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Dental OCT 74
Petra Wilder-Smith, Linda Otis, Jun Zhang, and Zhongping Chen
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The oral cavity is a diverse environment that includes oral mucosa, gingival tissues,

teeth, and their supporting structures. Oral health is currently evaluated through three

main avenues: visual/tactile examination, periodontal probing, and radiographic imag-

ing. After the surfaces are dried with a gentle stream of air, visual examination of the

teeth and surrounding soft tissue is completed. Clinicians tactically explore the surface

hardness of teeth to detect dental caries while demineralization of the enamel and soft

tissue inflammation are characterized by changes in visual characteristics. Probes are

also placed between the soft tissue and tooth to assess periodontal health. Radiographs

are used to determine the internal structural integrity of the teeth and alveolar bone.

Although radiographs are highly sensitive for detecting regions of carious
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demineralization and alveolar bone loss, they have several limitations. Since radio-

graphs are two dimensional, precisely locating the position of a carious lesion or osseous

defect is impossible. Radiographs cannot distinguish active from inactive disease and

cannot identify periodontal disease until after bone loss has occurred. Finally, radiog-

raphy uses harmful ionizing radiation and provides no information on soft tissue status.

Optical coherence tomography (OCT), a well-known technique for creating noninva-

sive, high-resolution (<20 mm) images of biological microstructure, has been used in

dentistry. In vitro images of porcine dental tissues were first reported in 1998 [1];

subsequently in vivo imaging of human dental tissue proved that OCT could be used as

a valuable diagnostic aid for several applications within dental medicine [2, 3]. The goal

of dental OCT is to produce in vivo images of oral microstructure that can be used to

make qualitative and quantitative assessments of oral tissues. In particular, OCT images

depict at high resolution clinically important anatomical features such as the location of

the soft tissue attachment, morphological changes in gingival tissue, tooth decay, enamel

thickness and decay as well as structural integrity of dental restorations. Because OCT

images both the hard and soft tissue structures of the oral cavity at high resolution, it offers

the unique capacity to identify dental disease before destructive changes have progressed

allowing for earlier intervention than is possible with current diagnostic modalities.

The oral cavity begins at the lips and ends posteriorly at the area of the palatine

tonsils. This chapter will focus on the following structures within the oral cavity:

1. The hard dental tissues, i.e., the teeth.

2. The periodontal tissues, i.e., the supporting tissues for the teeth. These include

soft tissues, as well as cementum, periodontal ligament, and bone.

3. The oral mucosa, i.e., the lining of the oral cavity.

This section will address all the anatomical structures within the oral cavity that

are listed above. A brief review of normal oral structures will be followed by

a summary of the pathologies affecting each structure, a discussion of existing

diagnostic tools, and an overview of diagnostic usage of OCT in each structure to

date. In the final section, the authors present their views on the potential use of OCT

in dentistry in the future.

74.1 Hard Dental Tissues

74.1.1 Definition of Dental Hard Tissues

The tooth consists of enamel, dentin, and pulp (Fig. 74.1). The close relationship

that exists during the formation of these three tissues is maintained in the structure

of the tooth.

74.1.1.1 Enamel
Consisting of 95 % mineral, 1 % water, and 4 % organic material by weight [4],

enamel is the hardest structure of the body. The inorganic content of enamel

consists of a crystalline calcium phosphate known as hydroxyapatite, which is

also found in bone, calcified cartilage, dentin, and cementum. Although the vast
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majority of the enamel is occupied by densely packed hydroxyapatite crystals,

a fine lacy network of organic material appears between the crystals. The bulk of

this organic material is made up of the TRAP (tyrosine-rich amelogenin protein)

peptide sequence tightly bound to the hydroxyapatite crystal as well as

nonamelogenin proteins [4].

Because of its high mineral content, enamel is extremely hard and brittle. Ground

sections of enamel reveal roughly rodlike cylindrical structures 4–6 um in diameter

within the enamel, which owe their existence to a highly organized pattern of

hydroxyapatite crystal orientation. For the most part, the long axes of the crystals

run parallel to the longitudinal axis of the rod. This is particularly true for crystals

along the central axis of the rod. Crystals more distant from the central axis, however,

flare laterally to an increasing degree as they approach the rod periphery. The interrod

region is an area surrounding each rod in which crystals are oriented in a different

direction from those constituting the rod [4]. The capacity of OCT to image the

orientation of the enamel rods and interrod region is illustrated in Fig. 74.2.

The enamel surface varies with age. In unerupted teeth, it consists of

a structureless cuticle 0.5–1.5-um thick [4] overlying a 5-nm thick layer of small

loosely packed crystallites interspersed with a few large platelike crystals and

cuticular material [4]. This layer merges into the subsurface enamel, where

50-nm crystals are loosely packed. The subsurface layer forms the enamel surface

due to rapid loss of the primary cuticle and the surface layer of small crystallites

soon after eruption. An organic deposit called the salivary pellicle is present on the

tooth surface, usually covered by a layer of dental plaque [4]. The important role of

dental plaque in fostering dental decay will be discussed below.

74.1.1.2 Dentin-Pulp Complex
The dentin supports the enamel. The junction between the two tissues is a series of

scallops where crystals of enamel and dentin intermix. Dentin and pulp are embry-

ologically, histologically, and functionally the same tissue and are therefore

Enamel

Crown

Neck

Root

Blood vessels and nerves

Dentin

Pulp cavity

Gingival crevice

Gingiva (Gum)

Periodontium

Pulp canal

Cementum

Jawbone

Fig. 74.1 Structure of tooth and periodontium (DeEtte M. DeVille, M.D. AMA atlas of the body:

the teeth # Copyright 1999 American Medical Association)
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considered together here [5]. Mature dentin is, chemically, by weight, approxi-

mately 70 % inorganic material, 20 % organic material, and 10 % water (adsorbed

onto the surface of the mineral or in interstices between crystals). The main

inorganic component is hydroxyapatite; the main organic phase is type 1 collagen

with fractional inclusions of glycoproteins, proteoglycans, phosphoproteins, and

some plasma proteins. Approximately 56 % of the mineral phase is within the

collagen. Due to its inorganic phase, dentin is slightly harder than bone and softer

than enamel [5]. Physically, dentin has an elastic quality; it is bound to the enamel

at the dentinoenamel junction and covered by cementum in the root of the tooth [5].

Forming the bulk of the tooth, dentin consists of multiple closely packed dentinal

tubules traversing its entire thickness and containing the cytoplasmic extensions of

odontoblasts that once formed the dentin and now maintain it. The cell bodies of

these odontoblasts lie along the inner aspect of the dentin, where they also form the

peripheral boundary of the dental pulp [5]. The dental pulp is the soft connective

tissue occupying the pulp space in the central area of the tooth, which is divided into

the coronal (upper) portion, the pulp chamber, and the lower portion, the root canal.

The root canals end at the apical foramen, where the main blood vessels and nerves

to the pulp enter and leave the tooth. Through the apical foramen, pathologies can

migrate between the pulp and the periodontium [5].

