after the initial therapy. No significant
differences were observed between the initial
moment and 7 days after the treatment and also
between initial moment and 14 days after. The
GBF values at 14 days were not significantly dif-
ferent compared to the control group (Fig. 4).

Root Planing

A laser Doppler periodontal probe has recently
been developed for intrasulcular measurement of
gingival blood flow. The specific aims of one
investigation [45] were to determine the relation
between intrasulcular laser Doppler readings

300
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Fig.3 The mean values of the gingival blood flow (GBF)
recorded at various time points; interval plot of the four
time points when the LDF measurements were carried out
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(SD = 74.9411); A: (a) sites with gingivitis; (b) healthy
gingival site; B: restored gingival health after 14 days
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Fig. 4 Fisher individual 95% CIs. Comparison of GBF
values of the gingivitis group at the four time points
recorded in the study. No statistically significant differ-

(LDR) and traditional clinical diagnostic indices
as well as to evaluate the response to root plan-
ing in terms of LDR and traditional indices.
LDR and clinical measurements (bleeding on
probing (BOP), probing depth (PD), and clinical
attachment loss (CAL)) were obtained from two
healthy and two diseased sites in 30 adult volun-
teers with localized moderate to advanced peri-
odontitis. All 30 subjects were re-examined
1 month following root planing while 10 sub-
jects were re-examined at approximately 1 year
after treatment. Subject-adjusted correlations
between pre-treatment LDR and PD as well as
LDR and CAL were 0.74 and 0.71, respectively.
One month following root planing, the diseased
sites had undergone a significant reduction in
LDR and PD with an accompanying gain in
CAL. Prior to treatment, 95 of 120 sites (79%)
agreed on an ordinal classification (high, low)
for LDR and BOP. Mantel-Haenszel common
odds ratios for agreement between LDR and
BOP were 9.6 pre-treatment and 4.3 1 month
after treatment. A slight rebound of all measure-

ences were identified between the initial and the 7-day
groups as well as between the initial and the 14-day
groups

ments was noted in a group of ten subjects fol-
lowed for 1 year. It was concluded that the laser
Doppler periodontal probe is an unbiased nonin-
vasive method of monitoring the response to
periodontal therapy.

Laser Periodontal Surgery and Gingival
Recovery

When performing gingivoplasty by conventional
methods, there are limitations regarding healing
by secondary intention, postoperative bleeding,
loss of keratinized gingiva, and the inability to
treat the underlying osseous deformities, which
leads to the inability to complete the treatment
[59]. The use of laser technologies to overcome
these limitations is under investigation.

LDF techniques were found to have excellent
utility for identifying post-surgical gingival
recovery [60-62]. In order to establish the effi-
ciency of one laser in comparison with another,
we used LDF to compare GBF after Er:YAG
(Fotona Fidelis Plus IT) and 980 nm diode laser
(Diode Laser Smile Pro 980 Biolitec) gingivec-
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Fig. 5 (a) Initial intra-oral status, (b) immediately after laser surgery, (¢) 24 h after the laser surgery with indirect
provisional restorations, and (d) clinical intra-oral aspect 2 months after treatment with the final ceramic restorations
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tomy. The evaluation was carried out on 20 ante-
rior teeth that underwent reshaping of the gingiva
in five patients (four anterior teeth/patient). The
parameters were established according to previ-
ous research [26] and were found suitable for soft
tissue without causing visible major thermal
damage to root dentin or bone. The 980 nm diode
laser was used in continuous wave mode, 4 W,
contact mode, and cooling with saline solution
using a 360 pm diameter quartz fiber as delivery
system (Fig. 5) Er: YAG parameters.

At the first appointment, the initial measure-
ments were carried out. Postoperative controls
and LDF measurements were accomplished after
24 h,7 and 14 days to evaluate healing and wound
evolution on a total of eight points/patient (two
points on each tooth). As for the gingival surgery

m24h m7 days 14 days

with Er:YAG laser, significant differences in LDF
recordings over time were established between
different times (p < 0.001 with a significant level
a = 0.001, Friedman test). The results showed
that after 24 h there are significant differences
compared to the baseline measurement; 7 days
after treatment, with the Er:YAG, LDF was
slightly raised compared to the initial moment
(p = 0.256), and after 14 days, LDF values were
insignificantly lower compared to pre-treatment
(p =0.431) (Fig. 6).

Regarding gingival surgery with the diode
laser, significant differences between the four
LDF tracings at different timepoints were found
(p < 0.001 with a significant level a = 0.001,
Friedman test). After 24 h, the measurements
were significantly lower compared to the initial
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moment; whereas after 7 and 14 days, the
recorded LDF values were significantly raised
compared to baseline (p < 0.001) (Fig. 7).

The Levene’s test for equality of variances
was used in order to establish the equal variances
assumed at baseline as well as after 14 days, and
afterwards, the independent sample test was used
for comparing the values obtained for the
Er:YAG-treated area and for the diode-treated
area at baseline (insignificant differences
p = 0.897) and after 14 days (significant differ-
ence p <0.001). We established that after 14 days,
the recorded fluxes for the diode-treated area
were significantly higher compared to the values
obtained for the Er:YAG-treated area (p < 0.001).

The results obtained after laser treatment on
the free gingival area indicate a modification in
the microvascular blood flow response.
Furthermore, our measurements, which are in
accordance with other studies [33], indicate that
LDF technique can offer information regarding
microvascular changes during the healing period.
These results showed an evident decrease in per-
fusion for both areas in comparison with baseline
values 24 h after surgical procedure. The micro-
vascular blood flow increased significantly after
7 days in both areas but mostly in the diode-
treated area. After 14 days, the blood perfusion
returned to the initial value in the Er: YAG-treated
area. The results in the diode-treated area
remained at a higher level, showing that after
14 days, the healing in this area was not complete.

m24h 7 days 14 days

The response after laser treatment in both areas
was an obviously hyperemic one. The difference
in hemodynamic changes that occurred after
14 days can be explained by the differences in
tissue interaction of the different laser procedures
applied in our study.

Smokers and Gingival Microcirculation
One of our studies [63] compared the periodontal
status of smoker and non-smoker patients and also
the registered values between the sexes (Fig. 8).
We found no significant differences (z-test)
between the non-smoker male group (I-M) and
non-smoker female group (I-F). On the other
hand, LDF in the smoker female group (Group
II-F) was significantly elevated compared to the
smoker male group (Group II-M). The Group
II-M LDF values were slightly increased com-
pared to the Group I-M. The LDF values in the
Group II-F were significantly higher than the
LDF values in Group I-F.

Gingival Microcirculation Assessed by
Laser Doppler Imaging

Essentially, laser Doppler imaging (LDI) works
by scanning a monochromatic laser across the
surface of the tissue. Light, which is backscat-
tered from moving erythrocytes, undergoes a
shift in frequency proportional to its velocity,
according to the Doppler principle. Most laser
Doppler setups use a helium-neon laser (RED,
632.8 nm), provide an estimate of perfusion to a
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Fig.8 (a) Example of LDF recording from a non-smoker
patient; (b) example of LDF recording from a smoker
patient; (c¢) interval plot of flux values (AU) in smoker

Fig.9 Laser Doppler line scanning procedure

depth of 1-1.5 mm into the dermis of white skin,
and thus mainly measure the perfusion in arteri-
oles, venules, and capillaries. LDI gives a “snap-
shot” of perfusion at a given point.

The objective of one of our studies [64] was to
evaluate the applicability of LD line scanning in
recording the gingival healing process after a sur-
gical procedure followed by two types of plastic
provisional restoration. As a secondary objective,
we also aimed at testing two different techniques
and materials for the plastic temporaries.
Conventional clinical examination was also per-
formed at all time points.

The moorLDI2-IR instrument, features an
infrared diode laser at 785 nm nominal, with a
maximum power of 2.5 mW and a visible diode
laser (target beam for infrared systems) at 660 nm
nominal, with a maximum power of 0.25 mW,
was used in our study. The microcirculation in
the investigated areas was monitored with the

male group; and (d) interval plot of flux values (A.U.) in
smoker female group

Moor laser Doppler line scanner over a period of
14 days (Fig. 9).

LDI recordings were performed in the labial
regions of the operated areas at the day of the sur-
gery, prior to local anesthesia, after 24 h, after
7 days and 14 days following the intervention.
The recordings clearly demonstrated adjustments
in the microvascularity of the region in the heal-
ing period. The initial images (Fig. 10a) showed
a perfusion map that differed completely from
the LDI images at 24 h with increased microcir-
culation as a reaction to the surgical procedure
(Fig. 10b), seen as an increase in the red color of
the affected areas in the perfusion map. The LDI
images on Day 7 showed microcirculation heal-
ing, while at 14 days complete healing was con-
firmed on the perfusion map. Clinical findings
paralleled the perfusion maps in both cases.
Using LDI, we were also able to demonstrate that
two differing temporary restoration materials did
not negatively affect healing.

The major advantages of LDI over LDF are: no
need for direct tissue contact (max. distance
19 cm), measurement repeatability, and most
importantly, the capability for global analysis of
blood flow in the area of interest. This technique
has been shown to be easy to learn by surgeons.
Regular postoperative assessment of flap perfu-
sion by members of the microsurgery team trained
in the use of LD line scanning may, therefore, rep-
resent a practical alternative to more complex and
invasive monitoring techniques. Issues of inter-
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Fig. 10 (a) Initial LDI
recording and (b) LDI
recording at 24 h with
an increase in the red
color of the affected
areas in the perfusion
map
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and intra-examiner reliability have yet to be exam-
ined, and in an area where only a low percentage
of flaps undergo vascular compromise, this may
prove impractical. One advantage that LDF has
over LDI is that it gives a constant measure of
blood flow at the specified point, whereas LDI
gives a “snapshot” of perfusion at a given point.

Optical Coherence Tomography

Optical coherence tomography (OCT) is a nonin-
vasive method of imaging dental microstructure
which can potentially be used to evaluate the
health of periodontal tissue. This method pro-
vides an “optical biopsy” of tissue 2-3 mm in
depth. Optical coherence tomography was first
proposed for use as a biologic imaging system in
1991 by Huang et al. In vivo dental OCT images
clearly depict anatomic structures that are impor-
tant in the diagnostic evaluation of both hard and
soft oral tissue. Periodontal tissue contour, sulcular
depth, and connective tissue attachment are visu-
alized at high resolution using this technology.
Because OCT reveals micro-structural detail of
the periodontal soft tissues, it can potentially
identify active periodontal disease before signifi-
cant alveolar bone loss occurs.

Optical coherence tomography is potentially a
more reproducible and reliable method of deter-
mining attachment level than traditional probing
methods. The tissue of interest is imaged without
making contact using a probe designed to have a
focal plane at a distance from the probe tip. The
tissues within the depth of field of the probe
optics are imaged. A non-contact probe does not
compress soft tissue and enables the direct geo-
metric measurement of the dimensions of tissue
in its natural state. In addition, an OCT probe
may be designed with a short focus distance for
direct contact imaging, allowing a sub-millimeter
probe to be placed on the tissue surface or even in
the pocket space.

The literature suggests that OCT is a powerful
method for generating high-resolution, cross-
sectional images of oral structures. However, fur-
ther research is required to verify its role in
periodontal diagnosis.

