
189© Springer International Publishing AG, part of Springer Nature 2019 
P. Panta (ed.), Oral Cancer Detection, https://doi.org/10.1007/978-3-319-61255-3_9

Optical Imaging in Oral Oncology
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Abstract
There has been widespread interest in the 
application of simple light-based methods and 
optical imaging as adjunctive tools in oral 
oncology. These optical imaging techniques 
exploit differences in properties such as 
absorption, reflectance, and light scattering 
between normal and transformed epithelium. 
Optical imaging methods can also utilize tis-
sue autofluorescence arising from endogenous 
chromatophores to detect malignant tissue. 
For example, early oral malignancy is often 
associated with a loss of fluorescence or fluo-
rescence visualization loss (FVL) which may 
be used to aid in tissue selection for biopsy. 
The autofluorescence-based Visual Enhanced 
Light scope (VELscope®), chemiluminescence-
based ViziLite® system, the Identafi® system 
that uses multispectral fluorescence and 

reflectance, and narrow band imaging (NBI) 
instruments are among the optical imaging-
based diagnostic platforms that are currently 
available for clinical use. In addition, photo-
acoustic imaging (PAI) is an advanced hybrid 
imaging method that allows for deep tissue 
imaging and is actively being evaluated for 
diagnostic applications in oncology. In this 
chapter, we will review the basics of these 
optical imaging methods and summarize pre-
clinical and clinical evidence on their perfor-
mance in oral oncology. The goal of this 
chapter is to provide the reader with an over-
view of these methods and their potential clin-
ical applications.

9.1	 �Introduction to Light-Based 
Methods

Reliable identification of oral cancer and precancer 
cannot be based on visual examination alone since 
the human eye is not optimized to detect disease 
based on tissue contrast [1]. However, spectral dif-
ferences between normal and diseased tissue can be 
visualized through the use of optical imaging meth-
ods that can improve our visual perception. These 
optical methods can exploit differences in optical 
properties of tissues such as fluorescence, reflec-
tance, and chemiluminescence.
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9.2	 �Tissue Fluorescence  
or Autofluorescence

Cells and tissues in the body contain molecules 
which have the ability to “fluoresce” (i.e., glow) 
when excited by light of specific wavelength. 
When a tissue is illuminated with light of short 
wavelength (for example, blue light), cells 
become excited and emit light that is of a longer 
wavelength (low energy). Importantly, while nor-
mal cells emit green light, abnormal cells do not 
emit light. Exposure to blue light spectra (400–
460 nm) may maximize a differential profile in 
areas undergoing neoplastic change [2]. This flu-
orescent signal arises from naturally occurring 
compounds in tissues called chromatophores or 
fluorophores. Fluorophores are molecules that 
absorb light at one wavelength and emit light at 
longer wavelength [3]. The main fluorophores 
capable of fluorescence in the 400–460 nm range 
are nicotinamide adenine dinucleotide (NADH) 
and flavin adenine dinucleotide (FAD), cellular 
coenzymes, collagen, and elastin in connective 
tissue. Hemoglobin (in blood) also absorbs light 
and results in loss of fluorescence in regions with 
high concentration. Other endogenous fluoro-
phores include structural proteins and amino 
acids. Each fluorophore has a unique excitation 
spectrum, allowing for multispectral assessment 
of specific fluorophores. For example, increased 
metabolism typically observed in cancer changes 
FAD levels [4]. Scattering is another mechanism 
of fluorescent visualization that is influenced by 
tissue keratinization status, epithelial thickening 
of oral mucosa, and by nuclear scatter at the cel-
lular level. The degree of keratinization varies 
from individual to individual and is also site-
specific. For example, the tongue and buccal and 
alveolar mucosa are covered by keratinized epi-
thelium, while the floor of mouth is nonkera-
tinized. A greater nuclear scatter can result from 
the high nuclear-to-cytoplasmic ratio in dysplas-
tic tissues. This is especially true for amelanotic 
epithelial tumors like OSCC [5]. The scatter 
cross section (μm2) in dysplastic nuclei (80 μm2) 
is approximately four times greater than a normal 
cell (20 μm2) at the same wavelength [5, 6]. At 

the fundamental level, fluorescence visualization 
is dependent on the absorption of light by certain 
absorbers, and emission of fluorescent light by 
naturally occurring tissue fluorophores, in addi-
tion to scattering caused by thick keratin blanket 
covering tissues [3] (Table 9.1).