Three types of dentin are recognized in human teeth [5]. The bulk of the tooth

consists of primary dentin. The structurally somewhat less regular secondary dentin

develops after root formation is complete. Tertiary dentin is produced in reaction to

noxious stimuli such as decay or dental procedures and is very heterogeneous in its

structure. Viewed microscopically, dentin consists of several structural features.

Dentinal tubules are tapered structures approximately 2.5 um in diameter near

the pulp, narrowing down to approximately 900 um near the dentinoenamel

junction [5]. They extend through the entire thickness of the dentin from the
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Fig. 74.2 Conventional and polarization-sensitive OCT images and a ground section of a human

tooth reveal the superior capacity of polarization-sensitive OCT to image the orientation of the

enamel rods and the interrod region. The junction between the enamel and dentin is characterized

by a series of scallops where dentin and enamel intermix [6]
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dentinoenamel junction to the pulp, following an S-shaped path. At their pulpal end,

the tubules are generally thought to contain the process of an odontoblast bathed in

dentinal fluid, although there is some uncertainty regarding the exact nature of

tubule content [5]. The tubular structure of dentin permits the rapid progression of

pathologies and accentuates the pulpal response to dentinal events [5]. It also allows

for excellent light propagation into the pulp.

Within the dentinal tubule exits a hypermineralized (40 % more than regular

dentin) ring of intratubular dentin causing a progressive reduction and the potential

for eventual obliteration of the lumen of the tubule [5]. Exact mechanisms and

causes are still uncertain. Intertubular dentin is located between the dentinal tubules

and consists of a tightly woven network of type 1 collagen fibrils arranged roughly

at right angles to the dentinal tubules, with apatite crystals deposited between and

parallel to the fibrils. The ground substance consists of phosphoproteins, proteo-

glycans, and g-carboxyglutamate [5]. Interglobular dentin consists of areas of

unmineralized or hypomineralized dentin where zones of mineralization have failed

to fuse. Here the normal architectural pattern of the tubules remains unchanged,

except for the lack of intratubular dentin. The intraglobular dentin can be visualized

in PS-OCT images of dentin (Fig. 74.3).

The dental pulp is the soft connective tissue that supports the dentin. Principal

cells within the pulp include odontoblasts, undifferentiated mesenchymal cells,

fibroblasts, macrophages, and other immunocompetent cells [5]. The major vessels

and nerves lie in the central portion of the pulp. The principal collagen fibers of the

pulp are type l and type lll collagen [5] in a glycosaminoglycan-, glycoprotein-, and

water-containing ground substance.

Fig. 74.3 OCT images of

a human tooth near the DEJ

reveal irregular masses of

decreased signal intensity that

were 10–20 mm in diameter

and consistent with the

morphology of interglobular

dentin that can be seen in

conventional and PS-OCT [6]
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74.1.2 OCT Imaging of the Hard Dental Tissues

Marked light scattering limits the transmission of visible light at 400–700-nm

wavelengths through tooth substance. The relationship between light scattering in

enamel and wavelength (l) is defined as 1/l3. At longer wavelengths exceeding

1,500 nm, light absorption by water becomes a limiting factor for the absorption of

infrared (IR) light [6–8] Therefore, OCT imaging of the tooth is best performed at

wavelengths between 700 and 1,500 nm, with excellent penetration to a depth of

1.5–3 mm. In 2000, Otis et al. demonstrated the superior imaging and penetration of

OCT systems using a 1,310-nm vs. 850-nm light source [9].

In 1998, Colston et al. presented the first in vivo optical coherence tomography

(OCT) images of dental tissue [1]. The authors presented a dental optical coherence

tomography system with a very promising feature – the incorporation of the

interferometer sample arm and transverse scanning optics into a handpiece suitable

for intraoral use. Examples of use of this imaging system for dentistry illustrated its

potential for diagnosis of periodontal disease, detection of caries, and evaluation of

dental restorations. The average imaging depth of this system varied from 3 mm in

hard tissues to 1.5 mm in soft tissues. Axial resolution was 15 mm (free space). The

system had a lateral resolution of 50 mm and an average total lateral scan distance of

12 mm. The total scan time for each image was approximately 45 s. Further studies

by this and other groups have clearly demonstrated the effectiveness of OCT for

rapid, high-resolution imaging of dental tissues using OCT (please see the appro-

priate sections below).

Active work in the area of OCT probe development has greatly enhanced the

applicability of OCT imaging for dental applications [10–20]. Figure 74.4 shows

the schematic diagram and picture of a miniature probe based on a dual axis

microelectromechanical system (MEMS) mirror [11]. The MEMS mirror provides

high-speed, 2-axis scanning while occupying a very small volume with extremely

low power consumption. The dimensions of the MEMS mirror in Fig. 74.4b are

800-mm diameter, and both axes are capable of scanning up to 30� angles at

frequencies greater than 3 kHz with good linearity. The packaged probe with an

outer diameter 5.0 mm or smaller can be assembled, which is sufficiently compact

for dental applications (Fig. 74.4c).

The 2D MEMS probe shown in Fig. 74.4c has been used for in vivo imaging of

animal models and human subjects. The representative in vivo 3D images from rabbit

and human tissues are shown in Fig. 74.5. These images were acquired employing the

FD-OCT system, which provides adequate imaging speed for 3D imaging.

In addition to side-viewing probes based on MEMS, forward-viewing probes

based on cantilever-type scanning have been demonstrated by several groups

[19–24]. The scanning probes are driven by either PZT, electrostatic, or magnetic

force [19–24]. Recently, a forward-view OCT scanning probe based on a fiber-

cantilever piezotube scanner was developed by using a semi-resonant scan strategy

for a better scan performance (Fig. 74.6a) [20]. A cantilever weight was attached to

the fiber cantilever to reduce the resonance frequency down to 63 Hz, well in the

desirable range for FD-OCT. By driving the two axes at slightly different
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frequencies, a low-order Lissajous pattern was obtained for a 2D area scan

(Fig. 74.6b). 3D OCT images were successfully acquired in an acquisition time

of 1.56 s for a tomogram volume of 2.2 � 2.2 � 2.1 mm3 (Fig. 74.6c).

These studies demonstrate the capabilities of a miniature probe for 3D OCT

imaging. A 3D OCT system employing a high-speed, compact scanner may have

the potential to expand the applications of OCT for dental and oral imaging and

may revolutionize areas of clinical medicine as well as medical research.

74.1.3 Pathologies of Hard Dental Tissues

74.1.3.1 Decay
The most common pathological condition of the tooth is decay or caries. Cause is

a confluence of cariogenic diet and inadequate oral hygiene on a susceptible tooth

Fig. 74.4 (a) Schematic diagram of endoscopic probe; (b) photo of a vertical 2-D scanning

MEMS based on comb-drive actuator. (c) photo of assembled 2-D miniature probe [11]

Fig. 74.5 In vivo 3D imaging

of true human vocal cord

obtained by a FD-OCT system

using the 2D MEMS probe.