Assessment of Periodontal Structures

and Measurement of Gingival Sulcus

There has been increasing interest in the develop-
ment of clinically acceptable, more sensitive and
specific methods for noninvasive diagnosis in
periodontics. In a recent pilot study [65], the per-
formance of an optical coherence tomography
(OCT) system in imaging periodontal structures
in humans was evaluated. Gingival sulcus depth
measurements were obtained and compared with
traditional probes. In total, 445 sites of 23 peri-
odontally healthy individuals were measured by
three instruments: North Carolina manual probe,
Florida automated probe and OCT at 1325 nm.
To obtain quantitative measurements from OCT
images, the gingival refractive index was also
determined. Discomfort/pain perception and the
duration of examinations were compared among
the instruments. The analysis of OCT images
allowed the identification of relevant anatomic
dental and periodontal regions. The average sul-
cus depth measured by OCT, 0.85 + 0.27 mm and
0.87 = 0.28 mm, was lower than the values
obtained by manual and automated probing.
Greater discomfort/pain was prevalent for tradi-
tional probes, which are invasive methods, than
for the noninvasive OCT technique.

Calculus Detection

The effective treatment of periodontitis involves
the detection and removal of sub-gingival dental
calculus. However, sub-gingival calculus is more
difficult to detect than supra-gingival calculus
because it is firmly attached to root surfaces
within periodontal pockets. To achieve a smooth
root surface, clinicians often remove excessive
amounts of root structure because of decreased
visibility. In addition, enamel pearl, a rare type of
ectopic enamel formation on the root surface, can
easily be confused with dental calculus in the
sub-gingival environment. In a recent study [66],
we developed a fiber-probe swept-source optical
coherence tomography (SSO-CT) technique and
combined it with the quantitative measurement of
optical parameters [standard deviation (SD) of
the optical coherence tomography (OCT) inten-
sity] to differentiate sub-gingival calculus from
sound enamel, including enamel pearls. Two-
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dimensional circumferential images were con-
structed by rotating the mini-probe (0.9 mm
diameter) while acquiring image lines, and the
adjacent lines in each rotation were stacked to
generate a three-dimensional volume. In OCT
images, compared to sound enamel and enamel
pearls, dental calculus showed significant differ-
ences (P < 0.001) in SD values. Finally, the
receiver operating characteristic curve had a high
capacity (area under the curve = 0.934) for dis-
criminating between healthy regions (including
enamel pearl) and dental calculus.

Periodontal Probing

Periodontitis is a multifactorial and infectious dis-
ease that may result in significant debilitation.
The aim of one study [67] was to evaluate two
optical coherence tomography (OCT) systems
operating at 930 and 1325 nm, respectively, for
structural analysis of periodontal tissue in porcine
jaws. Two- and three-dimensional OCT images of
the tooth/gingiva interface were acquired, and
measurements of the gingival structures obtained
from five fresh porcine jaws that were subse-
quently fixed, sectioned, and viewed using stereo-
microscopy. The swept-source system operating
at 1325 nm showed a better performance than the
930-nm spectral domain OCT system, owing to a
longer central wavelength that allows deeper tis-
sue penetration.

Periodontal Ligament Under

Orthodontic Tooth Movement

Structural variations of the periodontal ligament
(PDL) induced by orthodontic forces have been
evaluated by optical coherence tomography
(OCT) and compared to images obtained by con-
ventional radiography [68]. In one study, two
orthodontic appliances were installed on the
maxillary anterior teeth of rats. Constant distrac-
tion force magnitudes of 0, 5, 10, and 30 gf were
applied to four respective rats over 5 days. Then
the rats were sacrificed and the maxillaries
extracted for X-ray and OCT imaging. PDL
changes proportional to the applied force magni-
tude were clearly visible in the OCT images,
which also showed that a constant orthodontic
force of 30 gf had torn the PDL. These results

support the clinical dental application of OCT for
monitoring PDL changes during orthodontic pro-
cedures. The real-time imaging capability of
OCT, together with its high resolution, has the
potential to help dentists with in vivo orthodontic
treatments in human subjects as well.

Optical coherence tomography (OCT) is a
diagnostic tool that can make near-histologic
tomographic images without a biohazard. Due to
its high resolution (average, 4 p) and safety
(using light as the source), it has been applied
widely in medical fields to replace invasive biop-
sies. But the trials in dentistry have been restricted
to mainly detecting dental caries and oral cancer.
In a preliminary study [69], we tried to evaluate
whether OCT can be helpful in determining tooth
movement under light orthodontic forces.
Orthodontic distraction forces (0, 5, and 10 g)
were applied to the mandibular incisors of six
white rats (10 weeks old) for 5 days by using
individualized loop springs (round FElgiloy,
0.018-indiameter, Rocky Mountain Orthodontics,
Denver, Colo). The changed periodontal liga-
ments were imaged with OCT and digital intra-
oral radiography two dimensionally. Both tensile
and compressive ligaments were measured and
compared. With OCT images, we were able to
measure changed ligaments from all directions;
radiography could not show the portions over-
lapped by teeth. The averages of measured liga-
ment width in OCT were larger than those from
radiography in all groups. This preliminary study
shows the possible evaluation and prediction of
precise tooth responses under orthodontic forces
by using real-time OCT.

Ultrasonic Flowmeters

By emitting and detecting reflected ultrasound,
ultrasonic flow meters (UFM) [70] measure the
velocity of a fluid and calculate its volume flow.
The Doppler principle states that the frequency of
the echo reflected from a moving target, such as
red blood cells, will be different from the incident
frequency [71]. Flow patterns can be detected by
UFM from any accessible vessel, for instance,
from the skin or oral mucosal surface. Ultrasound
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is sound with a frequency that is higher than
20 kHz. In medical imaging, utilized ultrasound
frequencies mainly range between 1 and 40 MHz.
The transmission through air of such high fre-
quencies is impossible, but they can satisfactorily
pass through solid or fluid materials [72].

Every flowmeter has a probe consisting of
piezoelectric crystal, which generates the ultra-
sound beam. A second crystal, slightly separated
from the first one, detects the reflected ultra-
sound. Thus every ultrasonic transducer has a
dual function as a transmitter and receiver. The
probe is applied to the skin, and a specialized
ultrasonic gel is used to conduct ultrasound. A
signal produced by an ultrasonic transducer usu-
ally consists of a pulse of a few microseconds
with a certain center frequency. Part of this sig-
nal extends through the target tissue, part is
reflected by macroscopic tissue structures, part
is absorbed by tissue and part is scattered by
structures in the tissue smaller than the acoustic
wavelength. The ultrasound is translated into
audible sound, which allows the operator to hear
the pulsations in the vessel. Since the change in
frequency is related to velocity, this can also be
translated into vessel caliber. The UFM tech-
nique was originally proposed by Satomura,
Matsubara, and Yoshioka (in 1956) for the physi-
cal measurement of minor vibrations [73]. In
1960, Satomura and Kaneko first described
instantaneous changes in blood flow in human
peripheral arteries using ultrasound blood-rheo-
graph based on the Doppler Effect. Later,
Strandness, McCutcheon, and Rushmer (in
1966) popularized transcutaneous flow detection
for studying peripheral vascular problems [74].

The UFM technique in dentistry is a well-
established diagnostic tool in Russia and some
other countries. Several researchers have con-
firmed its usefulness for mapping periodontal
lesions [75, 76].

The Doppler ultrasonic flowmeter has the fol-
lowing advantages:

1. Evaluation of blood in a limited gingival area
(diameter of transducer is 1.5 mm)

2. Metal restorations are not a contraindication
for use

3. Can interrogate pulpal blood flow

4. Possibility to detect blood flow in hard-to-
access areas

5. Minimal time from measurement to results

Method is well tolerated by patients

7. Repeatable for monitoring uses

o

There are several standardization require-
ments for UFM:

1. Patient should be at rest; there should be no
physical activity before use.

2. During measurements, patient should be
reclining or sitting.

3. Comfortable room temperature (20-22 °C).

4. Refrain from smoking or chewing before
measurements.

5. Investigator should not place pressure on the
transducer.

6. During successive measurements, the trans-
ducer should be placed at the same position
each time.

During ultrasonic blood flow investigation, the
ultrasonic gel provides contact between the trans-
ducer and oral mucosa. A 20-25 MHz transducer
is used to characterize periodontal blood flow. The
ultrasound penetrates tissues to the depth of
0.8 cm. The transducer position can be controlled
by sound and visual signals. The UFM can iden-
tify different types of blood vessels and distinguish
between arterial, venous, and microcirculatory
signals. The Doppler signal is processed and typi-
cally displayed as pulse curves with pseudo-color
overlays called dopplerograms.

Dopplerograms help to visually determine the
velocity of blood flow. It is known that the fastest
erythrocytes are moving in the center of the blood
vessel. On a dopplerogram, the fastest blood par-
ticles have a darker color and can be seen at the
rim of the curve at a distance from the baseline,
while the slowest blood particles are in the mid-
dle of the curve near the baseline. The direction
of blood flow is also indicated: towards trans-
ducer (“+”, upper part of the baseline) or away
from transducer (“—", lower part of the baseline).
Computer analysis of Doppler pulse curves pro-
vides information about the linear (systolic,
mean, diastolic), and the volume velocity values
of blood flow in the examined area. Qualitative
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and quantitative assessment of the blood flow is
possible. The qualitative characteristic of the
Doppler curve varies depending on the type and
diameter of the vessel. Microcirculation (mixed
blood flow) is characterized by pulse curves with
a color spectrum that has no sharp peaks.

UFM has several advantages in comparison to
Doppler laser flowmetry [77]:

1. Audible and visual control of the position of
transducer

2. Ability to determine type of blood vessel by
analyzing the blood flow curve

3. Ability to analyze differing flow speeds of
specific blood vessel zones

4. Determination of blood flow direction

Optical Spectroscopy

Infrared Spectroscopy

Infrared (IR) spectroscopy is used increasingly in
biomedical settings. It can distinguish differences
in the characteristics of diverse molecules by prob-
ing the vibrations of chemical bonds and can use
these molecular and sub-molecular profiles to
define and differentiate between diseased and
healthy tissues. As covalent bonds vibrate, they
absorb energy in the form of IR light. The
wavelength of light absorbed depends on the nature
of the covalent bond, the type of vibration, and the
environment of the bond. The IR spectrum of a tis-
sue sample can be regarded as the molecular fin-
gerprint of the tissue. If this molecular fingerprint is
modified by a disease process, IR spectroscopy can
be used to detect and monitor this process [78].

The IR spectrum of gingival crevicular fluid
(GCF) is arich source of information regarding the
oral cavity and associated inflammation. Analysis
of the IR spectrum of GCEF, unlike traditional bio-
chemical analyses, measures the total contents of
GCF and may prove to be a powerful diagnostic
and prognostic tool in periodontal diseases.

Xiang et al. [79] used IR spectroscopy to char-
acterize GCF from healthy gingivitis and peri-
odontitis sites and identified periodontitis-specific
molecular signatures that clearly demarcated
healthy and diseased tissues and thus can be used
to confirm clinical diagnoses. Even in unpro-

cessed spectral data, subtle differences in spectral
band intensity and positions arising from the
three major components (i.e., lipid, protein, and
DNA) were observed in GCF from healthy gingi-
vitis and periodontitis groups. Infrared spectros-
copy may also provide a qualitative diagnosis of
periodontal inflammatory status. This might be
achieved by using linear discriminant analysis
(LDA) to correlate observed spectral differences
in GCF from sites with inflammatory conditions
(gingivitis and periodontitis) and GCF of normal
healthy status.