Malignant transformation results in cellular 
changes such as increased nuclear-to-cytoplasmic 
ratio, nuclear clumping, pleomorphism and 
changes in epithelium, and alterations in stromal 
architecture. The breakdown of collagen in the 
extracellular matrix and break in basement mem-
brane also contribute to the loss of tissue fluores-
cence [7]. Studies have shown significant changes 
in stromal biology during the evolution of oral 
precancer [8]. The volume fraction of collagen 
fibers in supporting stroma decreases with the 
progression of disease [5]. In tissue stroma, col-
lagen fibers are the main light scatterers. Collagen 
by nature has high refractive index, and hence 
scattering of light in the stroma is higher than the 
scattering in the epithelium. The hallmark auto-
fluorescence and reflectance signals in oral 
malignancy are primarily due to changes in the 
underlying connective tissue. During malignant 
progression, several enzymes (proteases, etc.) 
mediate the invasion of tumor into connective tis-
sue, destroying collagenous stromal architecture. 
As a result, the collagen fibers are broken down, 
and their arrangement becomes disorganized and 
more detached with a tendency to aggregate [5]. 
The gap created between collagen fibers due to 
this breakdown adds to contrast and represents a 
constant intensity region. This arrangement of 
collagen fibers can be validated using confocal 
microscopy. The identification of subtle changes 

Table 9.1  Mechanisms behind loss of fluorescence

Mechanism Reasons
Increased 
absorption

Absorption of light by hemoglobin and 
other absorbers.

Decreased 
emission

By chomatophores: NADH, FAD, 
collagen, elastin etc.

Increased 
scatter

Cell level Cellular nuclei contribute 
to scatter

Tissue level Keratin, thick epithelium, 
and stromal collagen 
contribute to scatter
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in connective tissue is therefore possible with 
autofluorescence-based optical methods and 
scattering-based methods such as optical coher-
ence tomography. Loss of fluorescence or fluo-
rescence visualization loss (FVL) was also used 
in the detection and mapping of field changes in 
oral malignant and potentially malignant disor-
ders [9]. FVL was noticed in all 20 tumors and 
was extending far away (25 mm) from the clini-
cally visible lesion (subclinical extension). In the 
study, 32 of 36 (~89%) FVL-guided biopsies 
showed histological change ranging from low-
grade dysplasia to squamous cell carcinoma [9]. 
All 36 biopsies showed either histological change 
and/or genetic alteration. The FVL-guided mar-
gin biopsies in oral tumors with low-grade dys-
plasia or no dysplasia revealed loss of 
heterozygosity at 3p and/or 9p, a molecular 
change associated with high recurrence [9].

VELscope® (Visual Enhanced Light scope) is 
now a widely used handheld optical device for 
oral cancer screening that uses autofluorescence 
technology. It is an approved visual enhancement 
system compatible for use as an adjuvant tool for 
oral assessment in combination with routine oral 
examination. The VELscope® device utilizes blue 
light excitation between 400 and 460  nm to 

visualize the abnormality of the oral cavity by the 
property of direct tissue autofluorescence. The 
normal oral mucous membrane demonstrates a 
pale green fluorescence on absorption of blue 
light emitted by the device (Fig. 9.1). Abnormal 
tissue (i.e., tissue with dysplasia or malignancy) 
presents as a dark region due to loss of autofluo-
rescence, a property natural to healthy tissues. 
Fluorescence visualization loss (FVL) is the hall-
mark of neoplastic process. The VELscope® 
device exploits this biological characteristic to 
distinguish healthy tissues or benign lesions from 
dysplastic tissue. In inflammatory lesions, this 
device shows false positives mainly due to the 
elevated blood flow and concentration of hemo-
globin, which is a natural chromatophore that 
absorbs light resulting in FVL [10].

It takes ~2 min for complete visualization and 
is hence an easy-to-use clinical device. Newer 
generation devices also possess an imaging 
adapter compatible with a mobile device for case 
documentation. The device now has a single-use 
lens cap to prevent cross contamination between 
patients. Lesions that are positive on VELscope® 
examination are suggested to be observed for 
2 weeks for resolution, or else biopsy is recom-
mended [11].

Fig. 9.1  Appearance of 
normal and abnormal 
mucosa under 

VELscope® tissue 
fluorescence imaging 
(courtesy of LED 
Dental, Inc.)
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9.3	 �Chemiluminescence

The technique of chemiluminescence was first 
applied in the detection of cervical dysplasia. 
ViziLite® is the popular device that employs the 
principle of chemiluminescence developed by 
Zila Pharmaceuticals (Phoenix, AZ). In 2001, it 
received FDA clearance. This technology is uti-
lized in gynecology, where it was termed as 
“speculoscopy” and is followed by thorough 
cervical examination [12]. Commercial chemi-
luminescence devices are either peroxyoxalate 
or luminol based systems. Three commercially 
available devices operate with the working 
principle of chemiluminescence for detection 
of oral cancer. They include ViziLite®, ViziLite 
Plus®, and Microlux/DL™.  In the oral cancer 
setting, chemiluminescence was shown to be 
superior to tolonium chloride [13]. The speci-
ficity of ViziLite® was poor, but accuracy was 
80%. They (ViziLite® and ViziLite Plus®) were 
able to improve brightness, sharpness, texture, 
and size of the lesion [14, 15]. This technique is 
entirely based on reflectance of oral tissue as a 
result of the increased nuclear-cytoplasmic 
ratio.