Image size is 1� 1� 1.4 mm.

Important structures, such as

the stratified squamous

epithelium (sse), basement

membrane (bm), and
superficial lamina propria

(slp), are clearly visible
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surface. Microorganisms multiply at the tooth surface, forming a layer of plaque.

These microorganisms produce lactic and acetic acid, reducing the pH to levels as

low as 3.5. At lower pHs, hydroxyapatite becomes increasingly soluble, leading to

rapid demineralization and increased porosity and permeability as the calcium

bound to the hydroxyapatite is ionized and washed out by the saliva. Decayed or

carious lesions usually are associated with a darkening in color. However, some

carious enamel lesions appear bright at the surface, especially in their early stages

and are thus difficult to detect [25]. An important characteristic of the early carious

lesion is that most of the demineralization occurs at the subsurface level, so that

a well-mineralized surface zone remains in place for some time. This has an

important implication for the early detection of carious lesions, namely, the inabil-

ity to detect early lesions by clinical visual inspection of the tooth surface alone.

Diagnostic confidence also has significant impact on whether the clinician

chooses to initiate further preventive therapy or restorative intervention. When

caries reach the dentin, the response is sequential. Frequently at this stage, the

enamel is physically still grossly intact, and bacterial invasion has not occurred.

However, the lesion has increased the permeability of enamel to acid and other

chemical stimuli, which now evoke a response from the dentin-pulp complex such

as the deposition of tertiary dentin. Once the enamel cavitates, bacteria reach the

dentin surface, and destruction of dentin begins [26].

Current Methods for Diagnosis of Caries
The technologies currently available to dental clinicians for the detection of dental

caries have limited sensitivity, and there is controversy surrounding the “gold

standard” for caries diagnosis. Detection of pit and fissure caries by all current

methods is low. While radiographs reveal approximal lesions with moderate sen-

sitivity and high specificity, occlusal caries are grossly underestimated in radio-

graphic examinations [27–29]. Moreover, the widespread use of fluorides has

increased the diagnostic difficulty of pit and fissure caries because enamel

remineralization conceals dentinal lesions that continue to progress [29, 30].

wire PZT weight
a

b clensed fiber housing

lens

y’ x’

x

y

Fig. 74.6 (a) Schematic design and picture of the fabricated OCT scanning catheter. The

dimensions are given in millimeters; (b) schematic Lissajous scan pattern (blue lines) in the XY

plane laid over an OCT en face image; (c) the 3D-rendered tomogram [20]
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Recently, tactile examination with a sharp explorer has been discouraged, since this

may produce breakdown of the enamel surface or transfer cariogenic organisms to

unaffected sites. Moreover, probing does not increase diagnostic accuracy as

compared with visual examination alone [31]. Thus, visual diagnosis has been

suggested as the diagnostic method of choice for pit and fissure caries [32, 33].

Trained observers detect small pit and fissure lesions by visual examination with

a sensitivity of 0.6 and a specificity of 0.8. This means that 40 % of true dentinal

lesions are classified as sound and that 15 % of sound surfaces are classified as

diseased. In populations with a low prevalence of caries, the disease usually pro-

gresses slowly. Thus, in low prevalence caries populations, traditional diagnostic

techniques worked because it is better to err toward false-negative diagnoses than to

restore a sound tooth. Limited sensitivity worked in classical operative approaches,

because teeth were not restored until caries involvement was significant and then

the restoration was extended to include all tooth structure in the vicinity that would

be considered “susceptible to caries.” Current therapies first employ preventive

strategies when lesions are small and the caries risk is low. When the tooth surface

is cavitated, caries significantly involve the dentin, or when caries risk is high, the

diseased dentin is removed with minimal surrounding tooth structure. For today’s

dentistry, the sensitivity of traditional diagnostic methods is unacceptable. The

materials and operative technology permit placement of small restorations with

removal of only the diseased dentin and a minimal amount of sound tooth structure.

The success of these minimally invasive operative approaches depends on locating

the precise region of active caries and determining with certainty that the remaining

tooth structure is caries free [33]. A more precise caries diagnostic method would

greatly improve the current standard of dental preventive and restorative care, with

a major impact on dental health care delivery [34].

Dentists continue to rely primarily on visual and tactile examination, supported

by radiographic data. However, early detection of demineralization and quantifica-

tion of tooth substance loss using these techniques is extremely difficult, so that

dental erosions are usually diagnosed at a relatively advanced stage when substan-

tial irreversible enamel loss has occurred.

OCT Diagnosis of Caries
Studies indicate that OCT is a powerful technique for detecting subsurface changes in

the material properties of dental tissues. OCT reliably identifies changes in dentin

under sealants and adjacent to the margins of composite restorations. Comparing OCT

profiles over time should allow clinicians to quickly detect potential sites of disease

progression or monitor the results of remineralization therapy. Most groups have taken

one of two approaches to use OCT for the detection and assessment of dental caries,

using either conventional time-domain OCT or polarization-sensitive OCT.

Conventional Time-Domain OCT

Amaechi et al. [35] described the quantitative assessment of dental caries using

A-scans (depth versus reflectivity curve), B-scans (longitudinal images), and

C-scans (transverse images at constant depth). While the B- and C-scans
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qualitatively described the lesion detected, the A-scan which showed the depth-

resolved reflectivity (dB) of the tooth tissue was used for the quantitative analysis.

The percentage reflectivity loss (R%) in demineralized tissue, which related to the

amount of mineral loss, increased with greater demineralization time. It was

concluded that, using this approach, OCT could quantitatively monitor the mineral

changes in a caries lesion on a longitudinal basis. In a later paper, the same group

confirmed this correlation using QLF (quantitative light-induced fluorescence) [36].

A novel approach by Ko et al. combined optical coherence tomography (OCT)

and Raman spectroscopy to provide morphological information and biochemical

specificity for detecting and characterizing incipient carious lesions found in

extracted human teeth [37]. OCT imaging of tooth samples demonstrated increased

light backscattering intensity at sites of carious lesions as compared to the sound

enamel (Fig. 74.7). Using Raman microspectroscopy and fiber-optic-based Raman

spectroscopy to characterize the caries further, they demonstrated excellent poten-

tial for a new fiber-optic diagnostic tool enabling dentists to identify early caries

lesions with greater sensitivity and specificity. In a follow-up study, Sowa

et al. compared the caries diagnostic capabilities of the A-scan intensity, the OCT

attenuation coefficient as well as the mean and standard deviation of the lognormal

fit to the histogram of the A-scan ensemble. The OCT attenuation coefficient

showed the highest discriminatory capacity. However, direct analysis of the

Fig. 74.7 The three OCT

images show baseline enamel

thickness following two five-

minute exposures to a cola

beverage (Otis unpublished

data)
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A-scans or the histogram of A-scan intensities also showed good diagnostic

discrimination [38].

The capability of OCT for early detection and evaluation of root caries was

described by Amaechi et al. [39]; its potential for detecting and mapping deficient

restorations was also demonstrated by de Mello et al. [40].