Infrared spectroscopy has the potential to
simultaneously monitor multiple disease mark-
ers, including cellular infiltration and collagen
catabolism. It represents a simple, reagent-free,
multidimensional tool with which to examine
periodontal disease etiology using entirely unpro-
cessed tissue sections. As well as being highly
accurate, the technique is straightforward and
requires minimal training of operators [80].

Near-Infrared Spectroscopy

Another novel, noninvasive optical modality cur-
rently under exploration for periodontal disease
diagnosis is NIR spectroscopy. This type of spec-
troscopy can be used to monitor hemodynamic and
edema-based markers of soft tissues of the oral
cavity. The water bands in gingival tissues provide
an index of tissue hydration and thus may represent
a simple indicator of inflammation at specific peri-
odontal sites. Optical spectroscopy additionally
offers a noninvasive means of assessing the balance
between tissue oxygen delivery and oxygen utiliza-
tion. Relative concentrations of oxygenated hemo-
globin (HbO,) and deoxygenated hemoglobin (Hb)
can be measured by fitting optical attenuation spec-
tra to the known optical properties (extinction coef-
ficients) of HbO, and Hb. Thus, optical spectroscopy
provides a measure of the hemoglobin—oxygen
saturation of tissues and the degree of tissue perfu-
sion. Based on these principles, Liu et al. [81] used
NIR spectroscopy to demonstrate that tissue oxy-
genation at periodontitis sites was significantly
decreased (P < 0.05) compared with that in gingivi-
tis and healthy controls. A study performed by Ge
et al. supports previous findings that tissue oxygen-
ation as measured by optical spectroscopy is sig-
nificantly decreased in periodontitis and can
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simultaneously determine multiple inflammatory
indices related to periodontal disease directly in
gingival tissues in vivo [82].

As tissue oxygen saturation is not measurable
clinically, optical spectroscopy can provide a fur-
ther index of inflammation that may be useful to
the periodontist. Consequently, an NIR intra-oral
probe may be able to determine sites at which
disease has not yet clinically progressed, but
which already manifest a biochemically defined
profile suggestive of pathogenic potential, such
as the anaerobicity required to establish a patho-
genic microflora. Thus, optical spectroscopy
appears to be a promising complementary method
to clinical examination.

Conclusions

The major advantage of the laser Doppler tech-
niques is their noninvasiveness and their ability
to measure tissue microcirculation flux as well as
fast stimulus-induced changes in perfusion. The
LDF represents an important instrument to assess
gingival and pulpal microcirculation in the oral
cavity. In this respect, it can map tooth vitality,
including pulp revascularization earlier than tra-
ditional sensitivity tests, which can also add to
inflammation in an already irritated tissue. LDF
can be used to assess the degree and duration of
inflammation or ischemic episodes, thereby iden-
tifying patients at risk for adverse reactions such
as irreversible inflammation, avascular necrosis,
and tissue loss. In conclusion, LDF is a suitable
technique for determining tissue vitality in most
clinical situations and can be used together with
other indices to evaluate the marginal gingival
health status.

Dental OCT is able to generate high-resolu-
tion cross-sectional images of the superficial por-
tions of the periodontal structures. Future
improvements in imaging depth and the develop-
ment of an intra-oral sensor are likely to make
OCT a wuseful technique for periodontal
applications.

The emergence of these various new tech-
nologies will certainly increase understanding

of periodontal diseases, eventually resulting in
the development of risk assessment tools that
will support better predictions of disease events.
A more accurate system of determining prog-
nosis would allow a more specific allocation of
expenditure, thus improving the appropriate-
ness and quality of dental care by minimizing
the under- and overutilization of therapeutic
options. A new paradigm for periodontal diag-
nosis would ultimately improve the clinical
management of patients with periodontal
disease.

Traditional Methods Vs. Minimally
Invasive New Imaging Methods

Periodontitis is a prevalent disorder that affects
most of the global population. Although the mild
form of disease is compatible with good oral
health, severe manifestations may lead to tooth
loss. The World Health Organization has reported
that severe periodontitis is present in 5-15% of
people worldwide [83]. Furthermore, epidemio-
logic studies have shown that periodontal infec-
tion may also have implications for systemic
health, suggesting that periodontitis is associated
with a major oral health burden [84].

Periodontal diagnosis provides the clinician
with information on the type, severity, and loca-
tion of periodontal disease. A periodontal exami-
nation is performed to detect clinical signs of
pain and suppuration, the amount of observable
plaque and calculus, probing depths (PDs), and
the extent and pattern of loss of clinical attach-
ment and bone. Traditional clinical investigation
tools for routine periodontal examinations are
periodontal probing and conventional radiogra-
phy. In periodontal probing, a manual probe is
placed between the soft tissue and tooth to evalu-
ate the sub-gingival periodontal condition. The
PD is measured as the depth of probe penetration
from the gingival margin to the base of the
pocket. However, periodontal probing is not only
painful for the patient but also prone to diagnos-
tic inaccuracy, primarily because it is performed
without visual guidance. Errors in PD measure-
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ments may be caused by the presence of dental
calculus and inconsistencies in the force of probe
insertion, in the diameter of the probe tip, and in
the anatomical tooth contours. Moreover, reliable
outcomes require the clinician to be sufficiently
well trained in the technique.

The information provided by intra-oral
radiographs includes root length, root form,
presence or absence of periapical lesions, den-
tal calculus, root proximity, and remaining
alveolar bone. Conventional radiographs have a
tendency to underestimate the amount of bone
loss. Sequentially obtained radiographs have
been shown to reveal bony changes that are
detectable by the naked eye only after 30-50%
of the bone mineral has been absorbed [85].
This means that radiographs are not useful for
identifying periodontal disease until after sub-
stantial bone loss has already occurred. On
two-dimensional (2D) radiographs, it is impos-
sible to detect the precise location of a bony
defect if the defect is located on the buccal or
lingual side. Additionally, radiographs require
exposure to harmful ionizing radiation and pro-
vide no information about the state of the soft
tissues. Cone-beam computed tomography is
routinely implemented in dentistry for imaging
soft and hard tissues, especially for the diagno-
sis of oral pathology and three-dimensional
(3D) analysis of oro-facial structures. However,
its common use for periodontal diagnosis is
questionable due to its relatively low spatial
resolution and the need to expose patients to
relatively high levels of ionizing radiation. To
the best of our knowledge, there is no device
available for consistently quantifying or visual-
izing the oral soft tissues.

Optical coherence tomography (OCT) is a
noninvasive diagnostic technique that detects
mechanical interfaces based on differences in
the reflection of light. OCT enables subsurface
cross-sectional imaging with a resolution better
than ten times that of typical ultrasound imaging
systems. OCT was initially developed for imag-
ing the transparent tissues of the eye, but con-
tinuing advancements in OCT technology have
led to the widespread use of existing prototypes

in fields of gastroenterology, ophthalmology,
dermatology, and dentistry. OCT is also advan-
tageous in dentistry since this technology uses
nonionizing near-infrared light that cannot harm
patients. Other advantages such as depth-
resolved imaging, rapid acquisition of data, and
the capability to observe both hard and soft tis-
sues have made it attractive for many applica-
tions. OCT imaging of dental and periodontal
microstructures may be useful for quantitative
and qualitative assessments of oral tissues. The
findings of a recent study [86] indicate that OCT
can be used as a noninvasive method for imag-
ing tooth microstructure. Many current OCT
prototype systems operate in the Fourier domain
(FD). One advantage of FD-OCT over previous
OCT systems is that it simultaneously provides
high-speed and wide field imaging. Depending
on the method of illumination, FD-OCT can be
classified into spectral domain OCT and swept-
source OCT (SS-OCT). A recent animal study
used an SS-OCT prototype for imaging the peri-
odontal tissues and assessed its accuracy in peri-
odontal diagnosis. Pocket depth measurements
from OCT images were a mean of 0.41 mm
shallower than those made in histological sec-
tions from the same sites. The measurements
were carried out in the buccal furcation area of
the mandibular premolars. The imaging depth
required to observe the gingival attachment is
greater inside the furcation than in other areas,
due to the horizontal component of the furcal
concavity. The cross-sectional imaging depth of
the OCT system used in this study was found to
be insufficient for visualizing the sulcus anat-
omy within the furcation, which is probably the
main reason for the discrepancy between the
depth measurements made using OCT and
histologically.

The imaging depth of OCT is determined by
two main factors: the wavelength of the light
source and the numerical aperture of the light-
collecting optics. Otis et al. [87] showed that
image quality could be improved by increasing
imaging depth, and that penetration depth could
be increased by increasing the center wavelength
of the light source. Similar results were obtained
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in a recent study of the porcine jaw, in which the
performance of SS-OCT at 1325 nm was better
than that at 930 nm owing to the longer center
wavelength that allowed deeper tissue penetration
[88]. In highly scattering media such as biologic
tissue, the intensity of coherent backscattered
light decays exponentially with depth. Moreover,
increasing the source intensity has only a small
effect on the imaging depth of OCT since the scat-
tering coefficient is independent of the source
power. In contrast, increasing the wavelength sig-
nificantly reduces the scattering coefficient for
many biologic tissues, including enamel and gin-
giva, but potentially decreases the spatial resolu-
tion of OCT images. A larger numerical aperture
also improves the imaging depth resolution since
the reflected light is collected over a larger range
of scattering angles. The OCT system used in the
present study had a relatively long center wave-
length of 1310 nm with a numerical aperture of
0.026. Further developments in dental OCT are
needed to improve both the imaging depth and the
imaging quality before it can be utilized in peri-
odontal applications.

The periodontal tissue contour, dental calcu-
lus, and connective tissue attachment were visu-
alized in high definition using OCT in this study.
Such detailed visualization of biologic tissues
could be very useful in several fields of dentistry
[89]. This may allow the early detection of active
periodontal disease or causative factors such as
sub-gingival calculus, before significant alveolar
bone loss occurs. The captured images could be
stored as a permanent record for comparison with
future periodontal examinations in order to detect
changes in PDs or the inflammatory response at
sites of interest. This would provide valuable
information during both the diagnostic and main-
tenance phases of periodontal therapy for the
detection of disease recurrence or sites where
periodontal treatment has been ineffective.

OCT images allow measurement of gingival
thickness, which is a predictor of the gingival phe-
notype. Although image sharpness is affected by
axial resolution and signal-to-noise ratio, it is pos-
sible to discriminate between the epithelium and
sub-epithelial connective tissue. Such information
can be immensely valuable and have implications
for the results of periodontal therapy, gingival

augmentation procedures, root coverage, and
implants in esthetic areas where the adequacy of
the gingival thickness is paramount. Determining
the thickness of the epithelial layer can be espe-
cially useful during the planing and execution of
connective tissue grafting procedures since this
could confirm the sufficiency of undermining of
the epithelium at the graft site. Furthermore,
bleeding at the donor site could be reduced if pal-
atal vessels are visualized. Several existing meth-
ods for evaluating gingival thickness, such as
injection needles, probe transparency, and visual
inspection, cannot be considered reliable due to
their subjective nature. The main advantage of
OCT over these techniques is that it is a quantita-
tive high-resolution imaging method that can be
used in real time during clinical procedures.