The examination is done in a dim lighted 
room to facilitate lesion recognition. It is best to 
photograph the observations made by ViziLite® 
for documentation purposes. The ViziLite® kit 
has (a) 1.1% acetic acid rinse; (b) capsule which 
contains sodium benzoate, propylene glycol, and 
alcohol base; and (c) retractor. Once activated, 
the glass vial containing hydrogen peroxide 
breaks and reacts with acetylsalicylic acid (aspi-
rin). The energy liberated in this reaction is 
absorbed by a fluorescent dye to convert it into 
white light. In the chemiluminescence system, a 
light of specific wavelength is emitted from a 
reaction between hydrogen peroxide and acetyl-
salicylic acid inside a light stick [16]. The reac-
tion produces blue light at the desired wavelength 
for exposure of oral tissues. It involves the use of 
an oral rinse of acetic acid (1%) for 1 minute fol-
lowed by examination of oral mucosa under dif-
fuse chemiluminescent low-energy blue/white 
light at a wavelength of 490–510 nm. The che-
miluminescence test has an acetic acid prerinse 
step to remove debris and glycoprotein coat that 

limits passage of light through tissue. Acetic 
acid desiccates the tissue, coagulates, and pre-
cipitates proteins on the epithelial surface. The 
majority of potentially malignant disorders 
(75%) were aceto-white. The theory behind this 
observation is that acetic acid removes glycopro-
tein and slightly desiccates the oral mucosa. 
Hence, the normal mucosa will appear blue, 
while the abnormal mucosa will reflect light due 
to high nuclear-cytoplasmic ratio. Furthermore, 
abnormal mucosa appears more aceto-white and 
brighter, with sharper and more distinct margins. 
In a typical exam, the occurrence of acetowhite 
staining is considered as “positive,” and the 
absence of acetowhitening is considered as 
“negative.”

Recently, the ViziLite® system was modified 
to include toluidine blue (ViziLite Plus®-toluidine 
blue system). The major disadvantage with 
ViziLite® kit is that it is a single-use product. The 
ViziLite Plus® kit consists of swab components 
with 1% acetic acid rinse, toluidine blue, and a 
decolorizer [12]. The toluidine blue in ViziLite 
Plus® improves the visualization by chemilumi-
nescence. In a large patient cohort, leukoplakias 
were more significantly aceto-white than erythro-
plakia [17]. In a study comparing efficacy of che-
miluminescent light, toluidine blue and 
exfoliative cytology, the chemiluminescent test 
was shown to generate reliable results [18]. 
Several studies have shown high sensitivity with 
ViziLite Plus®, although low specificity was the 
main limitation [15–18]. Identification and delin-
eation of dysplasia is challenging, but potentially 
malignant lesions can be easily identified. In 
summary, the ViziLite Plus® chemiluminescence 
system can be used as a supplementary investiga-
tion following routine oral examination to 
improve identification of oral abnormalities [17].

Microlux/DL™ is a battery-operated device 
with comparable efficacy to ViziLite® and 
ViziLite Plus® [19]. Microlux/DL™ was shown 
to enhance clinical visibility, but could not 
uncover clinically invisible lesions. The overall 
sensitivity and specificity were 77.8% and 
70.7%, respectively [19]. Adding toluidine blue 
did not increase the efficacy of Microlux/DL™ 
[20]. Further studies are needed on the efficacy 
of Microlux/DL™.
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9.4	 �Multispectral Fluorescence-
Reflectance Imaging

Identafi® 3000 is the most recent of commercially 
available optical devices for detection of oral 
cancer. The system utilizes multispectral fluores-
cence and reflection technology to enhance visu-
alization of mucosal abnormalities. This small, 
cordless, handheld device, similar to a dental 
airotor, offers a three-wavelength optical illumi-
nation and visualization system. Identafi® 3000 
uses white, violet, and green-amber wavelengths 
of light which excite the oral tissues. Reusable 
eye wear is available which enhances contrast 
and visual effect and allows transmission of 
reflected light. In the first stage, concentrated 
white light is used for a thorough oral examina-
tion. The clinician then switches to violet to make 
second observation. Violet light (405 nm) excites 
oral tissues that exhibit intrinsic fluorescence. 
Suspected lesions do not exhibit fluorescence and 
therefore appear dark. There is sufficient evi-
dence that violet light can differentiate normal 
and cancerous tissue with high sensitivity and 
specificity [8, 21]. When an abnormality is sus-
pected, the clinician switches to green-amber 
light (540–575 nm), which enhances the tissue’s 
reflectance to allow the clinician to directly 
observe the tissue vascularity [22], which can be 
used to make a tentative diagnosis. In the normal 
mucosa, the vasculature is clearly defined, while 
malignant or OPMDs exhibit dilated and diffuse 
vascular architecture that is more diffuse. This 
multispectral light system gives more visual 
information to the clinician, supporting decision-
making on suitable management [23].