Polarization-Sensitive OCT

Birefringence of dentin and enamel provides PS-OCT with a contrast agent useful in

indicating pre-carious or carious lesions [31]. PS-OCT can provide additional infor-

mation related to the mineralization status and/or the scattering properties of the

dental materials (Fig. 74.8). Several authors have described the use of PS-OCT for

detection and diagnosis of demineralization and dental caries [41–46].

74.1.3.2 Dental Erosion, Attrition, Abrasion, and Cracking
Erosion is defined as the progressive loss of hard dental tissue by chemical processes

not involving bacterial action. Repeated or prolonged exposure of teeth to acid leads

to selective dissolution of specific components of the tooth surface, with eventual loss

of tooth substance, hypersensitivity, caries, functional impairment, and even tooth

fracture. The critical pH for enamel dissolution is 5.5. It is estimated up to 80 % of

children and over 40 % of adults demonstrate substantial loss of tooth substance, an

increasing proportion of which may be related to dental exposure to gastroesophageal

reflux disease [47–51]. If enamel demineralization is detected sufficiently early, the

enamel can be remineralized before damage becomes irreversible.

Loss by wear of tooth or restoration surface caused by tooth-to-tooth contact

during mastication or parafunction is defined as attrition, whereas loss of dental

tissue by wear from exogenous substances such as toothbrushes is termed abrasion.

Enamel tissue loss is permanent, potentially disfiguring and can be costly and

sometimes challenging to repair or mask.
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Fig. 74.8 Slow and fast axis

OCT scans across the top of

a third molar with occlusal

decay. The reflected light

image of the tooth section is

shown on the right for

comparison. All three carious

areas are resolved in the OCT

images with very strong

scattering (red) in the base of

the fissure shown in the

center. The intensity varies

from –40 to 10 dB with

intensities of less than –39 dB

demarcated in blue and those

of intensity greater than 5 dB

in red [43]
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Hairline cracks and fractures in the tooth tend to occur after trauma or excessive

loading, especially in older patients. If these remain undetected, they can lead to

pain, flawed diagnosis, and inappropriate or failed therapy.

Current Methods for Diagnosis of Dental Erosion, Attrition, Abrasion, and
Fracture
The technologies currently available to dentists for the diagnosis of tooth loss

include visual inspection and radiography. Diagnosis usually occurs at a relatively

advanced stage (1) when substantial enamel loss has occurred, (2) damage is

irreversible, and (3) differential etiological diagnosis is very tenuous. Monitoring

the effectiveness of remineralizing therapies is not possible with conventional

clinical tools. Diagnostic tools for cracks and fractures are limited to visual

inspection and probing, neither of which is reliable. Radiographs are seldom useful.

OCT Diagnosis of Dental Erosion, Attrition, Abrasion, and Fracture
Optical coherence tomography (OCT) techniques are well suited to the quantifica-

tion and imaging of enamel loss [40]. A recent publication described the use of

in vivo OCT imaging to determine the effectiveness of a proton pump inhibitor to

treat gastroesophageal reflux (GERD) by measuring enamel loss through erosion

from OCT images [51]. The study was significant in that researchers were able to

identify an association between the medication and a reduced enamel erosion

vs. the control (placebo) group after a period of only 4 weeks based on the imaging

data (Fig. 74.9). Several studies report on the effectiveness of OCT imaging for

detecting tooth fractures and cracks, including hairline cracks in the root surface

(Fig. 74.10). OCT imaging gave results compatible to far more expensive micro-CT

that uses ionizing radiation. Visual observation was relatively ineffective [52, 53].

74.1.4 Caries Prevention: Fluorides and Sealants

The most common methods of caries prevention include systemic fluoride ingestion

during tooth development, topical fluoride application, especially during and

directly after tooth eruption, and the use of dental sealants. Typically, sealants are

placed over vulnerable areas of the teeth, especially the fissures of erupting perma-

nent teeth, to protect them from demineralization and decay during their first few

years in the oral cavity, when they are most vulnerable to demineralization and

decay. Early detection of decay under sealants is important to avoid major spread of

decay underneath the protective covering.

74.1.5 Diagnosing Sealant and Restoration Integrity

Radiographic evaluation and clinical examinations such as visualization and tactile

probing of restoration margins are the less than adequate modalities currently

available to clinicians. The capacity of OCT to image dental composite restorations

2220 P. Wilder-Smith et al.



offers a superior assessment as compared to radiographic imaging [54, 55]. In one

study the internal characteristics of facial composite restoration were distinguished,

and variations in cavosurface margins accurately identified teeth in restorations

with axial cavity depths of 1, 2, and 3 mm. When the teeth were subsequently

sectioned, photomicrographs revealed that OCT images depicted with fidelity the

composite restorations, dentin-enamel junction (DEJ), and external tooth contours.

Minimal spatial distortion of the axial wall was noted in the restorations with axial

depths of 1 and 2 mm [56].

OCT has also been shown to identify accurately occlusal sealants and composite

restorations [57]. In one study, 21 dentists were asked to interpret OCT images of

9 premolars that were either not restored, contained an occlusal sealant, or were

restored with a composite restoration. Following a brief training period, 21 dentists

evaluated the OCT images following a randomized blind protocol. The sensitivity

Imaging probe

Imaging probe

Enamel
surface

Enamel surface

Enamel

Enamel

Enamel-Dentin
Junction

Enamel-Dentin
Junction

Dentin

Dentin

Measurement landmark

6141225

1mm 1mm

1mm 1mm

Fig. 74.9 Above: In vivo OCT images with pseudo-color superimposition of the same tooth

before and after 3-week treatment with placebo. The optical signal near the tooth surface has

increased as shown by the greater preponderance of green versus blue. Below: In vivo OCT images

with pseudo-color superimposition of the same tooth before and after 3-week treatment with

esomeprazole 20 mg bid. The optical signal near the tooth surface has decreased as shown by the

reduced preponderance of red versus green [51]

74 Dental OCT 2221



of OCT to discriminate composite and sealants was greater than 0.92, while the

specificity of discrimination was greater than 0.94. The capacity of OCT to dis-

criminate sealants from non-restored occlusal surfaces was slightly less (sensitivity

0.88; specificity 0.86) but still within a clinically acceptable level. Inter- and intra-

rater reliabilities as measured by the kappa statistic also revealed excellent perfor-

mance by dentists using OCT (k ¼ 0.82–1.0). This study also demonstrated that

dentists who were previously unfamiliar with OCT images could be trained to

interpret the images with a high degree of accuracy.

Not only does OCT detect sealants, it also effectively diagnoses decay under-

neath sealants. A study by Holtzman et al. evaluating the ability of dentists to detect

decay beneath commonly used dental sealants using OCT found that, after 90 min

training, dentists were able to detect tooth decay in enamel and under sealants more

accurately using OCT than with visual or radiographic examination (Fig. 74.11).

