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In-vivo optical imaging in head and neck oncology: basic
principles, clinical applications and future directions
Chenzhou Wu1, John Gleysteen2, Nutte Tarn Teraphongphom3, Yi Li1 and Eben Rosenthal3

Head and neck cancers become a severe threat to human’s health nowadays and represent the sixth most common cancer
worldwide. Surgery remains the first-line choice for head and neck cancer patients. Limited resectable tissue mass and complicated
anatomy structures in the head and neck region put the surgeons in a dilemma between the extensive resection and a better
quality of life for the patients. Early diagnosis and treatment of the pre-malignancies, as well as real-time in vivo detection of
surgical margins during en bloc resection, could be leveraged to minimize the resection of normal tissues. With the understanding
of the head and neck oncology, recent advances in optical hardware and reagents have provided unique opportunities for real-time
pre-malignancies and cancer imaging in the clinic or operating room. Optical imaging in the head and neck has been reported
using autofluorescence imaging, targeted fluorescence imaging, high-resolution microendoscopy, narrow band imaging and the
Raman spectroscopy. In this study, we reviewed the basic theories and clinical applications of optical imaging for the diagnosis and
treatment in the field of head and neck oncology with the goal of identifying limitations and facilitating future advancements in the
field.
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INTRODUCTION
Head and neck cancers represent the sixth most common
malignancy worldwide with ~529 500 new patients diagnosed
annually and are responsible for 3.6% of cancer-specific deaths.1

More than 90% of head and neck cancers are squamous cell
carcinomas (HNSCC) that arise from the mucosal surfaces of the
oral cavity, oropharynx, and larynx. HNSCC accounts for 5%–10%
of all new cancer cases in the North America and Europe, although
worldwide there are geographic variations in the incidence and
anatomic distribution. In high-risk countries (i.e., India, Sri Lanka,
Bangladesh, and Pakistan), oral cavity squamous cell carcinoma
(OSCC) is the most common cancer in men and the third most
common cancer in women.2 More than 50% of patients with
advanced OSCC survive <1 year from their time of diagnosis,
owing to both locoregional and distant failure.3

Current imaging strategies commonly used for cancer detection
and pretreatment planning are based on anatomic or metabolic
changes in the tissue. Recent advances in optical hardware and
reagents have provided unique opportunities for real-time cancer
imaging in the clinic or operating room. Optical techniques have
been widely used to detect early stage disease based on subtle
surface changes associated with mucosal growth. These strategies
have also been applied to the surgical setting where the
parameters of the tumor have been better-defined using optical
imaging.
Surgical resection with 1–2 cm margins is the primary treatment

modality for OSCC and early stage oropharynx cancer; real-time
in vivo detection of surgical margins during en bloc resection

could be leveraged to minimize the resection of normal tissues.
Margin analysis is traditionally performed by histological investi-
gation of biopsy samples, although this method has some
inherent disadvantages. First, it is a subjective method based on
the experience and ability of the pathologist. Second, the
malignant focus may be too small to be detected in the sectioning
which can lead to sampling error and false negative diagnosis.
And third, the frozen section of the surgical margin is time-
consuming, often with substantial lapses in time between biopsy
of the margin and the acquisition of the result. Re-excision of a
positive margin after a delay can sometimes involve guesswork as
to the exact location of the margin.
As the understanding of the biology and tumorigenesis of head

and neck cancer has advanced, including identification of specific
biomarker expression in tumor cells, upregulated metabolic
activities, and the variations in tumor microenviroment, new
diagnostic methods and instruments have developed. Optical
imaging permits real-time diagnosis and margin discrimination,
which would be most helpful to surgeons in the minimally
invasive setting when physical cues like visualization and
palpation are absent.4 Optical imaging or light based imaging
techniques, uses specific properties of light to image anatomical
or chemical characteristics of tissue. Analogous to many
radiolabeled agents, imaging of optical contrast is performed
using ligands conjugated to an optically active reporter to target a
recognized disease biomarker.5 Optical imaging in the head
and neck has been reported using autofluorescence imaging
(AFI),5 targeted fluorescence imaging (TFI),5 high-resolution
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microendoscopy (HRME),6 narrow band imaging (NBI),7 and the
Raman spectroscopy (RS).8 Besides these, other optical imaging
modalities, such as optical coherence tomography, elastic scatter-
ing spectroscopy, confocal laser endomicroscopy, and confocal
reflectance microscopy, have also been widely applied in the head
and neck region and were nicely reviewed elsewhere.9–11 In this
study, we specially reviewed the basic theories and clinical
applications of AFI, TFI, HRME, NBI, and RS for the diagnosis and
treatment of head and neck cancer with the goal of identifying
limitations and facilitating future advancements in the field.

BASIC PRINCIPLE OF FLUORESCENCE IMAGING
The basic principle of fluorescence imaging has been reviewed in
detail previously.12–14 Briefly, the illumination light from a filtered
light source (low-intensity excitation) or laser (high-intensity
excitation) enters and travels through tissue to reach and be
absorbed by the targeted fluorophores, which can be either
endogenous (i.e., autofluorescence) or exogenous (i.e., injected
fluorescein). Absorption of the photons causes an excited state of
the fluorophore, which then re-emits photons as it returns to its
ground state. The re-emission photons can be detected with a
charged coupled device (CCD) camera that can provide color and
fluorescence imaging, either separately or on an overlay
pseudocolour image in real-time. The energy level transition
between the excited state and ground state causes energy loss
and results in a shift from shorter wavelengths (higher energy) of
the absorption spectrum to longer wavelengths (lower energy) of
the emission spectrum, known as the Stokes shift. This process
lasts for a few nanoseconds depending on the fluorophore and is
called the lifetime of fluorophore. Both the illumination and the
emission light have to travel through tissues and are mainly
affected by: (1) reflection of tissue surface; (2) refraction of tissue
surface; (3) tissue scattering; and (4) absorption of light mainly by
water, lipids (absorb light in the infrared range, >900 nm) and
hemoglobin (absorb light in visible light spectrum, <600 nm).
Since the absorption spectrums of water, lipids, and hemoglobin
are non-overlapped, an optical imaging window exists in the near-
infrared (NIR) spectrum (~650–900 nm) where the absorption

coefficient of tissue is at a minimum. In addition, recent studies
have shown that the extending into the longer wavelengths
results in better tissue penetration because of less scattering,
whereas image resolution improves with shorter wavelengths.15,16

Figure 1 displays the optical properties of tissues and the different
wavelength range of each fluorescent imaging device.16