Identafi® 3000 has been shown to exhibit high 
sensitivity (82%) and specificity (87%) in differ-
entiating neoplastic from nonneoplastic tissue 
[24]. The degree of vascularity observed using 
the system has been shown to correlate with 
expression of CD34 in histological sections [22]. 
Overall, 66% agreement was observed between 
clinical and histological grade [22]. The increase 
in vascularity was not limited to carcinomas, but 
even simple leukoplakias, hyperkeratotic lesions 
and lichen planus have demonstrated increased 
vascularity. Patients with severe clinical (green-
amber light visualization) and histological grade 

of vascularity may be kept for future follow-up, 
but this consideration needs validation.

9.5	 �Narrow Band Imaging

Generally, endoscope-connected narrow band 
imaging (NBI) systems are useful in the visualiza-
tion of the posterior oral cavity (oropharynx) not 
accessible during routine oral examination. In the 
past, it was applied mainly to the larynx, esopha-
gus, stomach, and colon. The extensive work of 
Yang et al. [25–29] has provided foundational evi-
dence on the use of NBI in oral malignant lesions 
and potentially malignant disorders and has 
shown specific in vivo application [30, 31]. NBI 
has been used in the identification of high-grade 
dysplasia/carcinoma in oral erythroplakia [31]. 
Ottaviani et al., have shown that NBI can also be 
used tumor angiogenesis [32]. In a more recent 
meta-analysis by Zhou et  al. on head and neck 
cancer which included 6187 lesions, the overall 
area under the summary receiver operating char-
acteristic (SROC) curve was 96.94% and for oral 
and oropharyngeal cancers (1071 lesions), the 
area under the SROC curve was 94.53% [33].

9.5.1	 �Principle

Endoscope-guided NBI enhances the visualiza-
tion of oral tissue through the magnification of 
mucosal texture and vascularity. As a result, NBI 
provides more information than broadband white 
light images. In NBI, white light is filtered to pro-
duce two narrow bands (~30  nm) of blue and 
green light (Fig.  9.2a) [34]. The blue band 
(415  nm) corresponds to the Soret absorption 
peak of hemoglobin, and the green band (540 nm) 
supports the visualization of underlying vascula-
ture [34, 35] (Fig.  9.2b). Imaging at the blue 
wavelength reveals superficial, fine vasculature, 
while the green wavelength light reveals deeper 
vessels with large diameter (Fig. 9.2c). In normal 
tissues, the capillaries in connective tissue below 
the epithelium are visible because many regions 
of the oral mucosa are free of appendages, except 
for the minor salivary glands. Capillaries in the 
floor of mouth, lip, and buccal mucosa are more 
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Fig. 9.2  Panel (a): Spectral characteristics of conven-
tional white light, and narrow band light is blue-green 
spectrum; Panel (b): the absorptive characteristics of 
hemoglobin which falls within the blue and green spec-
trum; Panel (c): Illumination of visible light in narrow 
wavelength band (centered on blue and green spectrum). 

The absorption and reflectance gives a neat picture of the 
underlying vasculature as it contains hemoglobin, the 
major endogenous chromatophores. The distribution of 
slender peripheral vessels and larger deep submucosal 
veins is distinctive. (a and b courtesy of Olympus)
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prominent than capillaries at other locations like 
the ventral tongue [36]. The rete pegs and connec-
tive tissue papilla are closely connected and intact, 
forming uniform loops. In cancer, when the asso-
ciation between rete pegs and underlying connec-
tive tissue is lost, the homogenous arrangement of 
microvasculature in tissue is disrupted. In 
advanced cancers, the high growth rate of capil-
laries may be also visualized as discolored areas 
or spotting of tissue. Based on the pattern of tumor 
growth (inward or outward), this architecture and 
organization of vessels is disturbed leading to an 
irregular pattern. At the tissue level, three phe-
nomena occur in and around transformed tissue 
which are detectable by NBI: (i) vascularization 
due to tumor angiogenesis, (ii) vascular destruc-
tion due to uncontrolled proliferation, and (iii) 
displacement of existing vasculature leading to 
irregular vessel pattern or discolored appearance 
of cancer tissue [36]. NBI is based on the intra-
papillary capillary loops (IPCL), and microvascu-
lar morphology detected by narrow band imaging 
(NBI) can assist in diagnosis. Normal mucosa 
shows regular looping in uniform pattern (Type I), 
nonneoplastic lesions show mild change in mor-
phology (Type II, Type III), and neoplastic lesions 
show irregular pattern with several loop shapes 
(Type III, Type IV) [37] (Table 9.2). In NBI, the 
severity of OSCC as measured by tumor size, 
nodal status, TNM stage, lymphovascular or peri-
neural invasion, depth of tumor infiltration, and 

tumor differentiation was associated with specific 
morphological patterns in intrapapillary micro-
vasculature, with PCL destruction from tumor 
angiogenesis being associated with more 
advanced disease stage [38]. Takano et  al. have 
demonstrated the value of NBI as a potential tool 
for the detection of early cancer, and microvascu-
lar organization is a dependable biomarker of oral 
cancer [37]. A narrow band image of high-grade 
dysplasia and oral cancer shows increased num-
ber of tortuous, dilated, twisted, elongated, and 
corkscrew vessel morphology (Fig.  9.3) [31]. 
Elongated, twisted, and destructive pattern are 
indicators of dysplasia, carcinoma in situ, and 
invasive carcinoma arising in ‘erythroplakia’ [31].