Detection using OCT was somewhat better prior to sealant placement than after-

ward. This effect varied in size depending on the type of sealant used. Radiographic

diagnosis was also less accurate after sealant placement. Of the four dental sealants,

Fig. 74.10 The OCT output at 7 mm from the apex shows a cross-section of a prepared canal. (A)
The root canal, (B) cementum, and (C) dentinal tubules. (D) “Risk zone” (canal wall 1-mm thick) [52]
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Delton provided excellent positive predictive value and the best post-sealant neg-

ative predictive values [58].

A paper by Jones et al. described the effective use of polarization-sensitive

optical coherence tomography (PS-OCT) to image lesions underneath composite

sealants [59]. The polarization-sensitive system, recording images in both the

parallel and perpendicular axes, was useful for enhancing the image contrast of

the artificial caries and minimizing the interference of the strong reflections at

surface interfaces. The artificial lesions could be detected under 750 mm of visibly

opaque sealant. Tooth-colored sealants allow deeper imaging depth. The artificial

lesions could be detected under 1,000 mm of sealant.

Finally, OCT can be used to assess the internal structure and marginal adaptation

of cemented crowns. Cross-sectional images were made in duplicate on the

midfacial surface of cemented functional crowns with well-adapted margins and

no clinical evidence of recurrent caries. The internal structure and marginal adap-

tation of porcelain fused to metal crowns were clearly visualized in teeth imaged

in vivo. Characteristic image layers that corresponded to incisal and body porcelain

were visualized [60].

Using three-dimensional OCT imaging, it is possible to evaluate the structural

integrity and wear of composite resin restorations. An OCT contour map of

restoration surfaces can be used to quantify volumetric loss or surface changes

in a restorative material over time. Wear estimates correlate well with the value

as determined by the traditional method of measuring composite wear, the ML

scale (r ¼ 0.86; p < 0.05). OCT images can record changes in the restoration

surface that occurred with occlusal function. It was also shown that a region of

catastrophic failure not visible clinically or radiographically was detected

by OCT [61].

74.2 Periodontal Tissues

Periodontal diseases are a major cause of tooth loss. They are plaque-induced

inflammatory disorders that result in the loss of tooth support through the apical

migration of connective tissue attachment which results in the resorption of alveolar

bone. To establish the diagnosis of periodontitis, it is necessary to detect the loss of

connective tissue attachment and alveolar bone [62]. Traditionally, the location of

the periodontal attachment has been estimated by mechanically measuring the

distance a probe penetrates the soft tissues surrounding the tooth. Attachment

level is defined clinically as the distance from a fixed reference point on the tooth

(the cementoenamel junction) to the most apical extent of probe penetration.

Probing depth is the distance from the gingival margin to the most apical extent

of probe penetration. Accurate assessment of probing depth and changes in soft

tissue attachment level are critically important in periodontics.

Current methods of periodontal probing use conventional, mechanical, or

pressure-sensitive probes. Unfortunately, as a measurement technique, periodontal
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Fig. 74.11 Typical pre- and post-sealant photographic, radiographic, and OCT images as well as

photomicrograph of histological section of healthy tooth (a) and carious tooth (b). (a) Images of

healthy tooth sample pre- and post-sealant (Fuji TRIAGE sealant) Above: LHS: photograph with

red arrow indicating OCT scan line; Center left: pre-sealant radiograph; Center right: pre-sealant
3D OCT image; RHS: pre-sealant 2D OCT image. Below: LHS: photomicrograph of histological

section of tooth, blue arrow indicates sealant; Center left: post-sealant radiograph; Center right:
post-sealant 3D OCT image; RHS: post-sealant 2D OCT image. P-occlusal pit; E enamel,

D dentin, S sealant. (b) Images of decayed tooth sample pre- and post-sealant (Delton sealant)

Above: LHS: photograph with red arrow indicating OCT scan line; Center left: pre-sealant

radiograph with yellow arrow indicating caries (C); Center right: pre-sealant 3D OCT image

with carious occlusal pit (CP) indicated by white arrow; RHS: pre-sealant 2D OCT image with

occlusal caries (C) indicated by yellow arrow and EDJ indicated by white arrow. Below: LHS:
photomicrograph of histological section of tooth, blue arrow indicates sealant (S), and yellow
arrow indicates caries; Center left: post-sealant radiograph with yellow arrow indicating caries
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probing has several sources of error that make it somewhat imprecise [63]. For

example, the extent of probe penetration varies with insertion force [64], inflamma-

tory status of the tissues [65], and diameter of the probe tip [66, 67]. Therefore, under

routine clinical conditions, periodontal probes have an average measurement error of

approximately � 1 mm [68]. Examiner variation is a major source of error for

conventional probes. Training and calibrating examiners decrease but do not elimi-

nate examiner error. Probing errors also result from patient characteristics, such as

anatomical differences in tooth contour, particularly in furcation areas. Probing error

varies for different sites within the mouth [69]. Patient discomfort can also result in

erroneous measurements [69]. Measurement error limits the ability to identify subtle

differences in clinical values, which may be important in early disease detection and

intervention. These errors diminish the likelihood of accurately identifying etiological

factors correlated with disease progression. Finally, a fundamental limitation is that

probing cannot identify disease activity status – which is important, given the cyclical

and intermittent nature of periodontal disease activity.

OCT is particularly well suited for periodontal diagnosis, generating ultrahigh

resolution cross-sectional images of dental tissues. It has been shown that OCT

reliably depicts soft and hard tissue boundaries of the periodontium [70]. Moreover,

OCT offers a precision of measurement that is not possible with traditional diag-

nostic methods. All current periodontal probing methods rely on physical measure-

ments at single points along the tooth surface. To characterize a tooth using current

probing methods, points are usually assessed. Thus, all current methods are not only

tedious but also assume a direct relationship between these linear point measure-

ments and the area of root surface attachment. OCT, on the other hand, provides

rapid, consistent, and reproducible images of the surface topography, pocket mor-

phology, and attachment level that is digitally recorded. These images pinpoint with

greater accuracy sites of disease progression. OCT also provides quantitative

information regarding the thickness and character of the gingiva, root surface

irregularities, and the distribution of subgingival calculus. OCT may delineate

changes in the optical properties or structural integrity of the gingival fiber.

Comparing OCT images over time should allow clinicians to quickly detect poten-

tial sites of disease progression, perhaps even before attachment is lost. OCT

images should prove to be extremely valuable in maintaining sites during support-

ive periodontal therapy. Electronic and visual recording of clinical data avoids

subjectivity and transcription error that is associated with current metric techniques

[65]. OCT has the capacity to detect disease in the soft tissue early, before bone

resorption occurs. When Doppler algorithms are combined with OCT, blood flow

can be localized and qualified (Fig. 74.12) offering the exciting potential to

distinguish active from non-active periodontitis. Blood flow measurements may

�

Fig. 74.11 (continued) (C); Center right: post-sealant 3D OCT image with carious occlusal pit

(CP) indicated by white arrow; RHS: post-sealant 2D OCT image where white arrow indicates

EDJ and yellow arrow indicates caries. P-occlusal pit; E enamel, D dentin; S sealant, C caries, CP
carious pit, EDJ enamel-dentin junction [58]
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also help elucidate the pathogenesis of periodontitis associated with diabetes and

smoking [71, 72].