AUTOFLUORESCENCE IMAGING (AFI)
Basic theory
Autofluorescence is the natural fluorescence of endogenous
fluorophores, primarily nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD), without the addition of any
chemical substances.17 AFI is an imaging modality that helps
visualize the autofluorescence spectrum of endogenous fluoro-
phores. When normal tissues are illuminated by AFI devices with
ultraviolet (200–400 nm) and visible light (400–600 nm) they emit
fluorescent light, while neoplastic tissues actually appear darker
compared with the healthy surroundings due to autofluorescence
loss.18 The autofluorescence loss-of-neoplastic tissues is mainly
caused by metabolism alterations and morphologic changes of
the epithelial surface and underlying stroma.19–21 Specifically,
increased numbers of nuclei and increased microvascularity leads
to scattering and absorption of illumination light, and decreased
content of the collagen matrix and elastin directly results in lower
autofluorescence intensity.17 These neoplastic-related changes
reduce the detectable autofluorescence signal, thus leading to
autofluorescence loss.
Even though the AFI modalities are regarded as practical, cost-

effective and non-invasive, they may suffer from an innate
disadvantage: low specificity.20,21 The false positives are related
to tissues with rich microvascularity causing scattering and
autofluorescence loss, seen in granulation tissue, inflammation,
and edema. False negatives are mainly observed at the regions
with overgrowth of bacteria (bacteria may produce extra
fluorophores) or hyperkeratosis (keratin is strongly fluorescing).
The largest effort to develop a clinical trial for autofluorescence
has been explored in Canada through the Canadian Optically
guided approach for Oral Lesions Surgical (COOLS) trial.22

Fig. 1 Optical properties of tissue and the different wavelength range of each fluorescent imaging devices. Image resolution improves with
shorter wavelengths, and tissue penetration increases with longer wavelengths. Hemoglobin (Hb) dominates absorption of light in the visible
(400–700 nm). Water absorption plays a small role in the infrared (>900 nm). The extinction coefficients for Hb (blue), oxyhaemoglobin (HbO2;
red) and water (black) are shown. AFI, autofluorescence imaging; NBI, narrow band imaging; WLE, white-light endoscopy. Reprinted with
permission from ref. 16 by BMJ Publishing Group Ltd. and Copyright Clearance Center
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Instrumentation
Multiple AFI modalities have been proposed to detect the
neoplastic transformations, such as the LIFE system (Xillix
Technology, Vancouver, Canada), the DAFE system (Richard Wolf,
Knittlingen, Germany), the SAFE system (Pentax, Tokyo, Japan) and
D-Light-AF system (Karl Storz, Tuttlingen, Germany). These
systems are not specifically designed for the head and neck
region but can be applied in that area. Two AFI devices are
specifically designed for inspection of the oral cavity: VELscope
(LED Medical Diagnostics, Vancouver, Canada) and Identafi
(DentalEZ, Lancaster, USA). The visual representations of these
AFI modalities can be found in Fig. 2.23–31

VELscope is a non-invasive, handheld camera device for directly
visualizing the alterations of tissue autofluorescence in the oral
cavity.32 It emits blue light between 400 and 460 nm wavelengths
to excite the endogenous fluorophores. After illumination, healthy
tissue appears pale green when viewed through a selective long-
pass filter, whereas abnormal tissue shows autofluorescence loss
and appears as dark areas in contrast to the surrounding tissue.
VELscope does not require special training to use and is suitable
for both general or subspecialty practice. Applications include
screening for abnormities, detecting neoplastic transformation,
and identifying neoplasm margins.
Identafi is a multi-spectral device that incorporates three

different lights: white light, violet light, and green-amber light.33

The white light is for conventional oral examinations, the other
two lights are designed to be used sequentially to facilitate
examinations. Similar to VELscope, the violet light with 405 nm
wavelength utilizes the autofluorescence loss phenomenon to
distinguish neoplastic tissue from normal mucosa. Similar to
narrow band imaging (NBI) which will be described later, the
green-amber light with 545 nm wavelength approximately
matches the peaks of absorption wavelengths of hemoglobin,
which may facilitate the visualization of neoangiogenesis. In
addition to integrating autofluorescence and the visualization of

neoangiogenic patterns into one device, the Identafi also has an
advantage in its small size. The probe of Identafi resembles a
dental mirror which can visualize all tissue in the oral cavity,34

making it considerably more flexible to handle than VELscope.
However, learning to recognize neoangiogenic patterns requires a
relatively steep learning curve and it, therefore, may have limited
applicability to general practice.33

Screening
OSCC provides an ideal model for screening and prevention
because of the easy opportunity to exam the oral cavity.35 In 2013,
Sankaranarayanan et al.36 published an impressive cluster
randomized controlled trial with a 15 year follow-up period,
which demonstrated that after three or four screening rounds with
conventional oral examinations, the OSCC mortality in high-risk
(tobacco and alcohol consumption) populations was significantly
reduced. This study strongly confirmed the utility of conventional
oral examinations in OSCC screening. The AFI devices could be
used as an adjunct to conventional oral examination in OSCC or
oral premalignant disease screening.
Huff et al.37 designed a parallel cohort study to investigate

whether combining VELscope with conventional oral examination
could detect more oral abnormities than conventional examina-
tion alone in a private general dentistry practice. The results
suggested screening with the combination of conventional
examination and VELscope yielded more mucosal abnormalities
than conventional method alone (1.3% vs. 0.83%), with 83% of
these being histopathology confirmed premalignant diseases. In
contrast, none of abnormalities detected with conventional
method alone were oral premalignacies. Similar findings from
another study found adding VELscope to conventional oral
examination improved the detection of oral premalignacies,
which was missed by conventional examination alone.38 However,
as previously described, the AFI devices suffer from low specificity,
and this applies in screening oral lesions with VELscope.33,39 In an

Fig. 2 Current AFI devices to identify the neoplastic transformation and their representative images showing the tumor detections. Neoplastic
tissues appear darker (due to autofluorescence loss) compared with the healthy surroundings when illuminated by AFI devices. The
appearances of each instrument, diagnosis of lesions, brightfield images, and autofluorescence images are displayed. AFI, autofluorescence
imaging; Dx, diagnosis; SCC, squamous cell carcinoma. Original figures can be found in refs. 23–31
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effort to improve specificity and efficacy, Bhatia et al.40 recently
developed a decision making protocol for screening using the
VELscope in general dental practice. VELscope alone showed a
specificity of 54.3%, while the combination of conventional oral
examination and VELscope showed a specificity of 97.9% after
applying the decision making protocol.
Compared with VELscope, the Identafi is not as widely used for

screening, and the studies evaluating it have been disappoint-
ing.41 One study specifically aimed at high-risk patients (treated
previously for head and neck cancer) utilized this device for OSCC
screening.21 The sensitivity and specificity of conventional oral
examination, violet light, and green-amber light were 50% and
98%, 50% and 81%, and 0 and 86%, respectively. These
unsatisfactory outcomes currently do not support its use.