NBI is a safe, noninvasive endoscopic imag-
ing method for detailed viewing of oral cancer, 
oral leukoplakia, and erythroplakia [29, 36, 37]. 
NBI has also been used in the identification of 
squamous cell carcinoma arising in nonhealing 
ulcers [36]. Furthermore, NBI is capable of eval-
uating microvascular organization and provides 
clear images for simplified clinical decision-
making. Understanding the intrapapillary capil-
lary loops (IPCL) during oral carcinogenesis 
could potentially enhance the clinical utility of 
NBI [37, 38]. Changes in IPCL have been previ-
ously correlated with invasion depth of esopha-
geal SCC and histological atypia [39]. IPCL 
patterns have also been correlated with increased 
severity in leukoplakia [29]. Additionally, IPCL 
was the only independent factor associated with 
the occurrence of squamous cell carcinoma in 
oral chronic nonhealing ulcers [36]. Some indi-
viduals with early cancer also presented with 
brown coloration on NBI [36, 37]. Future studies 
should continue to focus on the identification 
and characterization of specific microvascular 
patterns relating to different stages in the evolu-
tion of cancer and molecular parameters [34]. A 
multispectral digital microscope was recently 
developed which creates images in narrow band, 
fluorescence, and orthogonal polarized reflec-
tance mode [35]. NBI has also been applied in 
robotic-guided surgical procedures in HNSCC 
for identification of margin dysplasia to obtain 
safe surgical margins in anatomically challeng-
ing areas to minimize morbidity and functional 
preservation of normal tissue.

Table 9.2  Comparison of IPCL patterns in suspicious 
oral lesions

Type I Regular 
brown dots

•  Normal mucosa
•  �Homogenous 

Leukoplakia
•  �Squamous 

hyperplasia

Low risk 
IPCL 
patternType II Dilation and 

crossing

Type III Elongated 
and 
meandering

•  �High-grade 
dysplasia

•  Carcinoma in situ
•  �Carcinoma in 

leukoplakia
•  �Carcinoma in 

erythroplakia
•  �Carcinoma in 

non-healing ulcers

High 
risk 
IPCL 
patternType IV Destruction 

and 
angiogenesis

IPCL patterns advance with increasing severity of pathology; 
the destructive pattern is associated with the most advanced 
carcinomas (classification of Takano et  al. [37] and IPCL 
correlation adapted from Yang et al. [25–29, 31, 38])

9  Optical Imaging in Oral Oncology
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9.6	 �Quest for Deep Tissue 
Imaging

Light-based systems exploit tissue features like 
epithelial thickness, blood vessel pattern (vascu-
larity), and cellular features like nuclear-
cytoplasmic ratio to generate structural and 
functional information on these tissues. 
Alterations of these tissue characteristics can 
therefore be exploited to differentiate normal tis-
sues from those that have undergone or are under-
going malignant transformation [23].

There is some contradicting evidence on the 
role of light-based detection methods for oral 
cancer screening [40]. The scope of optical tools 
in diagnosis has increased due to their ease of 
use, short image acquisition times, and lower 
cost compared to traditional radiologic tech-
niques such as PET or CT.  Furthermore, these 
noninvasive optical imaging methods are patient-
friendly (less intimidating or claustrophobic) 
and offer the ability to provide structural and 
functional information in real time. Moreover, 
optical imaging can be repeated frequently 

a

b

c

d

e

f

Fig. 9.3  Suspicious oral lesions under NBI light showing 
different IPCL vessel patterns. (a) Dilatation, meandering 
of capillaries (intramucosal cancer); (b) dilatation, mean-
dering, calibre change, nonuniformity of intrapapillary 
capillary loop (intramucosal cancer); (c) uniform small 
dots in submucosally (carcinoma in situ); (d) thin capillar-