In a study by Baek et al., the successful use of OCT for monitoring periodontal

ligament changes during orthodontic tooth movements was reported in rats [73]

(Fig. 74.13). Clinical periodontal probing depth has been shown to correlate well

with that measured in OCT images. The midfacial surface of 14 non-restored teeth

(1 mandibular and 3 maxillary incisors, 4 maxillary and 6 mandibular premolars)

was imaged using a prototype OCT system (1,310-nm wavelength light source,

14 mW, 95 dB dynamic range, 0.46 numerical aperture). Following OCT imaging,

probing depths were measured in duplicate using a Michigan 0 probe. Important

anatomic features including soft tissue surface contour, gingival crest, periodontal

sulcus, and DEJ were identified in OCT images of all of the teeth examined. The

cementoenamel junction was identified in 18 of the 28 images; the alveolar bone

was presumptively identified in 20 of the 28 images. Probing depth as measured in

OCT images was strongly correlated to probing depth as measured by conventional

probing measurement (r ¼ 0.83; p < 0.05). The midfacial surfaces of two restored

teeth were imaged (1 maxillary molar, 1 maxillary premolar). Restoration margins

and internal restoration contours were visualized and did not interfere with inter-

pretation of OCT images of soft tissue landmarks.

Similarly, an all fiber-optic clinical OCT system was used to obtain 12-mm

occlusal-apical OCT images of eight premolars in four healthy volunteers. Images

were made in duplicate at the mesial facial line angle. This system employed

a 6 mW, 1,310-nm light source and produced images that had an axial resolution

of 21 mm. The images of periodontal tissues were similar to those obtained in
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Fig. 74.13 Maxillary anterior tooth of a white rat. (a) shows data from the control group to which

no orthodontic force was applied: (a) optical photograph; (b) radiographic image; (c) OCT

image [73]. (b) shows radiographic (top) and OCT images (bottom) of the maxillary anterior

teeth under several orthodontic forces: (a, d) 5 gf; (b, e) 10 gf; (c, f) 30 gf forces, respectively.

The two-dimensional OCT image in the bottom was taken along the arrow direction in each of the

top (radiographic) figures [73]
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previous studies. Characteristic signals representing the sulcus and attached tissues

were identified in all images. Premolar sulcular depth as determined from the OCT

images ranged from 1.1 to 2.5 and was strongly correlated with probing depth (r ¼
0.88; p< 0.05). We defined attached tissues in the OCT images by a uniform signal

intensity with no discernable tissue interfaces that extended from the base of the

sulcus to the alveolar crest. Measurement of attached tissues in the OCT images

ranged from 1.1 to 3.8 mm. The lowest values for attached tissues were found in

three teeth with coronal restorations. Signals presumptively identified as the alve-

olar crest were identified in 60 of the 64 images. The thickness of the gingiva

covering the alveolar crest ranged from 0.4 to 1.4 mm. Two teeth had characteristic

signals representative of the root surface covered by a thin mucosal tissue; these

sites were presumptively identified as fenestration defects. While the OCT images

of the root surface are unmistakable, definitive proof of OCT to image fenestration

defects requires further investigation. The results of this study, however, convinc-

ingly demonstrate capacity of OCT to determine gingival thickness and the shape

and contour of the alveolar crest. Visualizing these anatomical features represents

a significant contribution to periodontal surgical treatment planning.

74.3 Dental Implants

Endosseous dental implants have been established as a predictable treatment

modality for the replacement of missing teeth. While only 2 % of implants fail

within the first year, the failure rate rises to 10 % at 5 years and nearly 15 % at

10 years [74, 75]. A successful implant is defined as one that is not mobile and has

no peri-implant radiolucencies, no clinical signs of infection, and no discomfort or

pain [76–89]. Favorable vertical soft tissue relationships have been demonstrated to

be important in the success of dental implants, particularly in maintaining crestal

bone height [83]. Peri-implantitis is defined as an inflammatory process affecting

the tissues around an osseointegrated implant in function, resulting in progressive

loss of supporting bone around the implant [82–84]. The prevalence of peri-

implantitis is unknown, although researchers estimate that it ranges from 8 % to

as high as 44 % [82–84]. The diagnosis of peri-implantitis is complicated because

adequate diagnostic methods to evaluate soft tissues are unavailable and because it

is difficult to monitor crestal bone loss around implants. Ideally, implants should

lose minimal bone. The implant is at significant risk when more than one-half of the

implant height has lost crestal contact [74, 88].

Studies have shown that once peri-implant inflammation is established, it is

difficult to eradicate. Unequivocally, any sign of peri-implantitis threatens the

longevity of implant restorations and represents a significant health care cost. For

these reasons, after implant placement, patients should be examined at regular

intervals to evaluate clinical signs and symptoms of peri-implant disease and to

receive maintenance therapy [78, 82, 89].

Current implant diagnostic procedures rely on visual estimates of clinical signs

of inflammation or single-point physical measurements, such as probing depth.
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These techniques lack sufficient sensitivity to detect peri-implantitis at an early stage.

Current methods are also subject to high levels of measurement error, and extensive

clinical calibration of examiners is required to achieve inter-examiner reliability. The

inability to detect problems early jeopardizes effective care. More sensitive tests are

needed to understand the causes of late implant failure, to reliably evaluate differ-

ences in clinical outcomes between various implant systems, or to evaluate the

success of therapeutic interventions for the treatment of peri-implantitis [82, 90].

74.3.1 Expected Improvement of Implant Diagnoses Using OCT

OCT can be used clinically to detect early peri-implantitis with greater sensitivity

than current diagnostic methods (Figs. 74.13a, b), with images providing rapid,

consistent, and reproducible documentation of peri-implant soft tissue morphology

and attachment level. Quantitative information regarding microstructural architecture

including the character of the gingiva as well as implant soft tissue relationships is

generated. More importantly, OCT identifies the earliest signs of inflammation, so

minimal that clinical examination is unlikely to distinguish them. Comparing OCT

images over time should prove to be extremely valuable in monitoring health in

implant sites during maintenance therapy. Moreover, OCT imaging offers the excit-

ing potential to detect peri-implantitis before significant osseous destruction occurs.