Diagnosis
The diagnostic value of AFI devices in OSCC has been widely
studied. A recent meta-analysis which included 12 studies
determined the accuracy of VELscope for diagnosis of OSCC
and/or dysplasia.42 After pooling the available data, the mean
sensitivity and specificity for this tool were 72.4% and 63.79%,
respectively. However, the values of sensitivity ranged from 20%
to 100% and specificity ranged from 15.3% to 100% according to
the included studies. This may be because the autofluorescence
loss phenomenon was not neoplastic specific, which would result
in excessive false positives. In addition to the large standard error
of pooled results, the mean sensitivity and specificity also did not
support VELscope as an ideal tool for the diagnosis of oral mucosal
malignant lesions at this time.
The diagnostic value of AFI devices in laryngeal cancer has also

been widely investigated. Among the aforementioned AFI
systems, the SAFE system (Pentax) and D-Light-AF system (Karl
Storz) were the most common types applied for laryngeal cancer
diagnosis. According to multiple studies, the sensitivity of SAFE
system ranged between 89% and 94%, with specificity between
69% and 78%.43–45 For D-Light-AF system, the sensitivity ranged
between 90% and 97%, and specificity ranged between 82% and
87%.46–48 A separate meta-analysis pooled the available data of
10 studies for AFI (combining systems) and 8 studies for white
light imaging to compare diagnostic utility between the two
imaging modalities. The results of sensitivity (91% AFI vs. 73%
white-light imaging), specificity (84% vs. 79%), and accuracy (88%
vs. 77%) of AFI were superior to white-light imaging alone.49

According to these studies, the AFI may be a promising tool with
acceptable diagnostic value for the detection of laryngeal
premalignant and cancerous lesions.

Detecting tumor margin
As the penetrating depth of AFI illumination is relatively shallow,
AFI is best suited to evaluate superficial margins. In 2006,
Poh et al.50 first reported a case series which evaluated 20
consecutive patients with OSCC by VELscope during surgical
excision. Nineteen of 20 tumors found an autofluorescence loss
extending from 4 to 25mm (mean 10.3 mm) in one or more
directions beyond the clinically detectable cancer margin. Within
boundaries of autofluorescence loss areas, 89% of the biopsies
were pathologically confirmed cancer/dysplasia. When surgical
margins were outlined at a distance of 10mm from the
boundaries of autofluorescence loss areas or clinically visible
tumor (whichever was wider), biopsies showed only 1 of the
66 surgical margins was dysplastic.
A recently published retrospective study provided encouraging

long-term results of VELscope-guided surgery.51 In patients with
either early stage OSCC or high-grade lesions (severe dysplasia,
carcinoma in situ), the VELscope-guided surgery group showed
significant reduction in the 3-year local recurrence rate compared
with the conventional surgery group, from 40.6% to 6.5% for SCC
and 39.3% to 8.1% for high-grade lesions. The results also

suggested that for SCC patients the VELscope-guided approach
had less cervical lymph node metastasis (15.2% vs 25.0%) and
rates of deaths due to disease (13.0% vs 20.3%) compared with
the conventional approach, although these two differences were
not statistically significant.
In 2011, the protocol for the COOLS trial was published.22 The

COOLS trial is currently ongoing and is the first randomized, multi-
center, double blind, controlled trial to validate the effectiveness
of VELscope-guided surgery. This study will recruit 400 patients
with SCC or high-grade dysplasia who would be randomized to
either the VELscope-guided arm or the conventional white light-
guided arm. The primary outcome of the study is locoregional
control rate, with secondary outcomes evaluating metastasis and
disease-specific survival. This study will provide level 1 clinical
evidence and has implications for future practice-changing
findings.

TARGETED FLUORESCENCE IMAGING (TFI)
Basic theory
With the improvement in camera systems and progression in
understanding cancer biology, TFI has been successfully translated
to the field of surgical guidance. TFI utilizes a targeting
fluorescence probe, which typically consists of a cancer targeting
moiety and a conjugated fluorescent moiety to delineate
neoplastic tissues and involved lymph nodes in real-time and
in situ.13

The targeting fluorescence probe uses several mechanisms to
highlight the neoplastic tissues: (1) the targeting moiety binds to
the receptor of the cancer cell (e.g., epidermal growth factor
receptor (EGFR), folate receptor) or is internalized into the cancer
cell and then the flourescent moiety fluoresces to highlight cancer
cells; (2) the quenched probe accumulated in cancer tissues is
cleaved by cancer-specific enzymes (e.g., matrix metalloprotei-
nases), resulting in de-quenched probe and a detectable
fluorescence signal; (3) a combination of both ways; (4) the
targeting moiety binds to the neoangiogenesis related compo-
nents, such as a receptor of vascular endothelial cell surface (e.g.,
αvβ3 integrin) or the vascular endothelial growth factor, and then
the flourescent moiety is excited and fluoresces.52 In addition, the
high-metabolic activity of neoplastic tissues could also be
targeted, similar to how 5-aminolevulinic acid (5-ALA) has been
used to delineate brain gliomas.53

Once the targeting fluorescence probe accumulates in the
neoplastic tissue, the flourescent moiety is excited by an external
light source and emits photons whose signal is subsequently
translated to an image by the CCD camera. The ratio of tumor
signal to the surrounding signal is called tumor-to-background
ratio (TBR). A TBR of at least 2 is necessary to clearly identify the
tumor. NIR excitation light is less absorbed by tissue and is less
interfered by autofluorescence phenomenon, which results in a
higher TBR and deeper tissue penetration depth. Therefore, the
ideal applied flourescent moiety is excited within the NIR
spectrum.12

TFI can be divided into several categories according to the
chemical constituent and biologic function of the targeting
moiety. Among these, the targeted immune-fluorescence imaging
is the most promising TFI modality in the field of head and neck
cancer surgical navigation due to tissues over-expressing EGFR
which can be targeted by FDA-approved EGFR antibodies (e.g.,
cetuximab, panitumumab). This is fortunate for targeted immune-
fluorescence imaging-guided surgical navigation as the pharma-
cokinetic features, biodistribution, side effects, and potential
toxicity of these FDA-approved antibodies are well studied.54

Moreover, the toxicity profile of these antibodies is usually limited
to non-dose dependent events as a result of the overall required
antibody dosing for targeted immune-fluorescence imaging being
well below therapeutic levels.54
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EGFR could also be targeted by nanobodies or affibodies, which
are recently discovered functional antigen-binding molecules.55,56

A nanobody is a single-domain antibody fragment, and with a
molecular weight of 15 kDa is much lighter than an antibody,
making it a more efficient molecule in distribution, penetration,
and clearance.55 An affibody is a class of even smaller (7 kDa)
proteins which display binding surfaces as large as an antibody
which bind with high affinity to target sites. Similar to nanobodies,
affibodies also show rapid tumor targeting and clearance from
body. In addition, affibodies can be designed and synthesized
against antigens similar to antibodies.56