Brezinski et al. [90] showed that the contrast
between different adjacent tissue types is stron-
ger when there is a greater difference in the water
content within tissues. Thus sub-gingival calcu-
lus, which has a higher water content than the
adjacent tooth surface, also has a higher signal
intensity and contrast. We may assume that the
presence of gingival crevicular fluid in an in vivo
model would allow better visualization of the sul-
cular anatomy compared to the ex vivo model.
Future studies involving humans should investi-
gate different gingival biotypes or pathologic tis-
sues in order to test the clinical performance of
dental OCT.

Future Developments

Although LDF has proved valuable for a variety
of clinical applications, there are some limita-
tions to its use in oral medicine. A major draw-
back is that LDF can only detect red blood cell
movement in a small volume of tissue (I mm?);
thus, variables such as the number of vessels
with active flow, changes in vessel diameter, and
flow in individual micro-vessels cannot be ana-
lyzed. The small measuring area may also influ-
ence the reproducibility of the results as a
minimal displacement of the optical probe would
alter the target area [91]. LDF measurements are
affected by motion artifacts, and oral LDFRs
have demonstrated considerable intra- and inter-
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individual variability [92, 93]. As the velocity of
PBF in humans is very low, LDF devices modi-
fied for measuring slow blood flow are needed
[87]. One of the most important limitations of
LDF is that each patient presents uncalibrated
blood flow readings because the measurement is
influenced by the thickness of the connective tis-
sue and local distribution of the vessels and also
the recording site (free gingiva, interdental gin-
giva, attached gingiva, or alveolar mucosa) [94,
95]. Another limitation of LDF is that flow read-
ings are affected by the scattering properties of
the surrounding tissues. It has been reported that
up to 80% of the LD blood flow signal recorded
from an intact human pulp is of non-pulpal ori-
gin [10]. The same could be anticipated for LDF
measurements performed on the gingiva.
Originally, iontophoresis was used in conjunc-
tion with single-point LDF, as opposed to LDI
systems, which measure perfusion over a larger
area and produce a detailed perfusion map. Laser
Doppler flowmetry typically measures within a
small volume (~1 mm?®) and, as a result, has
often suffered from poor reproducibility, mainly
due to the spatial heterogeneity of tissue blood
flow and movement artifacts [96-98], although
reproducibility has been improved recently by
the use of “integrated probes.” These use multi-
ple collecting fibers positioned in a ring around a
central light delivery fiber, thus increasing the
spatial resolution. However, LDI still provides a
larger surface area measurement and should be
the preferred choice in areas of tissues with high
spatial variability, despite the significant differ-
ence in costs.

Optical coherence tomography (OCT) was
first reported by Fujimoto et al. in 1991 [99].
OCT has been widely used in numerous clinical
applications, including gastroenterology [100],
ophthalmology [101], dermatology [102], and
dentistry [103]. OCT is a noninvasive, non-
radiative optical diagnostic tool based on inter-
ferometers. By using a low-coherence broadband
near-infrared light source, it is possible to obtain
excellent spatial resolution (~20 pm) and real-
time images [104]. OCT was first applied in vitro
in the human retina and in atherosclerotic plaque
[105]. It is an optical imaging technique that
enables cross-sectional imaging of microstruc-

tures of tissue in situ. OCT can provide an “opti-
cal biopsy” without the need for excision and
processing of specimens as in conventional
biopsy and histopathology. With ongoing
improvements in optical specifications and sys-
tem capabilities, OCT demonstrates great poten-
tial in research and clinical applications.

Over the past decade, many functional OCT
systems, such as Doppler OCT (DOCT) [106],
polarization-sensitive OCT (PS-OCT) [107],
endoscopic OCT [108], and acoustic OCT [109],
have been utilized for novel biomedical research
applications. These functional systems provide
not only structural images but also inform on spe-
cific optical characteristics, including blood flow
velocity and tissue orientation. Deeper transmis-
sion depths have been reported in combination
with fluorescence [110]. Indeed, such multi-
modality approaches can enhance the diagnostic
performance of OCT.

The first in vitro OCT images of dental hard
and soft tissues in a porcine model were reported
in 1998 [111], soon followed by in vivo imaging
of human dental tissues [112]. The oral cavity
consists of three main parts: (1) hard tissue,
including tooth and alveolar bone, (2) soft tissue,
including mucosa and gingiva tissues, and (3)
periodontal tissues [113]. Traditional caries diag-
nosis is based on examination using a dental
explorer and radiographs. Periodontal disease is
diagnosed clinically using periodontal probes
and radiographs. The poor sensitivity and reli-
ability of periodontal probing hinders effective
monitoring of disease status, progression, and
treatment response [114]. Radiography may be
the most widespread adjunct diagnostic tool.
However, it typically provides only two-
dimensional images. Caries or bone structure on
the buccal and lingual sides of teeth may not be
visible due to the superimposition of structures.
Radiation exposure from radiographic techniques
is also a great concern. Furthermore, early detec-
tion of caries, periodontal disease, and oral can-
cer is quite difficult using conventional clinical
examination or radiographs.

OCT may provide a solution to these prob-
lems. Dental OCT detects qualitative and quanti-
tative morphological changes of dental hard and
soft tissues in vivo. Furthermore, OCT can also be



78

C.Todea and S. Canjau

used for early diagnosis of dental diseases, includ-
ing caries, periodontal disease, and oral cancer,
because of the excellent spatial resolution. Three-
dimensional imaging ability is another advantage
of dental OCT. It helps clinicians to locate prob-
lems in soft and hard tissues more accurately and
rapidly.

Periodontitis is one of the major chronic infec-
tious diseases in the oral cavity. The prevalence
of periodontitis is more than 50% among the
population [115]. The WHO revealed that tooth
loss resulting from severe periodontitis was
found in 5-15% of most worldwide populations
in 2003 [116]. Additionally, recent studies have
identified compelling correlations between peri-
odontitis and various systemic diseases [117,
118]. Colston et al. were the first group to apply
OCT in the diagnosis of periodontal disease
[119]. They compared in vitro images of dental
and periodontal tissues from a young porcine
model and with histological sections. Feldchtein
et al. demonstrated visible but poorly differenti-
ated epithelium and lamina propria of gingival
mucosa in OCT images [120]. Baek et al. pub-
lished OCT images of periodontal ligaments dur-
ing orthodontic movement in the rat [69]. Hsieh
et al. demonstrated sub-gingival calculus in vitro,
which is important as it is a significant and often
clinically undetected pathogenetic factor of peri-
odontal disease. The refractive indices of enamel,
dentin, cementum, and calculus were measured
as 1.625 + 0.024, 1.534 + 0.029, 1.570 = 0.021,
and 2.097 = 0.094, respectively. The refractive
indices help clinicians to distinguish calculus
from normal tissues rapidly and correctly. With
the aid of OCT, early detection of periodontal
disease and monitoring of periodontal treatment
could be very helpful. Further technological
advances are required to reduce the procedure
time and promote evaluation of posterior oral
regions.

Size, Cost, Logistics, and Level
of Training

Several factors constrain the adoption of dental
OCT in clinical practice. The first issue is the
small size of the area imaged in an OCT scan.

Usually measuring just a few mm?, hundreds or
thousands of images may be necessary to image
an entire lesion. Second, the limited penetration
depth also restricts clinical utility. Choosing a
high-quality light source may be a solution, how-
ever, this will increase the cost of the OCT sys-
tem. Optical spectroscopy appears to be a
promising complementary method for periodon-
tal diagnosis. It allows for the instant capture of
spectra, does not require any consumables, and,
once the equipment is in place, it is very inexpen-
sive to operate. It also requires minimal training
to obtain reliable and reproducible data.

View to the Future

Several factors affecting the intra-oral perfor-
mance of OCT are undergoing considerable
improvements. Wavelength choice should be
optimized. Within the near-infrared window, the
center wavelength determines the maximum
depth of tissue penetration based on its scattering
and absorption properties. When the wavelength
is under 1000 nm, scattering is the main determi-
nant because of the similar size of light and par-
ticles in tissue. This phenomenon is often
analyzed by Mie scattering theory. The absorp-
tion effect increases after 1000 nm and reaches
the maximum around 1400 nm. Water in tissue
will decay the input of light energy strongly.
Therefore, different wavelengths are employed
depending on the nature of the target tissues. For
example, an OCT system with 1550 nm center
wavelength is good for hard tissue measurement
but not suitable for soft tissue imaging because
the input light will be absorbed by blood or water.
In dental applications, a 1550 nm system is suit-
able for imaging hard tissue, such as enamel,
dentin, and alveolar bone, but not ideal for muco-
sal or gingival imaging.

Target tissue composition and uniformity also
affect imaging performance. Samples with rough
surfaces or inhomogeneous composition show
lower penetration depth and image contrast due to
scattering effects. Another important factor is the
index difference between the sample and its back-
ground. Mismatches in the refractive index of the
different tissue components result in light loss
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from optical scattering. Conversely, materials
with similar refractive indices will demonstrate a
similar appearance in OCT images. For example,
retinal layers are difficult to distinguish because
their similar composition translates into lack of
contrast in OCT images. Functional OCT, includ-
ing DOCT and PS-OCT, gathers more informa-
tion in biological tissues. DOCT can inform on
blood flow velocity and inflamed tissue volume.
PS-OCT can inform on structural orientation.

For dental in vivo imaging, improved optical
probe design—including probes for 3-D imag-
ing—faster data acquisition and larger area scans
are needed. OCT can obtain images in seconds.
However, low image quality can result from
faster imaging speeds due to insufficient process-
ing time. Thus, equipment makers should opti-
mize the balance between image quality and
acquisition time. Because OCT imaging allows
early detection of many oral diseases, including
caries, periodontal disease, and oral cancer,
future OCT systems should be telemedicine-
compatible with a picture archiving and commu-
nication system (PACS). This will be helpful in
home nursing care in our aging society and in low
resource communities with limited access to den-
tal care.