Histological studies in animals have shown that gingival connective tissue forms

a scar-like fibrous connective tissue adjacent to titanium implant surfaces, while

peri-implantitis is characterized by a disorganized connective tissue containing

more vascular elements. Our preliminary data demonstrate that in OCT images of

healthy implant sites, collagen appears well organized, and, because of its birefrin-

gent nature, it produces a characteristic high OCT signal intensity. OCT images of

soft tissue surrounding failing implants are markedly different from images of

healthy implant sites and are characterized by linear signal deficits, low-intensity

collagen signals, and pronounced increases in vascular elements. To evaluate the

feasibility of OCT imaging for implant diagnoses, we conducted preliminary

studies in three patients with failing implants. Figure 74.14a demonstrates a

6-mm OCT image made from the midfacial surface of a healthy dental implant

site. The peri-implant tissues show no clinical signs of inflammation, and the

probing depth measured 1 mm. Figure 74.14b is an OCT image of a plasma-

coated IMZ implant. This image illustrates the characteristic findings associated

with failing implants, low collagen signal, and increased vascular elements.

OCT will improve clinical evaluation of peri-implant soft tissues and will

provide significant advantages over existing diagnostic procedures. Two- or

three-dimensional OCT images can depict the topography of the implant sulcus

and the relationship of implant soft tissue interfaces. These images can be stored in

the patient record and be used to monitor implant health over time. The imaging

process is painless, and patient acceptance is far greater than for other dental

procedures. Because OCT is noninvasive, it can be performed repeatedly without

any risk to the patient.
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74.4 Oral Dysplasia and Malignancy

According to the American Cancer Society, 1,220,100 patients were diagnosed with

cancer in the year 2000. In the same year, 552,200 persons were expected to

succumb to cancer [91]. Despite significant advances in cancer treatment, early

detection of oral cancer and its curable precursors remains the best way to ensure

patient survival and quality of life. Oral cancer will claim approximately 10,000

lives in the USA this year [92, 93]. Accounting for 96 % of all oral cancers,

squamous cell carcinoma is usually preceded by dysplasia presenting as white

epithelial lesions on the oral mucosa (leukoplakia). Leukoplakias develop in

1–4 % of the population [94]. Malignant transformation, which is quite

unpredictable, occurs in 1–40 % of leukoplakias over 5 years. Dysplastic lesions

in the form of erythroplakias carry a risk for malignant conversion of 90 %. Tumor

detection is complicated by a tendency toward field cancerization, leading to

multicentric lesions [94]. Current techniques require surgical biopsy of lesions,

which are often benign, yet they detect malignant change too late. Of all oral cancer

cases documented by the National Cancer Institute Surveillance, Epidemiology,

and End Results Program, advanced lesions outnumbered localized lesions more

than 2:1. Five-year survival rate is 75 % for those with localized disease at

diagnosis but only 16 % for those with cancer metastasis [92, 93].

Two basic facts indicate that early detection of oral malignancy should be

possible to a far greater extent than is currently seen:

1. Oral cancer is predominantly preceded by white or red lesions which are
visible to the naked eye and which are often present for a considerable period
of time prior to transformation. A noninvasive diagnostic modality would permit

monitoring of these lesions at regular intervals and detection of transformation and

any treatment needs at a very early, relatively harmless stage.

Vascular
elements

Implant
soft tissue
Interface

Alveolar
Crest

a b

1 mm
1 mm

Base of
sulcus

Fig. 74.14 (a) OCT image of a healthy dental implant. (b) OCT image of failing dental implant
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2. High-risk populations are clearly defined. Tobacco use, alcohol abuse, urban

environment, African-American background, poor diet, and frequent exposure

to sunlight are primary predisposing factors for oral malignancy [95, 96]. A fast,

mobile, relatively inexpensive noninvasive diagnostic modality would permit

regular screening for oral lesions and subsequent transformation at an early,

relatively harmless stage.

74.4.1 Existing and Emerging Techniques for Oral Diagnosis

1. Visual examination and biopsy Oral cancer can be detected by dentists and

physicians, but physicians do not routinely inspect their patients for suspicious

oral lesions, and dentists are also remiss in the early diagnosis and referral for

oral cancer. Since 11 % of dentists and 45 % of physicians do not feel adequately

trained to complete an effective oral cancer examination, this results in their

failure to examine for oral cancer [96]. The current approach to detecting the

transformation of leukoplakia/erythroplakia to squamous cell carcinoma is reg-

ular surveillance combined with biopsy or surgical excision. However, visual

examination provides very poor diagnostic accuracy, and biopsy techniques are

invasive and unsuitable for regular screening of high-risk sectors of the popula-

tion. Adequate visual identification and biopsy of all such lesions to ensure that

they are all recognized and diagnosed are difficult, given the often multifocal

nature of oral malignancy [93].

2. Vital staining Several studies have investigated the use of vital staining with

agents such as Lugol iodine, toluidine blue, and tolonium chloride for detection

of oral malignancy. Although the sensitivity of these agents in the hands of

experts generally approximates 90 %, specificity of these agents is poor; sensi-

tivity rapidly decreases when this modality is used by nonexperts such as

screeners in field units. Extensive clinical experience is necessary to perform

these examinations adequately [97–103].

3. Oral brush cytology Using cytological examination of “brush biopsy” samples as

a noninvasive method of oral diagnosis has been shown to provide

moderate sensitivity levels of detection of oral epithelial dysplasia or squamous

cell carcinoma (70–90 %) but poor specificity (3–44 %). Thus, this approach is of

limited diagnostic value without augmentation by traditional biopsy [103–105].

4. Photosensitizers Topical or systemic application of photosensitizers can render

pathologic tissues fluorescent when exposed to specific wavelengths of light

[106]. While several studies have demonstrated the use of porphyrins as photo-

sensitizers, their accumulation in skin after systemic administration can cause

phototoxic reactions upon exposure to sunlight [107, 108]. An alternative

approach is to stimulate synthesis of photosensitizing agents in situ with

a photoinactive precursor. The photosensitizer protoporphyrin IX (PpIX) is an

immediate precursor of heme in the biosynthetic pathway for heme. In certain

types of cells and tissues, the rate of PpIX synthesis is determined by the rate of
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synthesis of 5-aminolevulinic acid (ALA), which in turn is regulated via

a feedback control mechanism governed by the concentration of free heme.

The presence of exogenous ALA bypasses the feedback control of this process,

inducing the intracellular accumulation of photosensitizing concentrations of

PpIX. A selective accumulation of PpIX occurs in areas of increased metabolism

such as tumor cells [106]. The resulting tissue-specific photosensitization pro-

vides the basis for using ALA-induced PpIX for photodynamic diagnosis and

therapy, whereby far lower light doses are used for photodynamic diagnosis.

This technique has shown great promise in animal and human studies for head

and neck cancers including oral lesions [108–111] (Fig. 74.15). Limitations

include the localization of induced fluorescence to the surface layers of the

epithelium and the fluorescence caused by common coexisting clinical pathol-

ogies such as candidal superinfection, hyperplasia, atrophy, and ulceration.

5. Spectroscopy Various types of optical spectroscopy have been investigated to

effect a noninvasive, real-time in situ assessment of tissue pathology. All of

these methods have one basic principle in common: the optical spectrum of

a tissue contains information about the biochemical composition and/or the

structure of the tissue which conveys diagnostic information. Malignancy-

related biochemical and morphologic changes perturb tissue absorption, fluores-

cence, and scattering properties. The biochemical information can be obtained

by measuring absorption/reflectance, fluorescence, or Raman scattering signals.