ies uniformly distributed between white spotted lesion 
(inflammatory pathology-hyperplastic candidiasis); (e) 
inflammatory base with uniformly distributed capillaries in 
submucosal plane; (f) hyperkeratotic lesion (“umbrella 
effect”) without surrounding mucosal changes (homoge-
nous leukoplakia) (courtesy of Rakesh Srivastava, India)
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without risk of exposure to ionizing radiation or 
radioactive tracers [23]. However, depth of pen-
etration is a limitation for most optical methods 
(in the order of millimeters) that contributes to 
inadequate visualization of subsurface layers in 
tomographic sections. Increased scattering of 
light with increasing depth is the primary limita-
tion of traditional ballistic optical imaging meth-
ods which restricts imaging depths to a few 
millimeters. In this regard, photoacoustic imag-
ing (PAI) is a hybrid optical and ultrasound 
imaging method that exploits optical properties 
of tissue to provide molecular information of tis-
sue at imaging depths typically associated with 
ultrasound. The following section describes the 
potential of this emerging advanced optical 
imaging method since it is currently not readily 
available for clinical application but has strong 
potential as a chairside tool in the near future. 
However, it is important to remember that all 
optical techniques are ultimately intended to 
serve as adjuvant aids that compliment clinical 
assessment.

9.7	 �Photoacoustic Imaging

PAI is a hybrid imaging technique that combines 
optics and ultrasound (US) and is based on the 
photoacoustic effect [41]. The photoacoustic 
effect was first explored by Alexander Graham 
Bell [42] and is a phenomenon wherein light is 
absorbed by photoabsorbers within a medium 
resulting in a localized thermoelastic expansion, 
producing pressure waves that can be acousti-
cally detected [42]. It took 100 years to evolve as 
a biomedical imaging technique (1981) based on 
fundamental work by Dr. Theodore Bowen [43–
45]. However, it was not until the 1990s that PAI 
was developed for imaging in tissues, pioneered 
by Dr. Robert Kruger [46, 47]. Similar to conven-
tional optical techniques, PAI can detect endoge-
nous chromophores through multispectral 
excitation and detection of the unique absorption 
profile of each chromophore [48]. In this manner, 
PAI can provide important molecular information 
of tissue at clinically relevant imaging depths (on 
the order of several centimeters).

9.7.1	 �Principle

PAI can be considered an ultrasound-based imag-
ing method with light-generated contrast. The 
generation of PA signal relies on three steps 
(Fig.  9.4): (1) deposition of electromagnetic 
energy (EM) into the tissue being imaged, (2) 
absorption of the EM energy by photoabsorbers 
within tissue, and (3) thermal expansion of opti-
cal species in tissue to release pressure waves 
detectable by US [48, 49]. Whereas traditional 
optical imaging techniques are limited to 2–3 mm 
due to relatively high scattering of light in tissue, 
tissues show low acoustic scattering (1/1000 
times less than optical scattering) allowing for 
significantly improved imaging depths in the 
order of centimeters [48].

Contrast in PAI is influenced by the optical 
absorption coefficient and concentration of pho-
toabsorbers in each tissue type [50, 51]. PAI 
works optimally on tissues with high optical 
coefficients like blood vessels which contain 
high levels of hemoglobin [52]. PAI can also be 
performed at longer infrared wavelengths as it is 
not as rapidly absorbed by tissue and can there-
fore penetrate deep in tissue [50]. The main opti-
cal absorbers and generators of photoacoustic 
signal in tissue are hemoglobin, melanin, lipids, 
and water [53]. In vivo photoacoustic signal that 
returns from these endogenous species in tissue 
can be used to obtain structural and functional 
information including vascular hemodynamics, 
hemoglobin concentration, oxygen saturation, 
and tissue composition of photoabsorbers [53]. 
Image reconstruction allows for the localization 
of photoabsorbers within tissue through time and 
amplitude-based detection of PA signal. In the 
majority of commercially available PAI systems, 
the light source and ultrasonic detector are incor-
porated together into a single transducer for more 
efficient work flow. The two most common PAI 
systems utilize either a ring/bowl array where 
piezoelectric elements are positioned around the 
tissue being imaged or a linear array where piezo-
electric elements line the face of the image probe 
[48, 49]. In the first design, generated PA signal 
is detected at multiple positions around the tissue 
and then back-projected to determine the original 
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source of the PA signal, similar to reconstruction 
methods used for x-ray computed tomography 
[51]. The second design functions similar to stan-
dard ultrasound where the generated PA signal is 
detected by individual elements along the axis of 
the probe corresponding to a specific image seg-
ment [54]. In this method, the light pulse is syn-
chronized with the image acquisition time to 
allow for accurate spatial localization of the pho-
toabsorber. Photoabsorber depth is then esti-
mated by measuring the time of PA signal arrival. 
While tomographic techniques can provide 
greater sensitivity and resolution compared to 
that of linear array techniques, linear array tech-
niques readily allow for simultaneous PAI and 
US enabling structural, functional, and molecular 
imaging of tissue [55–58].