Laser and ultrasonic flowmeters can be valu-
able tools for periodontal diagnosis and manage-
ment. They might be especially useful for
predicting and preventing periodontal diseases as
well as managing gingivitis and periodontitis.
However, each approach provides different infor-
mation about vascular events within a specific
volume of tissue. Therefore, it is advisable to use
them jointly to ensure accurate and detailed data
for optimizing diagnosis and management of
periodontal disease.
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Imaging Oral Biofilm and Plaque

Janet Ajdaharian and Jae Ho Baek

Abstract

Oral biofilm is a primary determinant of oral
health, yet our ability to detect, map, and char-
acterize it in vivo remains extremely limited.
Moreover, there exists an as yet unmet but
pressing need for characterizing its properties
and response to prevention and intervention
measures. Because clinical mapping of oral
biofilm has been primarily restricted to macro-
scopic plaque staining techniques combined
with naked eye visualization, additional means
of assessing and quantifying oral biofilm in
situ at high levels of resolution are currently
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under development. This chapter addresses
emerging optical imaging modalities for eval-
uating in vivo oral biofilm noninvasively.
Desirable attributes include: informing on
variables that translate into clinical decision-
making guidance to improve diagnosis, better
treatment planning and outcomes, ease and
speed of use, appropriate cost for the indicated
setting, patient-friendly probes, and reliabil-
ity. In this chapter, the principles behind opti-
cal approaches to imaging and characterizing
oral biofilm, as well as their feasibility and
applicability for imaging in situ are reviewed.
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Background

Biofilm Evaluation
using Clinical Indices

Biofilm Evaluation using
plaque staining and imaging

Treatment planning
Treatment institution

Treatment monitoring using

plaque staining and imaging

Biofilm affects all aspects of our daily lives and is
seminal in establishing, maintaining, and evalu-
ating oral health [1]. Oral biofilm is typically
referred to as dental plaque. It colonizes oral
structures rapidly, and its thickness increases
slowly with time. Although the literature reports
a wide range of values, typically its thickness
would approximate 20-30 pum after 3 days [2].
Initially, selective adsorption of salivary biopoly-
mers on the enamel surface leads to the formation

of the acquired salivary pellicle [3]. The adsorbed
layer is a dynamic biofilm that can affect interac-
tions at the interface between tooth surface and
oral cavity [3-7]. Much research has been
reported on the potential health hazards posed by
biofilm [8], and microbial biofilms are implicated
in the etiopathogenesis of many oral conditions
including caries and periodontal disease [2].
Biofilms can have undesirable effects, for exam-
ple, when they colonize medical and dental
implants, but they can also be harnessed for ben-
eficial purposes, such as when they are used for
waste treatment [9]. Oral biofilm contains a mul-
titude of factors important to oral microbial ecol-
ogy and tissue surface properties. For example,
the morphology of the oral biofilm layer appears
to affect bacterial binding to the tooth surface
[10, 11]. Because of this ambiguity and complex-
ity of oral biofilm, understanding oral biofilm
correctly is an essential process to reveal and pre-
vent oral diseases (Table 1).

The first rudimentary characterization of den-
tal plaque or biofilm was performed by van
Leeuwenhoek with a microscope in 1683 [12].
However, despite enormous technological
advances since that time, our ability to evaluate
oral plaque accurately remains very limited due
to the instability of the oral biofilm and the physi-
cal limitations on the use of microscopes within
the oral cavity. It is only the recent development
of miniaturized, multimodal high-resolution
imaging technology that has begun to permit
intra-oral analysis of oral biofilm (Table 2).

Table 1 Overview of chapter content: techniques for oral
diagnosis

Existing Available minimally | New imaging
techniques invasive methods methods
Clinical Plaque staining Optical
examination; | combined with coherence
Clinical image analysis tomography;
indices; techniques; Optical
Plaque Confocal laser coherence
staining scanning microscopy;
microscopy; Multiphoton
Atomic force Mmicroscopy;
microscopy Light sheet
fluorescence
Mmicroscopy
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Table 2 Conventional imaging approaches for oral
biofilm

Technology Advantages Disadvantages
Confocal laser Very high Limited
scanning resolution imaging depth
microscopy (1 pm) (100 pm)
(CLSM) Photo damage
to sample

Multiphoton Greater imaging | Photo damage
fluorescence depth than over threshold
Mmicroscopy CLSM
(MPM) (>100 pm)
Atomic force Ultra-high Surface
microscopy atomic level imaging only
(AFM) resolution
Light sheet Optical Samples must
fluorescence sectioning and | be mounted
microscopy high-resolution
(LSFM) imaging

Imaging depth

tolcm

Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM)
have been used widely for high-resolution imag-
ing of biofilm, and in recent years in vivo imag-
ing has become possible [13—17]. This technology
is based on a conventional optical microscope but
instead of a lamp, a laser beam is focused onto
the sample. CLSM offers several advantages over
conventional wide-field optical microscopy,
including the ability to control depth of field,
elimination or reduction of background informa-
tion away from the focal plane, and the capability
to collect serial thin optical sections (0.5-1.5 pm)
from thick specimens (ranging up to 50 pm or
more) [18]. But CLSM has limitations, such as
the limited number of excitation wavelengths
available with common lasers which occur over
very narrow bands and are expensive to produce
[19], limited speed due to point-by-point imag-
ing, the harmful nature of high-intensity laser
irradiation to living cells and tissues that can
cause photo damage [20], and the high cost of
operation [21]. Its effectiveness can be expanded
using staining techniques including fluorescence
in situ hybridization (FISH), some of which can
be used in vivo. For example, FISH techniques
combined with CLSM have been used to image
natural heterogeneous biofilm on fixed orthodon-

tic appliances [22]. Indeed, CLSM has been used
in various medical fields including dentistry, oto-
rhinolaryngology, and obstetrics [23] to evaluate
biofilm, and many attempts including spinning
disc confocal laser scanning microscopy have
been made to overcome the identified disadvan-
tages [24]. Despite these numerous efforts, natu-
ral oral biofilm in the oral cavity has not
successfully been imaged using CLSM without
staining of some sort to enhance contrast.
Typically, oral biofilm studies using CLSM have
been performed in vitro or using a variety of bio-
film growth media including discs in the oral cav-
ity [25-27]. In vitro oral biofilm models tend to
involve limited numbers of species, and they are
created under artificial conditions that still cannot
adequately reflect the physiological situation in
the mouth [28-30].

Two Photon and Multiphoton
Microscopy

First described in 1990 by Winfried Denk and
James Strickler [31, 32], multiphoton (two or
three photon) microscopy was developed to over-
come some of the seminal disadvantages of con-
ventional CLSM. This fluorescence imaging
technique uses near-infrared excitation light to
elicit fluorescence in selective tissue components
or materials. It can also excite fluorescent dyes in
tissue explants and in tissue or animal models
[33]. Multiphoton fluorescence microscopy
(MPM) also has been used to image oral biofilm
and calculus [34, 35], whose microstructure it
reveals very effectively (Figs. 1 and 2). However,
similar to CSLM, although to a somewhat lesser
degree, above certain intensities MPM can lead
to impaired cellular reproduction, formation of
giant cells, oxidative stress, and apoptosis-like
cell death [36, 37].

Atomic Force Microscopy
Also known as scanning probe microscopy

(SPM), atomic force microscopy was introduced
by Binnig et al. in 1986 [38]. Using this technol-
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Pellicle

l

SEUVE

Fig. 1 Progressive growth and development of pellicle
(white arrows) on the same tooth sample. Top view of
3D-reconstructed MPM images at progressive saliva incu-
bation time points. (a) 10-min incubation. (b) 30-min
incubation. (¢) 60-min incubation. Blue signal originates

ogy, researchers were able to establish that the
dental pellicle is a stiff, viscoelastic solid with a
dense undulating morphology [39]. In addition to
providing microstructural information, AFM can
also analyze the electronic properties of a sample
surface at an atomic resolution level [40]. Using
this technology, the nanoscale morphology of
bacteria within biofilms can be elucidated [41].
For example, S. mutans within a biofilm was

60 mins

l

from tooth and saliva, pink and red signals from salivary
pellicle. Over time, the number and diameter of pellicle
islands gradually increase. (d) 24-h incubation. Thick
layer of biofilm covers the pellicle. (Figure Courtesy
PW.S)

characterized at a nanoscale level of resolution
[42]. Moreover, associated nano-indentation
techniques uniquely permit the detection and
characterization of salivary pellicle [43]. While
CLSM is useful for identifying specific proteins
subsequent to labelling with markers or antibod-
ies, AFM can be used to image unstained macro-
molecular structures in fixed and living cells [44].
However, because AFM images are obtained by
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Pellicle

/

Pellicle

Pellicle

Fig.2 MPM images showing pellicle growth and devel-
opment over time (white arrow). (a) Tooth incubated in
saliva for 30 min. Top view of 3D-reconstructed images.
(b) Optically sectioned lateral view of (a). Coarse layers
and voids in the pellicle layer are clearly visible. (¢) Same

measuring forces on a sharp tip that are created
by its proximity to the sample surface [38, 45],
this technology can only image the cell mem-
brane surfaces of biological samples and cannot
directly visualize the interior of the cell [38, 45].

/

Pellicle

20 pm

tooth incubated in saliva for 120 min. Increased thickness
of pellicle layer is visible. (d) Inner structure of pellicle
layer is more dense and compact than at earlier time point.
(Figure Courtesy P.W.S)

Light Sheet Fluorescence Microscopy

Light sheet fluorescence microscopy (LSFM)
also called selective plane illumination micros-
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copy (SPIM) or ultramicroscopy is a fluorescent
light microscope imaging technique which is
differentiated from CLSM in that it does not
require a spatial pinhole to eliminate out of focus
light. It was first described by Henry Siedentopf
and Richard Adolf Zsigmondy in 1903, who
were awarded the Nobel Prize for this work in
1925 [46]. LSFM functions as a combined non-
destructive microtome and microscope that uses
a plane of light to optically section and view
samples with subcellular resolution. This tech-
nique is well suited for imaging deep within
transparent structures such as biofilm or entire
organisms, and because samples are exposed to
only a thin plane of light, specimen photobleach-
ing and phototoxicity are minimized compared
to wide-field fluorescence, confocal, or multi-
photon microscopy. Three-dimensional imaging
is possible using LSFM [47]. Compared with
confocal and two-photon microscopy, LSFM is
able to image samples up to a thickness of 1 cm
[37]. Despite its many advantages, LSFM appli-
cations to oral biofilm imaging and the oral cav-
ity in general are still lacking, primarily because
samples must be mounted prior to imaging. A
common method of LSFM sample preparation is
sample embedding in an agarose cylinder [47],
which is clearly not suitable for biofilm
imaging.

Need for New Technology

The greatest disadvantage of many of the afore-
mentioned imaging devices is that they cannot be
applied directly in the oral cavity. Biofilm within
its oral environment is complex and dynamic.
From the moment that it is extracted from the
oral cavity, its properties change. Even within the
oral biofilm itself, the bacteria are not uniformly
distributed. Microcolonies aggregate in various
shapes and size. It is for this reason that research-
ers have turned to techniques such as liquid
chromatography-mass spectrometry to analyze

Table 3 The required elements for imaging oral biofilm
in situ

Direct application to the oral cavity

No physical or chemical preparation of the biofilm
required

None or minimal effects on bacteria and cells

Standardized images available for purposes of
quantification and comparison

the proteome of salivary pellicle proteins for
mapping bacterial presence and properties [1].
This allows the identification of various organ-
isms such as  Actinomyces  naeslundii,
Steprococcus  oralis, Streptococcus mutans,
Fusobacterium nucleatum, Veillonella dispar,
Candida albicans in the salivary pellicle [48].
The bacterial species diversity in the oral cavity
indicate is estimated at approximately 500 spe-
cies [49] (Table 3).