Structural and morphological information may be obtained by techniques that

assess the elastic-scattering properties of tissue [112, 113].

Reflectance spectroscopy can probe changes in epithelial nuclei that are

important in precancer detection, such as mean nuclear diameter, nuclear size

distribution, and nuclear refractive index [114]. Applications under investigation

include the cervix [115], skin [116], colon [117], oral cavity [114], and

esophagus [118].

Fluorescence spectroscopy can probe changes in epithelial cell metabo-

lism, by assessing mitochondrial fluorophores, and epithelial-stromal

Fig. 74.15 Fluorescence

imaging of squamous cell

carcinoma of the tongue

(reddish color) 3 h after

topical application of

Photofrin® [109]
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interactions, by assessing the decrease in collagen cross-link fluorescence that

occurs with precancer. Areas of application include the cervix, skin, bladder,

oral cavity, and esophagus [113, 118–132].

Raman spectroscopy uses laser excitation and the scattering effect is

observed in the target tissues. Inelastic scattering results in a frequency shift in

the reflected Raman spectra, which are functions of the type of molecules in the

sample. Thus, the Raman spectra hold useful information on the different

chemical compounds. Raman spectroscopy has been investigated for medical

diagnosis applications in general and for the investigation of sites such as the

skin, cervix, larynx, esophagus, and colon [115, 119, 133–144].

Significant challenges to the use of diagnostic spectroscopy include the

often low signal-to-noise ratio, difficulty in identifying the precise source of

signals, data quantification issues, and establishing definitive diagnostic

milestones and endpoints. Limited tissue penetration and concerns about muta-

genicity when using UV light present further clinical challenges. The abundance

of data/information generated in association with our incomplete understanding

of the carcinogenesis process render data analysis and interpretation very

complex. Many studies have been performed on small numbers of small biopsy

samples which do not necessarily translate directly or accurately to the clinical

situation.

6. Optical coherence microscopy This modality combines the subcellular resolu-

tion of confocal microscopy with the increased sensitivity and penetration depth

of optical coherence tomography (OCT) to noninvasively acquire details similar

to that available in histologic tissue evaluation. Typically, a resolution of 2 mm
and a 200- to 500-mm field of view at a penetration depth of up to 600 mm are

reported in the literature [145–150]. This suggests that OCM has the potential to

image epithelial tissues with the subcellular resolution needed to assess their

pathologic state. Challenges include the small field of view, limited penetration

depth (although better than confocal reflectance microscopy), and the need for

an intraoral probe.

7. Confocal reflectance microscopy In vivo confocal imaging resembles histo-

logical tissue evaluation, except that three-dimensional subcellular resolution is

achieved noninvasively and without stains. In epithelial structure, resolution of

1 mm has been achieved with a 200–400-mm field of view. In skin, where

cytoplasmic melanin provides a strong source of backscattering, confocal micro-

scopes have captured morphologic changes in cytologic structure and visualized

microvasculature in both basal cell carcinomas and melanomas [151–158]. In

amelanotic epithelial tissues, where cell nuclei provide the primary source of

reflected light, recent work showed that reflectance confocal imaging of normal

and precancerous cervical tissue can characterize nuclear size, nuclear density,

and nuclear-to-cytoplasmic ratio without the need for tissue sectioning or

staining. In these ex vivo studies, confocal images were used to discriminate

high-grade cervical precancers with a sensitivity of 100 % and a specificity of

91 % in a study of 25 samples [159, 160]. Similarly, nuclear-to-cytoplasmic
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differences from images of normal and esophageal cancer cells were used to

identify cancer with a diagnostic accuracy of 90 % [161]. Confocal imaging of

oral mucosa has resolved subcellular detail in the lip and tongue [162] and oral

squamous cell carcinoma from multiple sites [163]. While this technology can

provide detailed images of tissue architecture and cellular morphology, a very

small field of view and limited penetration depth of 250–500 mm considerably

reduce the clinical usefulness of this approach.

74.4.2 OCT Diagnosis

Performing studies in the hamster cheek pouch model and in humans, themacroscopic

and vascular status of healthy, dysplastic, and malignant oral mucosa has been imaged

using in vivo OCT/ODT. Multiple epithelial and subepithelial layers as well as the

presence or absence of basement membrane can be visualized. Epithelial invasion

during malignant transformation was clearly identified. Blood vessel presence, size,

and localization relative to tumor tissue were visible, and blood flow could be

quantified [164, 165]. In oral malignancy, small blood vessels were often seen in

close proximity to tumor tissue, and using IHC a progressively increased blood vessel

count with decreasing level of tumor differentiation was demonstrated [166, 167].

Movement artifacts during OCT registration in human subjects do not appear to

be a problem when using the newer, faster imaging systems. As long as patients are

seated comfortably in a clinical chair with headrest and neck support, this was not

an issue at all, as evidenced by Fig. 74.16. Epithelium, lamina propria, and

basement membrane are clearly visible. Structural appearance in the OCT image

parallels histological appearance, showing epithelial thickening, loss of stratifica-

tion in lower epithelial strata, epithelial downgrowth, and presence of basement

membrane in dysplastic tissue (Fig. 74.16).

In a clinical study involving 50 patients with leukoplakia or erythroplakia, oral

lesions, pre-standardized clinicians were able to diagnose oral lesions from nonin-

vasive in vivo OCT images with approx. 85 % accuracy vs. the gold standard,

surgical biopsy, and histopathology [164]. Another study in 73 patients with

78 suspicious oral lesions identified similar levels of diagnostic accuracy

[165]. These data demonstrate the excellent capability of in vivo OCT for detecting

and diagnosing oral soft tissue pathologies in patients.

74.5 Future Potential

The potential for OCT-based diagnostics in the oral cavity is excellent. The

penetration depth of this modality in oral hard and soft tissues is adequate for

most dental applications. Ongoing innovations, such as the development of Fourier-

domain OCT, which enable up to 100� faster acquisition of 3D OCT images, and

of spectral OCT, which provide enhanced imaging contrast, will permit spatially
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resolved detection and quantification of changes within the tissues such as demin-

eralization through their spectroscopic properties. Emerging MEMS-based and 3D

techniques are significant factors permitting enhanced speed and effectiveness of

the images obtained. Based on the data available to date, direct clinical in vivo

imaging shows great potential for improving diagnostic capabilities in the oral

cavity for applications ranging from decay, through periodontal disease, to oral

malignancy.

Fig. 74.16 (a) Photograph (A), in vivo OCT image (B), and H&E (C) of dysplastic buccal

mucosa. In vivo OCT image of normal buccal Mucosa is shown in (D). (b) Photograph (A),

in vivo OCT image (B), and H&E (C) of alveolar ridge with squamous cell carcinoma. In vivo

OCT image of normal alveolar Mucosa is shown in (D). 1-stratified squamous epithelium,

2-keratinized epithelial surface layer, 3-basement membrane, 4-subucosa
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