9.7.2	 �Contrast Agents in PAI

9.7.2.1	 �Endogenous Contrast 
Mechanisms

In oral cancer, angiogenesis and hypoxia are a 
fundamental process, and their grade increases 
with severity of malignancy [59, 60]. 
Consequently, PA-based assessment of tissue 
hemoglobin and oxygenation could assist in the 
diagnosis and staging of oral lesions. Early 
work by Oraevsky and colleagues highlighted 
the potential of PAI for detecting DMBA-
induced oral lesions in the hamster buccal 

pouch carcinoma model [61, 62]. In the same 
model, Fatakdawala et al. evaluated the ability 
of PAI to detect both precancerous and cancer-
ous lesions within the oral cavity [63]. PAI 
detected high vascular density in oral lesions 
compared to normal oral mucosa associated 
with increased angiogenesis. Furthermore, they 
were able to detect increased accumulation of 
mucin, a key component of mucus, in precan-
cerous lesions. In ex vivo thyroid tissue speci-
mens, Dogra et al. found that malignant samples 
had significantly higher deoxyhemoglobin lev-
els than both benign and normal thyroid tissue 
samples, indicating that the oxygenation status 
of suspicious lesions can also be used to iden-
tify malignant tissues [64]. A recent study eval-
uating the ability of PAI to differentiate 
malignant and benign thyroid nodules in  vivo 
found that malignant lesions had higher PA sig-
nals at 760, 850, 930, and 950 nm wavelengths 
[65]. Multiple studies in preclinical models of 
oral and head and neck cancers have also high-
lighted the potential of PAI for tumor oxygen-
ation kinetics and response to chemotherapy 
and radiation [66, 67]. These studies have dem-
onstrated that PAI can be effectively utilized for 
frequent and repeated assessment of tumor oxy-
genation before, during, and after radiation 
therapy (RT) [67]. Recent work has also 
revealed the potential of PAI based biomarkers 
of oxygenation as early indicators of therapeu-
tic efficacy [67, 68].

Principle of PAI

Photoabsorbers in tissue
(melanin, hemoglobin,

lipids, etc.)

1. Pulsed Laser
Light

3. Ultrasonic
Detection

2. Absorption and
Thermoelastic

Expansion

Fig. 9.4  Principles of 
PA signal generation. 
Light is pulsed into 
tissue (1) where it is 
absorbed by 
photoabsorbers (2), 
resulting in pressure 
waves that can be 
detected by ultrasound 
(3)
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9.7.2.2	 Exogenous Contrast Agents
While the ability of PAI to detect endogenous 
chromophores is a major strength of the 
technique, exogenous contrast agents can also be 
utilized to enhance contrast and signal-to-noise 
(SNR) in PAI [69–71]. Several classes of agents 
ranging from near-infrared optical dyes such as 
indocyanine green (ICG), metal or semiconduct-
ing nanoparticles such as gold or silver nanorods, 
and organic nanostructures such as chimeric 
polypeptide nanoparticles have been studied for 
their utility as contrast agents for PAI [70]. These 
agents can be administered as neat solutions 
without targeting moieties to measure vascular 
parameters, or with targeting ligands to visualize 
molecular processes.

Recently, nanostructures prepared from gold 
and silver have been used as exogenous contrast 
agents for PAI [72]. The advantage of gold 
nanoparticles is their strong optical absorption 
due to their high cross section tuned to the optical 
window (~730  nm). This minimizes PA signal 
from endogenous absorption while maximizing 
imaging depth [41]. These metallic nanoparticles 
have a fivefold to ninefold higher optical absorp-
tion due to surface plasmon resonance (SPR), the 
property by which incident light excites the outer 
electrons in metals producing oscillations of con-
ducting electrons [73]. SPR structures used for 
PAI include gold nanoclusters, gold nanospheres, 

gold nanorods, gold nanoshells, gold cages, and 
silver nanoplates [72]. Injection and accumula-
tion of these agents in tumors produces increased 
PA signal associated with tumor angiogenesis 
and vascular perfusion [73]. Consequently, these 
agents have been used for selective identification 
of tumors from non-tumor tissue [74] and to 
assess temporal and spatial changes in PA signal 
corresponding to areas of high vascular perfusion 
[75]. In head and neck tumor models, PAI has 
been shown to detect differential uptake of EGFR 
and human epidermal growth factor receptor 2 
(HER2) targeted gold nanorods, highlighting the 
potential of PAI for molecular profiling of tumors 
and treatment planning of OSCC patients [76]. In 
addition to standard PEGylated metallic nanopar-
ticles, silica coated hybrid particles show stable 
and improved PAI signal [77, 78]. A threefold 
enhancement in PA signal was seen in silica-
coated gold rods [78]. However, biodegradable 
nanoparticles are preferable as metallic particles 
pose risk of toxicity due to accumulation.