Optical Coherence Tomography

Optical coherence tomography (OCT) is a high-
resolution optical technique that permits mini-
mally invasive imaging of near-surface
abnormalities in complex tissue. OCT combines
principles similar to those of ultrasonic imaging.
Whereas ultrasound produces images from back-
scattered sound “echoes,” OCT uses infrared
light waves that reflect off the internal micro-
structure within the biological tissues. Cross-
sectional images of tissues are constructed in
real time, at near-histologic resolution. This per-
mits in vivo noninvasive imaging of the macro-
scopic characteristics of surface and subsurface
tissues. Two-dimensional images may be com-
bined to generate 3D images that can be sec-
tional and manipulated in many ways. In vivo
OCT images are acquired in seconds or less
using a handheld probe; therefore, they can be
used in the clinical setting [26]. Higher resolu-
tion in vivo OCT imaging is possible by using
optical coherence microscopy (OCM) [50, 51].
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Dentinal
tubule,

Fig.3 Low- and high-resolution OCM images using flu-
orescein stain showing the pellicle after 120-min incuba-
tion in saliva. (a) Top view of 3D-reconstructed image.
The fluorescein is seen as a pink stain at the saliva/tooth
interface (arrows). (b) Optically sectioned lateral view of

inner structure of

Surface of dental plaque

dental plaque

Fig. 4 High-resolution in vivo OCT image showing a
vertical optical section of human subgingival dental
plaque on the dentin surface of the tooth root. As well as
mapping high-resolution image of outer surface of dental
plaque, the inner structure, and interface between dentin
and dental plaque (the base of plaque) are also distin-
guishable. (Figure Courtesy J.H.B)
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3D-reconstructed image showing pellicle presence and
structure in pink. The white circle indicates an area where
the attachment between the pellicle and the underlying
tooth is evident. (Figure Courtesy P.W.S)

OCT or OCM can be combined with in vivo
multiphoton microscopy (MPM), generating
high-resolution imaging of specific tissue com-
ponents and fluorescence using many wave-
lengths of light [52]. Using combined OCT and
OCM, noninvasive imaging of physiological,
pathological, and preventive processes becomes
possible (Fig. 3). Thus, OCT is well suited for
in vivo oral biofilm imaging, overcoming many
of the limitations of conventional plaque imag-
ing tools. Figure 4 shows an OCT image of
undisturbed dental plaque on an extracted human
molar (Fig. 4). The salivary pellicle can also be
imaged effectively (Fig. 5).
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a

Pellicle Pellicle

Fig. 5 (a, b) OCT images of dentinal surface and the
overlying tooth pellicle and cross-sectional images of
dentinal tubules (d). (¢) MPM gray scale image showing
outer (a) and inner (b) pellicle layers; (d, e) MPM fluores-
cence images showing pellicle and bacterial clusters (bc);
(f) MPM gray scale image of tooth after rinsing with a

Practical Considerations

Biofilm formation requires the firm attachment of
salivary glycoproteins or salivary pellicle to the
tooth surface. This salivary pellicle forms imme-
diately after tooth brushing [53], and it provides
the basis for subsequent development of dental
plaque. The ability to image oral biofilm is crucial
for analyzing the effects of various preventive and
interventional approaches to biofilm control [54].
However, quantitative biofilm imaging is chal-
lenging due to the complex, heterogeneous,
dynamic properties of biofilms [55]. Oral bacteria
in plaque do not exist as independent entities but
function as a coordinated, spatially organized and
fully metabolically integrated microbial commu-
nity, the properties of which differ considerably
from the sum of the component species [56].

commercial mouth rinse containing 21.6% alcohol. The
pellicle remains unchanged. (g, h) OCT images before (g)
and after (h) wiping the tooth with 99% isopropyl rubbing
alcohol for 1 min. Very little pellicle remains afterwards
(h). (Figure Courtesy J.H.B)

Thus, multimodality techniques that combine tra-
ditional approaches (such as bioassays) with inno-
vative imaging capabilities can provide the
multi-factorial information to map out the com-
plex properties of biofilm structures [57].
Another important factor for ensuring the rel-
evance of intra-oral imaging is image co-
localization, or the ability to image consecutively
at exactly the same location in the mouth over
time. This can be accomplished through various
imaging jigs or probe holders tailored to specific
site and use (Figs. 6 and 7). Using such devices,
biofilm can be quantified at specific time points,
locations, or to evaluate specific preventive or
interventional approaches relevant to biofilm-
related conditions including dental caries, peri-
odontal diseases, and peri-implantitis (Fig. 8).
Figure 9 shows the ability of standardized,
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Probe holder

Probe
Teeth
Fig. 6 Prototype intra-oral imaging probe holder. The

probe location is accurately controlled by its placement
through a slot within the probe body. The custom-

Fig. 7 Prototype extra-oral imaging probe holder. To
ensure reproducible re-imaging at exactly the same loca-
tion during multiple imaging events and to minimize
movement artifacts, a multi-joint imaging probe holder
for OCT imaging was fabricated. In the future, this multi-
joints holder can be replaced with a robotic arm for auto-
matic programmed imaging localization (Figure Courtesy
J.H.B.)

Iﬁdentation for teeth

fabricated probe body is reproducibly fixated through a
custom groove fitting onto an adjacent tooth (Figure
Courtesy J.H.B.)

co-localized OCM and MPM imaging techniques
to map and quantify the effects of various anti-
plaque agents [58, 59]. In vivo imaging resolu-
tion and selectivity can be further enhanced by
the use of advanced dyes and nanoparticles. A
preliminary study demonstrated the successful
use of 15 nm and 18 nm diameter gold nanopar-
ticles to visualize early pellicle development after
tooth cleaning (Fig. 10).
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Fig.8 In vivo, in situ
OCT images of human
dental calculus on the
lingual surface of the
lower anterior incisors.
(a—c) 3D-reconstructed
OCT images. (d) 2 D
raw image prepared by
optical sectioning of a
3D image (Figure
Courtesy J.H.B.)

Saliva

Fig.9 Lateral 3D OCM image with superimposed MPM  mouthwash (purple), and saliva ((dark) brown) are all vis-
image of a tooth after rinsing with mouthwash (Listerine®).  ible (Figure Courtesy J.H.B.)
The tooth surface (green), overlying pellicle (red), film of
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Fig. 10 Multimodality
images showing use of
gold nanoparticles for
imaging the salivary
pellicle. An extracted
tooth was incubated in
saliva mixed with 15 nm
diameter gold
nanoparticles and
fluorescein for 120 min.
(a) OCM image; (b)
MPM image; (c)
Combined OCM and
MPM image. Zone a;
Saliva. Gold
nanoparticle (arrow) and
fluorescein are present
in this zone. Zone b;
Pellicle. Fewer gold
nanoparticles and strong
fluorescein signal
(arrow) are visible. Zone
¢; Outer dentin surface.
Gold nanoparticles are
unable to penetrate, but
there is a strong
fluorescein signal that
permits visual
differentiation between
saliva, pellicle, and
dentin (Figure Courtesy
J.H.B.)

Gold nano-parti;:le

Fluorescein

Conclusion

Mapping and quantifying oral biofilm in its
natural environment remains challenging.
Recent advances in imaging technologies such
as OCT and MPM including multiple reference
optical coherence tomography (MR-OCT) [59]
are rapidly expanding our abilities to charac-
terize and monitor oral biofilm within its natu-
ral environment. Applying cutting edge
artificial intelligence machine learning tech-
niques to such imaging data will enhance its
value and relevance to improving oral health
and understanding the complex role that oral
biofilm plays in it.

Pellicle

Dentinal tubule
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Abstract

Because the clinical appearance of oral mucosal
lesions is not an adequate indicator of their diag-
nosis, status or risk level, additional means of
assessing these lesions are needed to ensure
accurate and early detection, diagnosis, treat-
ment planning, and execution, as well as moni-
toring. Early diagnosis is the most important
determinant of oral cancer outcomes, yet the
majority of oral cancers are detected late, when
outcomes are poor. This chapter addresses
emerging optical imaging modalities for evalu-
ating oral soft tissue conditions such as dyspla-
sia and malignancy. Desirable attributes include:
providing clinical decision-making guidance to
improve outcomes, ease and speed of use,
appropriate cost for the indicated setting, safety
(absence of ionizing radiation), patient-friendly
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probes, and reliability. In this chapter, the prin-
ciples behind optical diagnostic approaches,
their feasibility and applicability for imaging
oral tissues, and their potential usefulness as a
tool in the diagnosis of oral cancer and poten-
tially premalignant lesions are reviewed.

Background

Worldwide, 650,000 incident cases and 223,000
deaths from oral and oropharyngeal cancer (OC)
are reported each year [1, 2]. In the USA, 54,000
OC cases and 13,500 deaths occur annually [3].
HPV-associated OCs are increasing at an alarm-
ing rate, and up to 70% of oropharyngeal cancers
are HPV-associated [4] (Table 1).

The mean 5-year survival rate in the USA for
OC approximates 50% and has not improved over
decades despite significant advances in treatment
[3]. Additionally, 1-10% of the US population
manifests oral potentially premalignant lesions
(OPMLs) [5, 6] with a risk of malignant transfor-
mation of up to 35% [7-9]. The poor survival rate
for OC is mainly due to late diagnosis [10], as the
largest single variable affecting survival is the can-
cer’s stage at diagnosis [3, 11-14]. Since more than
two-thirds of OC lesions are detected late, treat-
ment outcomes and prognoses are poor [3, 15].

Oral carcinogenesis is typically a multi-step
process wherein the mucosa progresses through a
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Table 1 Overview of chapter content: techniques for oral diagnosis

Existing Available minimally invasive

techniques methods New imaging methods View into the future
Clinical Autofluorescence Optical coherence High-resolution fiberoptic
examination Chemiluminescence tomography microendoscopy

Risk assessment Smartphone-based

Toluidine blue autofluorescence

stain

Surgical biopsy

Histopathology

series of OPMLs before becoming invasive
OC. OPMLs require regular monitoring to iden-
tify any increase in OC risk because of our inabil-
ity to predict malignant change in individuals
[16]. Yet compliance with monitoring is typically
poor [17]. Thus, there clearly exists an urgent and
widespread unmet need for alternate approaches
to surveillance in persons with OPMLs [3, 15].
Survival and quality of life of high-risk indi-
viduals are dependent on our ability to detect and
monitor early-stage OCs and OPMLs. The 5-year
survival rate for those with localized OC at diag-
nosis approximates 80% [14]. It drops to 20% if
cancer has spread at diagnosis [14]. Marginalized
at-risk populations commonly lack access to
health care and have low health literacy, as well
as poor adherence to referral and follow-up, so
that they carry an increased risk of late detection
and treatment leading to poor outcomes [18-20].
A wide range of assistive imaging-based
approaches to detecting and diagnosing oral poten-
tial premalignancy and malignancy are under
investigation. Some of these have been available
for many years, and there is a considerable amount
of information available with regard to their
strengths and weaknesses. Others are very new,
and their effectiveness is still under investigation.
For the purposes of organization, this chapter has
been divided into the following topic groupings:
Fluorescence  and  Spectroscopy, Induced
Fluorescence, =~ Chemiluminescence,  Optical
Coherence Tomography, and View to the Future.

Fluorescence and Spectroscopy
A number of methods based on the principles of

tissue fluorescence have been described for use in
the oral cavity, including exogenous fluores-

cence, autofluorescence spectroscopy, and auto-
fluorescence imaging.

Tissue autofluorescence has been applied for
screening and diagnosis of pre-cancer and early
cancer of the lung, uterine cervix, skin and, more
recently, of the oral cavity. It is a phenomenon
whereby an extrinsic light source is used to excite
endogenous fluorophores such as certain amino
acids, metabolic products, and structural pro-
teins. Spectroscopy or autofluorescence imaging
can provide information about these altered light
interaction properties.