Even though numerous preclinical and clinical studies have
built a robust landscape of targeted immune-fluorescence
imaging guided cancer surgery, two fundamental challenges still
exist. The first challenge is the intra-tumor phenotype hetero-
geneity which results from genetic and epigenetic diversity.57 This
may have a significant impact on the sensitivity when using
targeted immune-fluorescence imaging to delineate tumors as
specific populations of tumor cells may downregulate the
expression of cancer cell-surface antigens due to immune evasion
or tumor internal coordination. The second challenge comes from
the surrounding tissue’s optical properties. Scattering, absorption,
and autofluorescence could cause a blurring background and low
TBR, which may obscure the invasive tumor front and result in
inadequate tumor resection.57 Several promising strategies have
been proposed to solve these problems: shifting focus from cell-
surface antigen to vascular related antigen to deal with tumor
phenotype diversity;58 utilizing fluorescence differential path-
length spectroscopy to quantify absorption and scattering;59 and
applying spectral unmixing or lifetime imaging to distinguish the
targeted immune-fluorescence imaging signal from autofluores-
cence signal.60,61

TARGETING FLUORESCENCE PROBES
Very recently, Zhang et al.5 specially reviewed the latest
developments in cancer targeting fluorescence probes. This
review is worth reading when further information is required. As
previously described, the targeting fluorescence probe typically
consists of a cancer targeting moiety and a conjugated fluorescent
moiety. Both are of great importance in targeted immune-
fluorescence imaging application and they are described sepa-
rately below.

TARGETING MOIETY
Factors differentially expressed in tumor cells but not normal cells
can be exploited to select targeted agents. These usually rely on
the unique properties of cancer cells: (1) self-sufficiency in growth
signals; (2) limitless replicative potential; (3) sustained angiogen-
esis; and (4) increased proteolytic activity resulting in tissue
invasion and metastasis.62 A scoring system of “TArget Selection
Criteria” has been described which could help to quantitatively

compare potential targets.63 The FDA-approved antibodies are
ideal targeting moiety for reasons listed above.54 However, for
other agents, such as nanobody and affibody, further studies are
still needed to confirm the in vivo characteristics of affinity,
delivery, and interaction between targeting moiety and fluores-
cent moiety. In addition to the above targeting agents specially
designed for targeted immune-fluorescence imaging, other types
of agents, such as growth factors, peptides, and receptor
antagonists have also been utilized for oncologic surgical
navigation (Table 1).55,64–68

FLUORESCENT MOIETY
Currently, there are many options for fluorescent dyes to be
utilized as candidate fluorescent moiety of the probe. When
selecting a suitable fluorescent moiety, several properties must be
considered.54 The first property is interference, because only at a
very low-molar ratio the fluorescent moiety could prevent
interference with the antigen-binding site. The second and more
important is the excitation spectrum which determines the tissue
penetration and TBR. A NIR light activated fluorescent moiety is an
ideal choice for the previously mentioned reasons. Besides, rapid
renal clearance, low-background binding, as well as solubility and
non-toxicity are also of great importance.
The fluorescent dyes currently being investigated are listed in

Table 2. Among these, indocyanine green (ICG) is the only FDA-
approved NIR fluorescent dye which is most commonly used for
perfusion imaging and most clinical devices are tuned to this
wavelength; however, it is difficult to achieve bio-conjunction with
proteins.69 Another fluorescent dye, IRDye800CW (LICOR Biotech-
nology, Lincoln, US), is both NIR activable and bio-conjunctive, and
is now the most widely utilized flourescent moiety in targeted
immune-fluorescence imaging clinical trials even though it is not
yet approved by the FDA. Fortunately, the excitation and emission
wavelengths of IRDye800CW overlap with those of ICG, allowing
for cost-effective and safe clinical translation by utilizing the FDA-
approved NIR camera system specifically designed for ICG
imaging.

NIR CAMERA SYSTEM
Targeted immune-fluorescence imaging has been relatively late to
emerge because its development has been hampered by the lack
of suitable NIR fluorescent dyes and dedicated NIR camera
systems.62 The currently used NIR camera systems have been
nicely reviewed elsewhere.12,62,69 Briefly, FDA-approved NIR
camera systems for intraoperative use are in one of two formats:
(1) incorporated into existing operative hardware, such as the
Leica Microsystems OH5 system (Leica Microsystems, Buffalo
Grove, US) and the Carl Zeiss Pentero system (Carl Zeiss
Microscopy, Thornwood, US), or (2) are free standing devices
specifically designed for ICG imaging, such as the SPY system
(LifeCell, Branchburg, US), Fluorobeam system (Fluoptics,

Table 2. Currently utilized fluorescent dyes for surgical guidance

Fluorescence moiety FDA approval (human use) Bio-conjugation capability Excitation
wavelength/nm

Emission
wavelength/nm

NIRF capability

FITC No Yes 495 520 No

ICG Yes No 807 820 Yes

Cy5.5 No Yes 678 703 Yes

IRDye800CW No Yes 785 810 Yes

FITC, fluoresceine isothiocyanate, ICG, indocyanine green, NIRF, near-infrared fluorescence
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Grenoble, France), Photodynamic Eye system (Hamamatsu Photo-
nics, Hamamatsu, Japan), and Luna system (Novadaq, Concord,
Canada). Currently utilized NIR camera systems for surgical
guidance are the latter, because ICG remains the only available
NIR fluorescent dye approved by FDA for clinical use.12 Visual
representations of TFI image overlapping wavelength region of
IRDye800CW and ICG are presented in Fig. 3.70

CLINICAL TRIALS
Two probes designed to target the high-metabolic status of
cancer cells have been translated to clinical practice. One is the
precursor of the heme synthesis pathway, namely 5-ALA, the other
is the folate receptor ligand conjugated to fluoresceine isothio-
cyanate, namely EC17. The use of 5-ALA in malignant glioma
surgery53 and EC17 in ovarian cancer surgery71 were the earliest
“proof-of-principle” investigations to confirm that TFI guided
surgery could be used to improve surgical resections. However,
these two probes are not NIR light activable probes, and therefore
do not have the advantages of NIR probes described above. ICG
has shown promise in sentinel lymph node mapping. However,
ICG itself is not a cancer-specific agent and it utilizes the non-
specific phenomenon of enhanced permeability and retention
effect to delineate cancer.12

Targeted immune-fluorescence imaging utilizing a cancer-
specific antibody conjugated to a NIR fluorescence dye is the
ideal modality for fluorescence-guided cancer surgery. Currently,
there are two registered phase I clinical trials in head and neck
surgery which utilize the probe Cetuximab-IRDye800CW
(NCT01987375) and Panitumumab-IRDye800CW (NCT02415881),
both are currently enrolling at the time of this writing. Preliminary
results of the NCT01987375 trial utilizing Cetuximab-IRDye800CW
have been reported recently.4,72,73 Briefly, this study recruited
patients diagnosed with HNSCC by preoperative biopsy. Twelve
patients were given different doses of Cetuximab-IRDye800CW
before definitive surgery and were followed up to 30 days to
determine adverse events. At 3–4 days post-infusion, fluorescence
imaging was performed at the beginning of surgery and
intraoperatively. The samples of tumor tissue, wound bed, and
normal tissue were collected and imaged ex vivo.72 Since this first-
in-human study was initially designed to explore the safety but
not interfere with standard of clinical care, all the patients
underwent standard surgery protocol without fluorescence
imaging navigation. In vivo results showed grade 1 adverse
events attributable to the probe but no grade 2 or higher events.