PAI studies have also utilized NIR absorbing 
dyes (methylene blue, indocyanine green) to 
enhance PAI contrast as they are inexpensive, 
widely available, and approved for clinical use 
(Figs. 9.5 and 9.6) [76]. Their structure is typi-
cally comprised of a series of conjugated double 
bonds in ring system which lowers the energy 
necessary for excitation [77]. The two US Food 

B-mode Pre-ICG Post-ICG

Ultrasound Photoacoustic Imaging (800 nm)

Fig. 9.5  Enhancement of photoacoustic imaging signal 
using an exogenous dye. (Left) B-mode ultrasound image 
shows presence of subcutaneous patient derived head and 
neck tumor xenograft (white outline) grown in a severe 
combined immunodeficient mouse. (Right) Photoacoustic 

signal intensity maps (800  nm) acquired before and 
immediately following injection of 2  mM indocyanine 
green (ICG) dye (200 μl). Following injection, vascular-
ized areas show a noticeable increase in photoacoustic 
signal (areas of red)
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and Drug Administration-approved dyes, indo-
cyanine green (ICG) and methylene blue, can 
also serve as effective contrast agents for PAI of 
tumors and tumor-draining lymph nodes 
(Fig. 9.6). Studies have demonstrated the poten-
tial of PA-guided tumor lymphangiography for 
mapping of sentinel lymph nodes [79, 80]. 
Porphyrins are also organic compounds that are 
highly tunable and have intense absorptive prop-
erties allowing for PAI [81]. Using porphyrin 
nanoparticles, Muhanna and colleagues used PAI 
prior to photothermal therapy to measure the 
drug uptake levels in the VX2 carcinoma model 
of invasive OSCC, showing that PAI can be used 
to guide cancer therapies to improve treatment 
efficacy [82]. Targeting moieties have also been 
added to optical dyes to increase their tumor 
specificity and to identify molecular processes. 
Using a novel caspase-9 near-infrared PAI probe, 
Yang et al. were able to detect increased contrast 
uptake in tumors 24 h after treatment with cispla-
tin [83].

Luke et al. used PAI to detect metastatic cervi-
cal lymph nodes in mice bearing FaDu tumors of 
the tongue, by measuring the uptake of EGFR-
targeted molecularly activated plasmonic nano-
sensors following peritumoral injection [84]. 

Importantly, their method provided a sensitivity 
and specificity of 100% and 87.5% compared to 
50% and 87% of current PET methods. The abil-
ity of PAI to detect metastatic lesions was also 
assessed using a VX2 carcinoma large animal 
model of invasive OSCC, where dual PA and 
fluorescent nanoparticles were injected into the 
peritumoral space and used to guide surgical 
resection of tumor-draining lymph nodes [85]. 
Luke et  al. also showed that it was possible to 
detect metastatic nodes without the need for 
exogenous contrast as metastatic lymph nodes 
had significantly lower %sO2 levels than healthy 
nodes, although their sensitivity and specificity 
was reduced to 71% and 83%, respectively [86]. 
This is a considerable advantage over conven-
tional lymphangiography methods as it would 
not require the administration of exogenous 
agents for the detection of sentinel lymph nodes.

In summary, PAI has the potential to become a 
simple dental chairside or bedside imaging tool 
for the diagnosis and staging of oral cancer. The 
development of compact PAI systems with co-
registered US could facilitate widespread clinical 
utilization of this promising imaging modality. 
Enhancing PAI signal using exogenous agents 
can significantly improve PAIs’ ability to detect 
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Fig. 9.6  Photoacoustic lymphangiography of a draining 
lymph node in a New Zealand white rabbit. (Left) 
Photoacoustic signal intensity maps (680 nm) of the parotid 
lymph nodes before and immediately following injection of 
1% methylene blue (MB) dye in the rabbit ear. (Middle) 

Maximum intensity projection (MIP) showing the draining 
lymph vessel tract and accumulated dye in the parotid 
lymph node (red arrow). (Right) Ex vivo white light image 
of the rabbit parotid gland removed following imaging 
shows dye accumulating in the node (white circle)
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and characterize oral lesions and could have a 
role for treatment planning and therapeutic 
response monitoring.

�Conclusion
Optical imaging methods can probe the tissue 
architectural, cellular, biochemical, and meta-
bolic landscape in oral cancer. Given their 
ease of use, a number of optical imaging 
methods have been studied for clinical appli-
cations in oral oncology. Tissue architectural 
changes in precancerous and cancerous tis-
sues affect their optical properties and can be 
visualized using autofluorescence, chemilu-
minescence, multispectral fluorescence, and 
narrow band imaging methods. Optical and 
optoacoustic imaging methods using exoge-
nously administered optical contrast agents 
for cancer diagnosis have also shown promise. 
Combined or multimodal application of these 
optical techniques can improve their diagnos-
tic utility. However, the optical imaging meth-
ods can only serve as adjuvant tools. The 
findings from using these aids should always 
be interpreted in the context of clinical exami-
nation and are often useful when performed 
by skilled and experienced clinicians. Future 
developments in hardware and improved algo-
rithms could improve their overall diagnostic 
power and enable creation of cheap, easy-to-
use, and reliable tools for in vivo visualization 
of oral cancer and precancer.
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