During the disease process, the altered cel-
lular structure (e.g., hyperkeratosis, hyperchro-
matin, and increased cellular/nuclear
pleomorphism) and/or metabolism affect tissue
interaction with light. Within the oral mucosa,
the most relevant fluorophores are nicotinamide
adenine dinucleotide (NADH) and flavin ade-
nine dinucleotide (FAD) in the epithelium, and
collagen cross-links in the stroma. These fluo-
rophores absorb photons from the exogenous
light source, resulting in the emission of lower
energy photons which present clinically as fluo-
rescence [21]. Each fluorophore is associated
with specific excitation and emission wave-
lengths. Irradiation of healthy oral mucosa at
wavelengths between 375 and 440 nm elicits a
pale green autofluorescence when viewed
through a selective, narrowband filter. Proper
light filtration is crucial to exclude the intense
excitation light and permit visualization of the
considerably less intense and narrow autofluo-
rescence signal. Dysplastic and malignant oral
tissues produce a considerably weaker green
autofluorescence signal due to fluorophore dis-
ruption, resulting in a darker appearance com-
pared to the surrounding healthy tissue [22]

(Fig. 1).
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Fig.1 (a, b) Clinical (LHS) and autofluorescence (RHS)
images of healthy (a) and dysplastic (b) mucosa. The
healthy mucosa shows a strong, uniform green autofluo-

In the last decade, several forms of autofluo-
rescence technology have been developed for
inspection of the oral mucosa.

The VELscope™ System

VELscope™ utilizes blue light excitation
between 400 and 460 nm wavelength to enhance
visibility of oral mucosal abnormalities by direct
tissue autofluorescence. At these excitation wave-
lengths, normal oral mucosa is associated with a
pale green fluorescence when viewed through a
filter, whereas abnormal tissue is associated with
a loss of autofluorescence and appears dark.
Neoplastic tissues are expected to cause fluores-
cent visualization loss and thus appear as a dark
area [23]. A wide range of studies have investi-
gated the effectiveness of the VELscope™ sys-
tem as an adjunct to visual examination in the
detection of OSCC and OPMD. These studies
were mainly cross-sectional and were carried out
in clinics of countries such as the UK [24],
Canada [25], Germany [26-28], Italy [21], the
USA [29, 30], Poland [31], and India [32]. These
clinical studies demonstrated sensitivities for
detecting malignancy and OPMD ranging from
22 to 100%, and specificities ranging from 16 to
100%. Most studies concluded that VELscope™
can be useful in aiding detection of oral precursor
malignant lesions [28, 30, 33]. Using histology as
the comparative gold standard, VELscope™

rescence signal, whereas areas of dysplasia appear dark.
(Courtesy PW.S.)

demonstrated high sensitivity and specificity in
identifying areas of dysplasia and malignancy
that extended beyond the clinically evident
tumors [23, 34-37].

Several studies have additionally investigated
the effectiveness of the VELscope™ system as an
adjunct to visual examination for (1) improving the
distinction between normal and abnormal tissues
(both benign and malignant changes), (2) differen-
tiating between benign and dysplastic/malignant
changes, and (3) identifying dysplastic/malignant
lesions that are visible to the naked eye under white
light. Whether it can distinguish between dysplasia
and benign inflammatory lesions is questioned.
Benign inflammatory conditions can result in an
increased blood supply to a lesion. The increased
hemoglobin content (chromophores) may absorb
light and cause fluorescence visualization loss
mimicking neoplasia [29, 30].

Clinical Usage [38]

Prior to utilizing the VELscope™ system, clini-
cians should conduct a thorough extra-oral and
intra-oral examination both visually and manually,
palpating all the structures of the head and neck.
Then, the intra-oral examination should be
repeated by viewing the oral cavity through the
VELscope™ handpiece while maintaining a dis-
tance of approximately 5 cm from the oral tissues
to optimize autofluorescence visualization (Fig. 2).
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Fig.2 VELscope system in use. (Courtesy T.T.)

Abnormal tissue will typically appears as an irreg-
ular, dark area that stands out against the green
fluorescence pattern of the surrounding healthy
tissue. Any area with a suspicious appearance
should be reevaluated under white light to identify
what might have caused the region to appear
abnormal. Indicators of heightened risk may
include: a strong loss of fluorescence signal,
reduced autofluorescence in a high-risk location
(e.g., lateral/ventral tongue), unilateral, asymmet-
rical, or irregular shaped presentation, as well as
lesion extension over more than one kind of oral
structure. Confounding factors may include the
following: Inflammation typically appears darker,
and this is commonly seen in the buccal mucosa,
lateral surfaces of the tongue and hard palate;
hyperkeratosis may appear bright.

The Identafi™ System

This device combines autofluorescence and
reflectance imaging to provide enhanced visibil-
ity of mucosal pathologies such as oral cancer or
premalignant dysplasia, as well as microstruc-
tural and vascular changes that may not be appar-
ent to the naked eye. The Identafi™ is
multi-spectral with three excitation wavelengths,
white, 405 nm violet, and green-amber, with the
goal of combining multiple optical markers to
enhance the clinician’s ability to characterize
lesion presence, morphology, and vasculature.
Studies indicate abnormal tissue has a diffuse
vasculature, whereas normal tissue’s vasculature
is more clearly defined [39]. Visually differentiat-
ing between normal and abnormal vasculature

may aid with selecting biopsy sites and margins.
Advantages of this device include its lightness,
portability, robustness, and simplicity of opera-
tion, as well as its easy accessibility to all areas of
the oral cavity. In one study researchers demon-
strated a sensitivity of 82% and a specificity of
87% in differentiating between neoplastic and
non-neoplastic oral conditions [40]. Another
study reported sensitivity and specificity of 100%
and 91%, respectively, for discriminating
between dysplasia and malignancy [41]. Finally,
Roblyer et al. [42] reported 96—-100% sensitivity
and 91-96% specificity for differentiating
between normal oral mucosa and dysplasia or
malignancy. Results appear to vary between sam-
pling depths, and keratinized vs. non-keratinized
tissues [43]. Further investigations are needed to
evaluate the clinical utility and effect on OC out-
comes of this device.

Clinical Usage

The Identafi™ is a battery operated, handheld
multi-spectral oral examination light. Accessories
include filtered eyewear and disposable mirrors.
Prior to utilizing the system, clinicians should
conduct a thorough extra-oral and intra-oral
examination both visually and manually, palpat-
ing all the structures of the head and neck. Then,
the intra-oral examination should be repeated by
viewing the oral cavity with the Identafi™ hand-
piece and disposable dental mirror (Fig. 3). The

Fig.3 Indentafi system in use. (Courtesy T.T.)
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clinician wears rose colored glasses to examine
the oral cavity under all three lights. These
glasses filter out the strong excitation light so that
tissue autofluorescence and reflectance can be
visualized well. Strong white light is used for the
initial exam to facilitate detection of any surface
changes in the mucosa. Under white light, a
lesion may appear raised or thickened and either
white or red. Next, the violet light is activated.
Dysplastic and malignant tissues appear darker
than healthy mucosa because of their loss of fluo-
rescence. Finally, the selector is switched to
green-amber light, which enhances normal tis-
sue’s reflectance properties so the clinician may
more clearly observe lesion margins and the dif-
ference between normal and abnormal tissue’s
vasculature. The green-amber light enhances
optical contrast between vasculature and sur-
rounding tissue facilitating visual differentiation
between normal and abnormal vasculature.
Confounding factors may include fluorescence
from certain microorganisms, mold and fungi as
well as inflammation.

The Microlux/DL’ System

This device consists of a reusable, battery-
powered light-emitting diode (LED) light source
that provides a blue-white (440 nm range) illumi-
nation as an aid to improve the visualization of
oral lesions. Light scattering is primarily caused
by cell nuclei and organelles in the epithelium
and stroma, as well as collagen fibers and cross-
links in stroma. Neoplastic tissues exhibit signifi-
cant changes in their physiological and
morphological characteristics that can affect light
scattering. During dysplasia and carcinogenesis,
epithelial scattering has been shown to increase
due to increased nuclear size, increased DNA
content, and hyperchromasia [24, 43-45].
Moreover, after rinsing with a 1% acetic acid
solution, wide angle side scattering from both the
nucleus and the cytoplasm increases [46].
Nuclear protein precipitation is considered to be
one of the primary causes of acetowhitening.
After rinsing with a mild acetic acid solution,
abnormal squamous epithelium appears dis-
tinctly white (acetowhite) when viewed under
diffuse blue-white light such as that from the
Microlux/DL® light guide.

Fig.4 Microlux system in use. (Courtesy Microlux; per-
mission obtained by T.T.)

Clinical Usage

Clinicians should first conduct a thorough extra-
oral and intra-oral examination both visually and
manually, palpating all the structures of the head
and neck. Next, the patient should rinse with 1%
acetic acid solution. After lowering the room
light, the Microlux DL tip is placed in the mouth,
and the oral cavity inspected with a conventional
dental probe to identify any acetowhitened or
leukoplakic lesions (Fig. 4).

Chemiluminescence

It was almost 1000 years ago that natural lumines-
cence in living organisms was first reported in
Chinese literature, the best-known examples being
emission of light from fireflies and glow-worms.
The German physician, Henning Brand, discov-
ered phosphorus in 1669, and he based his first
report of artificial luminescence (chemilumines-
cence) on this discovery. Such light emission is the
result of relaxation of an excited molecule back to
its ground state. The various types of lumines-
cence differ in the source of energy to obtain the
excited state: in chemiluminescence, the energy is
produced by a chemical reaction which results in
the emission of light in a wide range of colors,
degrees of intensity and duration [47].
Chemiluminescence has been employed in the
field of obstetrics and gynecology for many years
as an adjunct for the early detection of cervical
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cancer and pre-cancer. The technique involves
inspection of the cervix following the application
of 5% acetic acid with chemiluminescent light.
This technique has been translated to oral oncol-
ogy for the detection of oral pre-cancer and
cancer.

The ViziLite’ and VizilLite Plus’ Systems
Both systems use a disposable chemiluminescent
light packet to provide blue-white (440 nm range)
illumination within the oral cavity. Under the
blue-white illumination, abnormal squamous epi-
thelium is reported to appear distinctly white
(acetowhite). The ViziLite Plus® system addition-
ally provides a toluidine blue solution which is
intended to mark an acetowhite lesion for subse-
quent biopsy.

Numerous studies with a wide range of out-
comes have investigated the efficacy of ViziLite®
in oral pre-cancer and cancer detection [32, 48—
58]. Several studies concluded that a chemilumi-
nescent exam using ViziLite® helps to enhance
the evaluation of lesion texture and size in com-
parison with regular incandescent light [53, 59—
61]. Indeed, ViziLite® is generally considered to
be effective in detecting lesions that are not seen
by standard visual examination [32, 49, 55-58].
However, a few studies have reported that no
additional lesions were detected or diagnoses
made during the use of ViziLite® [50, 52, 55-57].
Several investigators report high diagnostic sen-
sitivity (100%) but low specificity (0—14%) and
PPV (18-80%) vs. the gold standard, histopatho-
logical diagnosis.