Intraoperative fluorescence imaging successfully differentiated
tumor from normal tissue with an average TBR of 5.2 in the
highest dose range.72 Ex vivo results obtained by assessing the
resected tissue samples demonstrated that fluorescence intensity
was associated with EGFR levels, but not tumor stage, tumor site,
or adverse events.72 Using histological assessment as the gold
standard to identify cancer, Cetuximab-IRDye800CW yielded an
overall sensitivity of 91%, specificity of 85%, positive predictive
value of 81%, and negative predictive value of 93% for 90 punch
biopsy samples.4 When applying a ratiometric TBR threshold for
determining presence of cancer by intraoperative NIR system, the
threshold for tumor-to-muscle ratio was found to be 2.7, which
produced a sensitivity of 90.5% and specificity of 78.6% for
delineating diseased tissue, whereas tumor-to-skin ratio was
found to be 1.1, which produced a higher sensitivity (92.9%)
and specificity (81.0%).73 These promising outcomes demon-
strated the low-toxicity directly and the high-accuracy indirectly;
however, phase II/III trials are needed to further confirm these
results.

NARROW BAND IMAGING
Basic theory
Neoangiogenesis is an important feature of neoplastic transforma-
tion, which may result in increased blood flow and hemoglobin
proportion.19 Hemoglobin is a type of chromophore that only
absorbs light but does not fluoresce. The absorption spectrum
wavelength of hemoglobin is between 400 and 600 nm, with the
peaks of absorption wavelengths of 415 and 540 nm.74 Thus, if a
device can narrow the bandwidth of illumination light within the
absorption spectrum of hemoglobin, it could help the visualization
of neoangiogenic patterns inside and surrounding a target lesion
(Fig. 1). Based on this hypothesis, a novel imaging modality was
proposed in 2003 called narrow band imaging (NBI, Olympus
Medical Systems Corporation, Tokyo, Japan).75

The neoangiogenic patterns under NBI examinations present as
brownish or darker areas in the background of green–blue
appearing normal mucosa, with scattered thick dark spots,
increased microvascular density, and abnormal intraepithelial
papillary capillary loops (IPCL).76 These neoaginogenesis-related
morphological changes can be used to differentiate neoplastic
tissue from normal mucosa, especially the IPCL patterns. In
neoplastic lesions, the features of IPCL are dilated with a
meandering course, unlike in normal mucosa. As different
anatomical sites of head and neck region vary in mucosa

Fig. 3 Representative TFI image and overlapping wavelength region of IRDye800CW and ICG. a NIR Device detecting SCC of oral cavity in
Panitumumab-IRDye800CW clinical trial patient. b Wavelength region of IRDye800CW and ICG are overlapped, thus NIR camera system
designed for ICG imaging could be utilized for TFI guided surgery.70 TFI, targeted fluorescence imaging; ICG, Indocyanine green; NIR: Near-
infrared; SCC, squamous cell carcinoma
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structures, the IPCL patterns are also slightly different. These
differences were detailedly summarized in a recent review
article.77 Takano et al.78 developed an IPCL classification method
specifically to identify the neoplastic transformation of oral
mucosa when applying NBI. In this classification, IPCL patterns
are divided into 4 types: (1) type I or normal: IPCL are
perpendicular to the mucosal surface, and loops appear to have
both waved arms together; (2) type II or dilation, IPCL appear a
similar shape to type I but with notably increased caliber; (3) type
III or elongation: IPCL are elongated or appear in tangled lines, and
often accompanied with dilation; (4) type IV or destruction: IPCL
appear as large vessels with no terminal loops. The destruction of
IPCL structure is due to progressive dilation and elongation.
Among these IPCL patterns, type III and IV are indicative of
neoplastic lesions, although some non-neoplastic lesions, such as
leukoplakia, can also present with type III IPCL pattern.78

Although, widely available for many years and widely available
on commercial systems, the technique has not gained significant
traction clinically in the United States. This is perhaps because it
has several limitations. First, characterizing the IPCL patterns is
subjective and requires a relatively long period to master, so it
may result in low-diagnostic accuracy with unnecessary biopsies
in the early phase of the learning curve.79 The second limitation is
visualization of neoaginogenesis architecture may be affected by
varying tissue characteristics, such as the level of keratinization,
epithelium thickness/stratification, and the presence of lymphoid
tissue.80 NBI is designed for recognizing neoangiogenesis
patterns, so scenarios with modified microvascularity, such as
previous radiation or surgery, inflammation and vascular lesions,
can lead to false positive results.81

INSTRUMENTATION
The NBI system is an endoscopic technology that is widely
available on most commercial flexible endoscopy devices and
allows the user to switch between white light mode and
NBI mode. NBI mode simultaneously emits both blue
light (400–430 nm, centered at 415 nm) and green light
(525–555 nm, centered at 540 nm) that approximately match the
peaks of absorption wavelengths of hemoglobin to enhance the
visualization of microvascular patterns.33 The blue light has
shorter wavelength with shallow penetration to highlight the
superficial vessels, while the green light with longer wavelength
penetrates deeper to illuminate underlying vessels.33 Switching
between the white mode and NBI mode can be easily achieved
with the press of a button, and this process can be repeated
several times during one examination.76 Moreover, improvement
of microvascular pattern visualization could be achieved by
combining the NBI system with magnifying endoscopy and
high-definition camera.33,76

CLINICAL TRIALS
Multiple studies have reported that NBI could detect early HNSCC
efficiently and more frequently than conventional white-light
imaging in high-risk population.82–84 Recently, Nakanishi et al.85

published a large study with the objective of detecting pharyngeal
cancer in the general population undergoing upper gastrointest-
inal endoscopy using NBI. In the screening group with 8872
participants, 10 patients were detected with pathologically
confirmed superficial or early stage pharyngeal cancer. Although,
the study did not report on the diagnostic accuracy and missed
diagnosis rate of NBI, this study highlighted the role of NBI in
routine HNSCC screening.
First used in gastroenterology, NBI has been extensively utilized

for diagnosing HNSCC with very encouraging results. In 2013, Li
et al.86 performed a meta-analysis of 21 studies utilizing NBI in the
evaluation of mucosal and sub-mucosal malignant lesions in the

head and neck region. The overall sensitivity (90% vs. 62%),
specificity (97% vs. 85%), and accuracy (98% vs. 89%) of NBI were
superior to white-light imaging examination. Subgroup analysis
based on anatomical sites (nasopharynx, oral cavity/oropharynx,
and larynx) also achieved similar results. Additional recent studies
have been published in the otolaryngology literature, suggesting
the diagnostic value offered by NBI in defining head and neck
lesions.87–89

There is some controversy over the definition of a positive
lesion. Most studies regard the “well-demarcated brownish area
with thick dark spots and/or winding vessels” as the positive
lesions using NBI.79 However, Lin et al.80 argued that the
prevalence of brownish spots, which have a higher frequency of
occurrence in the floor of mouth, hypopharynx, and epiglottis, is
not consistent across all areas of the head and neck region. Thus
the “brownish area” is not a universally accepted positive finding
in the head and neck and further studies to establish a standard
for “positive” need to occur.
Recently, there have been several retrospective non-

randomized controlled studies to explore the effect of intraopera-
tive NBI examination on the incidence of positive superficial
surgical margins in HNSCC.90–92 These studies drew the resection
lines in accordance with (but not exceeding) the NBI defined
positive areas. Similar to AFI, NBI is only useful on superficial
mucosa so all the studies analyzed only the superficial surgical
margins. Garofolo et al.90 examined 82 patients with Tis-T1a glottic
cancer treated with transoral laser microsurgery with intraopera-
tive NBI margin evaluation. The definitive histology showed the
rate of positive superficial margins was significantly lower than
control group (3.6% vs. 23.7%). Vicini et al.91 evaluated 58 patients
with confirmed HNSCC who underwent transoral robotic surgery
procedures. Patients were separated into receiving intraoperative
NBI evaluation or standard white-light imaging evaluation. Frozen
section analysis of surgical margins revealed a significantly lower
rate of positive superficial margins in the NBI group compared
with the white-light imaging group (12.1% vs. 42.1%). Tirelli et al.92

evaluated the superficial surgical margins in oral and orophar-
yngeal tumors with intraoperative frozen section analysis and
definitive histology and compared with a historical cohort. In
contrast with Vicini’s study, Tirelli’s study found no significant
difference in frozen section margins between NBI group and
white-light imaging group, but the definitive histology observed a
significant reduction in the rate of positive superficial margins in
NBI group (11.5% vs. 36.4%).92 Interestingly, this study also
calculated the enlargement of the resection based on NBI
measurement and found that the resection was performed at a
mean distance of 2.5 cm from the macroscopic edge of the tumor.
Based on the above results, the authors stated that these findings
might challenge the dogma that maintaining a resection margin
of 1.5 cm represents the best compromise between complete
resection and tissue reservation.92

HIGH-RESOLUTION MICROENDOSCOPY
Basic theory
HRME is a cost-effective, non-invasive and probe-based HRME,
which is performed by placing the flexible fiber-optic probe in
direct contact with the suspicious mucosal surface which is
preferentially stained with a fluorescent contrast agent. Illumina-
tion then occurs using a light-emitting diode (LED) transmitted
through the fiber-optic bundle which excites endogenous or
superficially applied fluorophores. Simultaneous with the LED
illumination, the emitted light is collected by the probe, with each
optical fiber serving as an individual pixel of the image, and then
directed into a CCD camera. The camera is connected to a
computer to present videos and images which typically show
bright nuclei on a dark background.93 With sub-cellular resolution
(4.4 μm, ×1 000 magnification) imaging capability and a frame rate
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of 10–15 fps, the HRME can provide microscopic images of the
cellular architecture of selected tissue in situ and in real-time, thus
achieving the so-called “optical biopsy”.93,94 The criterion for
distinguishing neoplastic tissue from benign epithelium using
HRME is based on histological features, including nuclear size,
crowding, nuclear-to-cytoplasm ratio (N/C ratio), and overall
cellular pleomorphism.6 “Normal tissue” diagnosed by HRME
refers to images where cell nuclei appear as bright discrete dots
evenly distributed throughout the field-of-view, whereas the
“neoplastic tissue” typically contains images with crowded and
enlarged cell nuclei that are chaotically arranged.
In contrast to other high-resolution imaging modalities (e.g.,

optical coherence tomography, confocal laser endomicroscopy),
the HRME device has unique advantages which may enable its
widespread clinical application. First, the technique has a
sensitivity and specificity of 98% and 92%, respectively, for the
ex vivo detection of HNSCC.6 Second, the optical imaging system
of HRME is relatively concise as it requires no scanning mirrors,
complex light sources, or other moving parts. This results in a
simple and portable device and significantly decreases the overall
cost for production and maintenance.93 Finally, because of the
similarity with conventional H&E histopathology, the HRME system
requires minimal training time for clinicians to identify dysplastic
and neoplastic lesions. Post-training accuracy values are similar
between inexperienced HRME clinicians and experts, which
suggests a high degree of inter-rater reliability when interpreting
HRME images.6

INSTRUMENTATION
Unfortunately, the complete HRME package is not commercially
available at present. However, it can be built using commercially
available components, including the fiber-optic bundle, lens, filter,
mirror, LED, optomechanical positioning component, and a laptop
or desktop computer.95 After assembly, the HRME device can be
functionally divided into three parts: a thin-flexible fiber-optic
probe, a combined light source and camera, and a laptop or tablet
based processor.1 The whole system is portable as it can be
packaged into a box and the electrical components powered by a
battery pack or USB ports of the host computer.95 The spatial
resolution of HRME is affected by inter-fiber spacing, usually at 4
μm. Additional magnification can be provided by a micro-lens or
graded-index lens bonded to the distal tip.95 The field-of-view of
HRME initially depends on the diameter of the active area of the
fiber bundle (from 330 to 1400 μm, usually 720 μm). The smaller
bundles can be inserted through the lumen of a narrow gauge
hypodermic needle and are significantly more flexible than the
larger fibers.95 The degree of demagnification is proportional to
the increase in spatial resolution and it correspondingly decreases
the field-of-view.
Several different fluorescent contrast agents to identify

the nuclear material have been studied for HRME imaging,
including benzoporphyrin-derivative monoacid ring A,96 fluoros-
cein,97 and proflavine.6 The proflavine, which is the most
commonly used contrast agent for HRME, is an acridine-derived
dye that reversibly binds to DNA and stains cell nuclei with a peak
excitation and emission wavelength of 445 nm and 515 nm,
respectively.95 Although, previous studies reported no adverse
effects when applied for gastrointestinal fluorescence imaging,98

proflavine is yet not FDA approved for in vivo clinical use as a
topical contrast agent (a result of lacking long-term study of
mutagenic effects in humans).93 Another problem with proflavine
is its high affinity for keratin. Hence, it can be challenging to
interpret images of proflavin-enhanced HRME in the setting of
heavily keratinized mucosa, such as the hard palate and gingiva
mucosa.6