Clinical Usage

The ViziLite® and ViziLite Plus® kits are both
single use products that include a light-emitting
capsule, a 1% acetic acid solution, and a retrac-
tor. The ViziLite Plus® kit additionally contains
1% tolonium chloride for marking acetowhite
lesions and a decolorizing rinse. The light-
emitting capsule is activated when it is flexed,
causing the inner fragile glass vial to break so
that the chemicals in the outer and inner compart-
ments react to produce bluish-white light a wave-
length of 430-580 nm. The light lasts for
approximately 10 min. After a thorough extra-

oral and intra-oral examination, the 1% acetic
acid solution is applied, room lights are dimmed
and the oral cavity re-inspected using the chemi-
luminescent stick for illumination. While normal
epithelium appears blue, the altered epithelium
appears acetowhite. If the ViziLite Plus® kit is
being used, the subject then rinses the mouth
with 10 mL of 1% tolonium choride and expecto-
rates after 1 min followed by a 20 s rinse with
10 mL of 1% acetic acid before final expectora-
tion. The tolonium chloride produces a deep blue
color that aids in the easy visualization and delin-
eation of the chemiluminescent positive area.

Photosensitizers

This technique encompasses the use of external
fluorophores such as porphyrins or their precur-
sors to achieve selective localization and fluores-
cence in areas of pathology [59, 60].
Photosensitizers can be administered topically
or systemically. After a delay that permits the
fluorophore to reach an adequate concentration
in the area of interest, the selective fluorescence
in the diseased tissues is imaged and quantified
(Fig. 5). Both the timing and the intensity of the
photosensitizer-induced fluorescence inform on
the level of pathology within a lesion (Fig. 5).
Many photosensitizing agents have been stud-
ied; however, FDA approval for photosensitizing
drugs remains limited. Some promising agents
for photodetection include aminolevulinic acid
(ALA) (Levulan®), hexyl aminolevulinate
(Hexvix®), methyl aminolevulinate (MetvixR),
tetra(meta-hydroxyphenyl)chlorin  (mTHPC®),
as well as porfimer sodium (Photofrin®) [61-65].
In a blinded clinical study of 20 patients with
oral neoplasms, diagnostic sensitivity using
unaided visual fluorescence diagnosis or fluores-
cence  microscopy  approximated  93%.
Diagnostic specificity was 95% for visual diag-
nosis with the naked eye, improving to 97%
using fluorescence microscopy [62]. Depending
on the photosensitizer and its mode of applica-
tion (systemic vs. topical), limitations include
systemic photosensitization over prolonged peri-
ods of time, penetration-related issues, the need
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Fig. 5 LHS: Dysplastic lesion of the tongue showing
weak red fluorescence 3 h after topical application of the
photosensitizer precursor 5-aminolevulinic acid RHS:
Squamous cell carcinoma of the tongue showing strong,

for specialized fluorescence detection and map-
ping equipment, and lack of specificity when
inflammation or scar tissues are present. A recent
study using epidermal targeted fluorescent
agents by topical applications to oral mucosal
lesions combined with in vivo imaging showed
encouraging results with regard to lesion detec-
tion, margin delineation, and as an adjunct guid-
ing tool for biopsy [66].

Due to practical considerations, and because
photosensitizers are generally not FDA-cleared
for oral diagnosis, photodynamic detection is
unlikely to be applied as a screening aid in dental
practice in the USA despite the considerable
promise shown by this approach.

Optical Coherence Tomography

Optical coherence tomography (OCT) was first
introduced as an imaging technique in biological
systems in 1991 [67]. The noninvasive nature of
this imaging modality coupled with (1) a penetra-
tion depth of 1-3 mm, (2) high-resolution
(1-15 pm), real-time image viewing, and (3)
capability for cross-sectional as well as 3-D
tomographic images, provide excellent prerequi-
sites for in vivo oral screening and diagnosis.
OCT has most often been compared to ultra-
sound imaging. Both technologies employ back-
scattered signals reflected from different layers
within the tissue to reconstruct structural images,

extensive multi-local red fluorescence 3 h after topical

application ~ of  the  photosensitizer
5-aminolevulinic acid. (Courtesy P.W.S.)

precursor

with the latter measuring sound rather than light.
The resulting OCT image is a two-dimensional
representation of the optical reflection within a
tissue sample. Cross-sectional images of tissues
are constructed in real time, at near-histologic
resolution (approximately 1-15 pm with current
technology). These images can be stacked to gen-
erate 3-D reconstructions of the target tissue.
This permits in vivo noninvasive imaging of epi-
thelial and subepithelial structures, including: (1)
depth and thickness, (2) histopathological
appearance, and (3) peripheral margins of the
lesions. Contrast in OCT images is primarily
attributed to differences in light absorption and
scattering by the tissues.

Several OCT systems have received FDA
approval for clinical use, and OCT is deemed by
many as an essential imaging modality in oph-
thalmology. In vivo image acquisition is facili-
tated through the use of a flexible fiberoptic OCT
probe. The probe is simply placed on the surface
of the tissue to generate real-time, immediate
surface and sub-surface images of tissue micro-
anatomy and cellular structure, while avoiding
the discomfort, delay, and expense of biopsies
(Fig. 6).

Several studies have sought to investigate the
diagnostic utility of in vivo OCT to detect and
diagnose oral premalignancy and malignancy
[68, 69]. In a blinded study involving 50 patients
with suspicious lesions including oral leukopla-
kia or erythroplakia, the effectiveness of OCT
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was evaluated for detecting oral dysplasia and
malignancy [69]. OCT images of dysplastic
lesions revealed visible epithelial thickening, loss
of epithelial stratification, and epithelial down-
growth (Fig. 7). Areas of oral squamous cell car-
cinoma of the buccal mucosa were identified in
the OCT images by the absence or disruption of
the basement membrane, an epithelial layer that
was highly variable in thickness, with areas of
erosion and extensive epithelial down-growth
and invasion into the subepithelial layers (Fig. 7).
Statistical analysis of the data gathered in this
study substantiated the ability of in vivo OCT to
detect and diagnose oral premalignancy and
malignancy in the oral cavity, with excellent
diagnostic accuracy. For detecting carcinoma in
situ or squamous cell carcinoma (SCC) vs. non-
cancer, sensitivity and specificity were both 93%;
for detecting SCC vs. all other pathologies, sensi-
tivity was 93% and specificity 97%.

In another study of 97 patients using OCT
imaging to detect neoplasia in the oral cavity

Fig. 6 OCT system. (Courtesy Santec; permission
obtained P.W.S.)

[70], the results revealed that the main diagnostic
criterion for high-grade dysplasia/carcinoma in
situ was the lack of a layered structural pattern.
Diagnosis based on this criterion for dysplastic/
malignant versus benign/reactive conditions
achieved a sensitivity of 83% and specificity of
98% with an inter-observer agreement value of
0.76. This study concluded that OCT, with high
sensitivity and specificity combined with good
inter-observer agreement, is a promising imaging
modality for noninvasive evaluation of tissue
sites suspicious for high-grade dysplasia or can-
cer. Several other studies reported similar levels
of sensitivity and specificity for differentiating
between healthy, dysplastic, and malignant oral
mucosa. Typical sensitivities and specificities
ranged between 80-90% and 85-98%, respec-
tively [71-73].

Other studies have utilized direct analysis of
OCT scan profiles, rather than image-based crite-
ria, as a means of delineating the site and margins
of oral cancer lesions [70]. Using numerical
parameters from A-scan profiles as diagnostic
criteria, the decay constant in the exponential fit-
ting of the OCT signal intensity along the tissue
depth decreased as the A-scan point moved later-
ally across the margin of a lesion. Additionally,
the standard deviation of the OCT signal inten-
sity fluctuation increased significantly across the
transition region between the normal and abnor-
mal portions. The authors concluded that such
parameters may well be useful for detecting and
mapping the margins of oral cancer lesions. Such
a capability has huge clinical significance because
of the need to better define excisional margins
during surgical removal of oral pre-malignant
and malignant lesions.

Fig. 7 OCT images of the oral mucosa. (a) healthy
mucosa; (b) dysplastic mucosa; and (¢) squamous cell

carcinoma. BM-basement membrane; KE-keratinized

epithelial surface. Note that (c¢) shows breakdown of base-
ment membrane and surface keratinized layer of the epi-
thelium. (Courtesy P.W.S.)



Oral Cancer

107

Fig.8 Low-cost OCT system. (a) Imaging system. (b) Imaging probe. (Courtesy E.A. Heidari; reprinted with permis-

sion obtained by PW.S.)

Several groups have applied innovative engi-
neering techniques to reduce the cost of OCT tech-
nology and improve its affordability for dental
clinicians and non-specialists. For example, a
recent study in remote underserved villages in
India utilized a prototype OCT system (Fig. 8) that
was constructed at 10% of the cost of typical exist-
ing commercial systems [74—76]. The investiga-
tors also developed and tested an automated
diagnostic algorithm which was directly linked to
an image processing App. The automated cancer
screening platform differentiated between healthy
vs. dysplastic vs. malignant tissues with a sensitiv-
ity of 87% and a specificity of 83% vs. the histo-
pathological gold standard [74-76].

View to the Future

It is our opinion that the face of clinical instru-
mentation is changing rapidly. Smartphones and
connectivity are becoming available worldwide,
providing the opportunity to access remote and
underserved patients and collect information
with regard to high-risk behaviors, as well as
signs and symptoms.

Smartphone-Based Autofluorescence
Probe

White light images are readily available through
inbuilt camera optics; fluorescence imaging is pro-
vided by means of a simple smartphone snap-on,
plug-in, or Bluetooth-linked device. An ongoing
study in India has demonstrated excellent oral

Fig. 9 Smartphone snap-on oral cancer probe. (Courtesy
PW.S.)

cancer screening and management performance
by such a device, linked to remote specialist access
and equipped with a cloud-based triage algorithm.
Inbuilt calendaring options allow for routinized
monitoring and surveillance [77, 78]. Figure 9
shows the second-generation prototype which was
one of the device configurations investigated in
these studies and provided diagnostic sensitivities
and specificities approximating 92-95% to distin-
guish between healthy vs. dysplastic and malig-
nant oral mucosa[77, 78]. Currently, convolutional
neural networks are being trained to add artificial
intelligence-enabled discriminatory capabilities to
the system, and the subject base is being expanded
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to include all types of oral lesions. In future, we
envisage implementation of this type of approach
by non-specialist field workers; perhaps patients
might eventually even be able to upload photos
that they themselves record for transfer to special-
ists as a means of facilitating oral cancer follow-
up and management.

High-Resolution Fiberoptic
Microendoscope

Several groups have mapped out to varying
degrees the concept of a smartphone-based fiber-
optic microendoscope for high-resolution fluores-
cence imaging [79-81]. Targeting autofluorescence
or a signal enhanced by an exogenous fluorophore
such as topical application of 0.01% proflavine,
successful in vivo imaging and resolution of indi-
vidual nuclei was reported. This capability would
allow in vivo identification of the qualitative and
quantitative differences between normal and pre-
cancerous or cancerous tissues. Such a portable,
inexpensive device would be a useful tool to assist
in the identification of early neoplastic changes in
epithelial tissues at the point-of-care in low-
resource settings.

Conclusion

The science and the benefits of novel imaging
approaches for improving the detection and man-
agement of oral pre-cancer and cancer are very
diverse. At this time, such imaging approaches all
serve as adjuncts to the standard of care: expert
clinical examination, risk factor assessment, and
histopathology. However, as these various
approaches continue to be tested and optimized,
it is our hope that some aspects of oral cancer
screening, diagnosis, monitoring, and manage-
ment can be downstreamed to persons and tech-
nologies that are more readily accessible to the
high-risk populations which typically have little
access to specialist care.
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