The innately simple design of HRME does not allow optical
sectioning, and the 455 nm excitation wavelength of proflavine

may only penetrate the epithelium to a depth corresponding to a
few cell layers (~50 μm). Therefore, HRME imaging is limited to the
superficial mucosa and is unable to inspect submucosal tumors or
submucosal tumor spread.6,93 This limitation may be addressed by
changing the fluorophore to one excited by a light with deeper
tissue penetration (i.e., NIR wavelength), or submucosal delivery of
the fiber-optic probe by inserting it into a 16-gauge needle which
penetrates into deeper layers of the epithelium. The field-of-view
of HRME is also inherently limited by the diameter of the bundle.93

A small bundle can only interrogate a limited area of tissue, which
introduces an opportunity to miss occult disease due to sampling
error. This problem may be addressed by algorithms for real-time
video mosaicing that can effectively increase the acquired image
size.99

CLINICAL TRIALS
Current clinical applications of HRME in the head and neck are
limited to distinguishing neoplastic tissues from normal mucosa in
a diagnostic setting. Screening for lesions is not practical for HRME
due to the restricted field-of-view. The HRME device might be a
promising tool in real-time assessment of surgical margins;
however, there have been no studies investigating this capability,
possibly also as a result of the narrow field-of-view.
Several studies have been published on ex vivo study

investigating the diagnostic value of HRME for identifying HNSCC
tissue samples. Vila et al.6 involved 38 patients who had primary
HNSCC diagnosed by prior biopsy. After surgical resection, the
resected tissue samples were immediately stained with proflavine
and imaged by HRME at multiple regions of interest (ROI),
including suspected tumor, adjacent benign-appearing mucosa,
and transition areas. After imaging, the ROI samples were
correlated with standard histopathology. After a brief training
with representative HRME images labeled with pathological
diagnosis, seven head and neck pathologists without previous
HRME experience were asked to blindly interpret the HRME
images. The results demonstrated that the sensitivity, specificity,
and kappa statistic for inter-rater reliability was 0.98 (95% CI,
0.97–1.00), 0.91 (95% CI, 0.85–0.97), and 0.84 (95% CI, 0.77–0.91),
respectively. In 2013, they enlarged the sample size and published
another study with the same methods described above but
included HRME video format.100 Similar to the previous study, the
sensitivity, specificity, and inter-rater reliability provided by still
images was excellent (98%, 92%, and 84%, respectively). However,
the sensitivity, specificity, and inter-rater reliability provided by
videos decreased to 84%, 68%, and 0.47%, respectively. Taken
together, it can be concluded that HRME permits accurate
discrimination of benign and malignant mucosa ex vivo, and
may have the potential to be applied in vivo.
Based on the study design of the two ex vivo studies, Miles

et al.101 designed a prospective, phase I trial of in vivo HRME
imaging. This trial enrolled 38 primary HNSCC patients and
provided still images to 11 head and neck pathologists for
interpretation. As an in vivo study, the image data of HRME was
collected by directly placing the probe on the mucosal surface of
oral cavity, oropharynx, and larynx. Outcomes of this study were
similar to the ex vivo studies: the mean accuracy in identifying
neoplastic or benign mucosa was 0.951 (95% CI, 0.94–0.96);
sensitivity, specificity and inter-rater reliability were 0.96 (95% CI,
0.94–0.99), 0.95 (95% CI, 0.90–0.99), and 0.84 (95% CI, 0.78–0.84),
respectively.
Further studies have demonstrated that HRME can be

combined with wide-field AFI devices. Pierce et al.102 developed
a multimodal optical imaging system which combined AFI
and HRME to evaluate oral lesions at both macroscopic
and microscopic levels. After interpreting 100 OSCC ROI,
this system correctly classified 98% of pathologically confirmed
normal ROI, and 95% of ROI graded as neoplastic. When stratified
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by p63 status, HRME, AFI or the combined system could
correctly classify 73%, 67%, or 87% respectively, of pathologically
confirmed mild dysplasia (often considered the most difficult to
classify by any imaging modality). This study introduces the
possibility of using combined optical imaging devices for real-
time, in vivo delineation of pre-cancerous mucosa with molecular
damage.

ALGORITHMS
Diagnostic algorithms have been developed for quantitatively
analyzing HRME images and determining N/C ratio.102–104 Higher
N/C ratios result from enlarged or crowded nuclei, which allow the
N/C ratio to be used to classify ROI as non-neoplastic or neoplastic.
The algorithm used proflavine-enhanced HRME images to reveal
cell nuclei as discrete bright dots on a dark background, allowing a
binary image to be constructed. Pixels corresponding to nuclei
area were counted and divided by the total number of pixels in
the ROI, yielding the N/C ratio.102,103 In 2012, Pierce et al.102

published a study investigating the accuracy of in vivo HRME
imaging for detection of oral neoplasia using the N/C ratio-
calculating algorithm. This study included 30 patients with
clinically visible oral lesions and obtained 100 images of ROI. Of
the 100 ROI, 45 were non-neoplastic and 55 were neoplastic
(including mild/moderate/severe dysplasia, and cancer) confirmed
by histopathology. With a threshold value of 0.142 N/C ratio, the
sensitivity and specificity was 84% and 71%, respectively.
Representative still images are manually selected by clinicians
and can be time-consuming, so Ishijima et al.104 developed a
novel automated frame selection algorithm for HRME video
sequences. They tested their algorithm using the same data set
and protocol as the study of Pierce et al., also using the N/C ratio
to identify neoplastic tissue. With an N/C ratio threshold value of
0.25, the algorithm correctly classified these ROI with 71%
sensitivity and 80% specificity for manually selected frames, as
well as 69% sensitivity and 76% specificity for automatically
selected frames. Although the accuracy outcomes of this study are
not ideal and improvements are clearly required, the combination
of these two algorithms may 1 day allow fully automated
diagnosis with HRME in real time.

RAMAN SPECTROSCOPY (RS)
Basic theory
RS is a vibrational spectroscopic technique that can detect the
variations of chemical components and capture the ‘molecular
fingerprint’ of the tissue. In 1928, C.V. Raman discovered that
vibrations of intramolecular bonds caused light to scatter as a
result of absorption or release of energy, which was named Raman
scattering. This scattering could be captured and measured,
forming a spectrum. A Raman spectrum contains a series of
specific and characteristic peaks or bands assigned to a
corresponding molecular structure and biochemical composition
within tissue.105 RS shows several advantages in comparison to
other spectroscopic methods:8,106 (1) in contrast to infrared
spectroscopy, water absorption does not disturb the measure-
ment; (2) using excitation at 1 064 nm by means of an Nd: YAG-
laser virtually eliminates fluorescence; (3) the typically high signal-
to-noise ratio of the Raman spectrum allows the use of
chemometric methods of measurement; (4) due to the smaller
diameter of the laser beam, fewer sample volumes are required for
spectroscopic analysis. There is an abundance of information in
the spectra, and the data cannot be analyzed simply by
observation and comparison, so chemometric methods play
essential roles in the analysis of RS and improve sensitivity.106

Multiple analytic methods exist (principal component analysis,
linear discriminant analysis, support vector machines, neural
network analysis, etc.) to understand and use the data with the

goal of developing models to help with screening, diagnosis, and
treatment evaluation.

CLINICAL STUDIES
RS has been successfully applied to various organ systems,
including diagnoses of premalignant and malignant lesions in
stomach,107 skin,108,109 colon,110,111 esophagus,112,113 blad-
der,114,115 and the prostate gland.116,117 Very recently, Santos
et al.118 reviewed the state of art of in vivo and ex vivo oncological
applications of RS. Besides the applications in each cancer types,
this review also concluded the current chances and challenges of
the instrumentation and transferability of RS.
RS was first applied in the head and neck by Stone et al.119 in

2000 to analyze laryngeal mucosa ex vivo using biopsy specimens
from 15 patients. Each biopsy was divided in two and underwent
either histopathologic analysis or RS for 30 s. Reference spectra
were generated from seven patients with histopathologically
normal mucosa. Multivariate statistical analysis of the data was
carried out to evaluate and maximize the differences in the
spectra. In the study, RS demonstrated a specificity of 90% and
sensitivity of 92% for diagnosing invasive cancer. Researchers
analyzed biopsy specimens from the vocal cords of 20 patients
using RS recorded over 1–30 s. Multivariate analysis was used to
determine prediction sensitivities of 89%, 69%, and 88%, and
specificities of 86%, 94%, and 94% for normal tissue, carcinoma,
and papilloma, respectively.120 Guze et al.121 utilized RS to identify
spectral differences between normal and malignant squamous
cells in oral mucosa. Multivariate analysis showed that premalig-
nant and malignant lesions could be predicted with 100%
sensitivity and 77% specificity. In order to evaluate RS in detecting
premalignant conditions, Singh et al.122 obtained the Raman
spectra from premalignant patches, normal, and cancerous sites in
oral mucosal samples. They were able to differentiate the
premalignant conditions based on the differences between the
spectra of biopsies.
Fourier-transform filters interfering fluorescence signals which

allows for improved detection of weak Raman signals. Oliveira
et al.123 showed that an algorithm based on principal component
analysis was able to separate the samples into a normal group and
carcinoma group. Li et al. established diagnostic models by using
the Raman spectra generated by Fourier-transform near-infrared
Raman spectrometer. The diagnostic models performed well in
discriminating normal mucosa from leukoplakia and SCC. How-
ever, the normal versus the low-grade leukoplakia as well as the
high-grade leukoplakia versus SCC could not be accurately
classified because of the high similarity of the Raman spectra of
the biopsies in these two compared groups.106 Yan et al.124 used
RS at 785 nm to scan the tissue samples of pleomorphic adenoma,
Warthin’s tumor, and normal tissues of parotid gland, and then
applied support vector machines to establish a diagnostic model.
The results showed that RS can detect the biochemical variations
between the normal tissues and tumors, and the overall accuracy
was better than 95% in all the paired groups. The same groups
later employed surface-enhanced RS to analyze biochemical
changes in the blood serum between the parotid gland tumor
groups and normal control group, and the results showed that
nucleic acids and proteins increased in the spectra of the parotid
gland tumor serums, allowing for prediction of the tumor group
with high accuracy (84.1%–88.3%), sensitivity (82.2%–97.4%), and
specificity (73.7%–86.7%).125

RS also had potential in tumor margin discrimination. The above
cited articles mainly aimed at discriminating different stages of
mucosa neoplasia, and the investigated mucosa is limited to
superficial layer. However, when it comes to surgery, the tumor-
surrounding tissues are not only the superficial mucosa, but also
subepithelial tissues, such as the connective tissue, muscle,
adipose and so forth. In 2015, Cals et al.126 investigated the
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application of RS in discriminating between OSCC and individual
surrounding tissues. The linear discriminant analysis models could
distinguish OSCC from adipose tissue, nerve, muscle, gland,
connective tissue, and squamous epithelium in 100%, 100%,
97%, 94%, 93%, and 75% of the cases, respectively. Then in 2016,
the same team developed in vitro RS-based tissue classification
models for distinguishing OSCC from subepithelial non-cancerous
tissue. By utilizing the developed method, RS showed an accuracy
of 91%.127 Besides the spectral differences between OSCC and
surrounding tissues, recent studies have showed that the water
concentration determined by RS might enable locating the OSCC
border. In 2015, Barroso et al.128 conducted a pilot study and
found that using water concentration as the discriminating factor,
RS could discriminate tumor from surrounding tissue with a
sensitivity of 99% and a specificity of 92%. In 2016, they found a
more interesting phenomenon that the water concentration and
its corresponding concentration heterogeneity were significantly
different between the regions: the water concentration in tumor is
76% ± 8%, in the inadequate margin (0–5mm) it is 59% ± 24%,
and in the adequate margin (>5 mm) it is 54% ± 24%.129 Actually,
RS is very suitable for detecting the water concentration in tissue
because the whole process is rapid, quantitative, and objective.
Utilizing the water concentration as the discriminating factor, RS
may be implemented for rapid intraoperative assessment of
margin state.
Although, RS is a sensitive diagnostic technique, it has not been

developed for commercial applications. The development of
optical fibers allows the sampling location to be independent of
the spectrometer and could play an important role in laser
transduction and signal collection in future RS in vivo clinical
applications. Methods for data mining in RS research, while
suitable for classification of different tissues, need improvement in
efficiency to be used for clinical applications. As new chemometric
methods are developed, it is important to have collaboration
between the clinicians and chemical scientists to establish more
effective and efficient tools for the medical applications.

FUTURE DIRECTIONS
Although, the field of in vivo optical imaging has been developing
for decades, there is still significant opportunity. Many instru-
ments, such as the Raman spectrometer, are not commercially
available and not portable or are too large for routine clinical use.
With support from commercial industries, some instruments such
as VELscope in AFI and SPY in TFI, have entered into the operating
room in trial settings. However, more rigorous clinical trials need
to be performed to demonstrate clinical benefit when these
devices are applied, rather than just diagnostic accuracy.
Combining new technologies with those which already exist,

such as NBI with the surgical robot, or using existing surgical
microscopes for immunofluorescence, is a way to implement
these technologies in an efficient and more cost-effective manner.
Continued merging of existing and new technology is necessary
and encouraged, especially as the field of transoral robotic surgery
where the lack of tactile feedback and low-light environment
provides an optimal opportunity for these technologies. Finally,
routine collaboration between basic scientists, physicists, radiol-
ogists, pathologists, surgeons, and industry is necessary to identify
methodologies to demonstrate the potential improvement in care
associated with these techniques.
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