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This book is dedicated to the late Professor Sam 
Gambhir of Stanford.

Sam was the pioneer in the foundation of cancer early 
detection. He dedicated his life to developing methods 
of early disease detection, ushering in a new era of 
molecular imaging and nanotechnologies to flag 
signals of disease in its nascent stages. Dr. Gambhir 
was the Virginia and D.K. Ludwig professor of cancer 
research and chair of radiology at Stanford University 
School of Medicine. He was the founding director of 
the Canary Center at Stanford for Cancer Early 
Detection, Precision Health and Integrated 
Diagnostics Center at Stanford, and the director of 
the molecular imaging program at Stanford.

The editor-in-chief, Dr. Rami El Assal, would like to 
express his gratitude for the selfless devotion of Dr. 
Gambhir, a kind and honest man. Dr. El Assal 
commented, “In our last meeting while I was 
transitioning out of Stanford, Dr. Gambhir 
demonstrated the care and support to me at multi-
level including stating that ‘if you wanted to come 
back to Stanford, just let me know.’”

Dr. El Assal added, “I still remember that in the 2015 
Department of Radiology Retreat, Sam stated, ‘I want 
to make an impact on human health even if it is not 
recognized in my lifetime.’” “And I believe he did,” 
Dr. El Assal said.
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It is with great pleasure that I write this foreword for the first edition of Early 
Detection and Treatment of Head and Neck Cancer (HNC). The fields of early 
detection and early treatment in cancer biology are advancing rapidly as both the 
concept and practical applications have entered clinical practice.

The recent release of the most comprehensive genomic HNC data to date (Nature, 
2015) from The Cancer Genome Atlas, a project funded by the National Institute of 
Health to characterize cancer genomes, is enabling scientists to refine their list of can-
didate biomarkers and to identify new ones for early detection of HNCs. Such an 
expanding body of knowledge is essential given that roughly two-thirds of HNCs 
present at advanced stages, and the prognosis remains poor. Therefore, new approaches 
are urgently needed for early HNC detection to improve treatment outcomes. For 
example, circulating DNA has shown great promise as a non-invasively obtained bio-
marker in a number of HNC cohorts. Using the known mutational signatures of HNC 
to identify tumor DNA in body fluids has demonstrated the potential for detecting 
tumors at early stages and for monitoring tumor relapse and response to treatment.

In the era of precision health and medicine, there are opportunities to select treat-
ment plans that are most likely to succeed based on an individual’s personal data. HNC 
can be monitored and treated more efficiently by taking multiple forms of medical data 
into consideration and by implementing more effective methodologies that are cur-
rently being validated, including liquid biopsy, salivary biomarkers, imaging, and treat-
ments, including gene therapy, immunotherapy, surgery, radiotherapy, and many others.

Early detection is an evidence-based field in which we have come a long way, but 
it is still in its infancy. We have discovered many of the fundamental principles but 
still need to develop, translate, and improve detection and diagnostics as well as 
treatment standards to, hopefully, prevent cancer, including HNC.

Here, I would like to invite readers to enjoy the carefully and expertly prepared 
material by the authors of this book series (Volumes I and II), which are based on 
solid scientific evidence and diverse clinical experience achieved through many 
years of professional practice.

R. Bruce Donoff, DMD, MD
Dean of Harvard School of Dental Medicine (1991–2019)

Boston, MA, USA

Foreword
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Dean Emeritus R. Bruce Donoff in Few Words

Dr. R. Bruce Donoff served as dean of Harvard School of Dental Medicine (HSDM) 
from 1991 to 2019. He was born in New York City and attended Brooklyn College 
as an undergraduate. He received his DMD from HSDM in 1967 and his MD from 
Harvard Medical School in 1973. Dr. Donoff’s professional career has centered on 
Harvard’s Faculty of Medicine and the Massachusetts General Hospital’s Department 
of Oral and Maxillofacial Surgery. He began as an intern in 1967, served as chair-
man and chief of service from 1982 through 1993, and continues to see patients today.

In addition to leading HSDM as its dean, Dr. Donoff has made major contribu-
tions in research to the specialty of oral and maxillofacial surgery with interest in 
oral and head and neck cancers. He has published over one hundred papers, authored 
textbooks, and lectured worldwide. He recently helped launch the HSDM Initiative – 
Integrating Oral Health and Medicine, a project of great importance to him.

Dr. Donoff served 12 years on the board of the Oral and Maxillofacial Surgery 
Foundation and is former president of the Friends of the National Institute of Dental 
and Craniofacial Research. He is editor of the MGH Manual of Oral and 
Maxillofacial Surgery and a member of the editorial board of the Journal of Oral 
and Maxillofacial Surgery and the Massachusetts Dental Society Journal.

Dr. Donoff has received numerous honors during his academic career, including 
the American Association of Oral and Maxillofacial Surgeons Research Recognition 
Award, the William J. Gies Foundation Award for Oral and Maxillofacial Surgery, 
Fellow of the American Association for the Advancement of Science, the Alpha 
Omega Achievement Award, and the Distinguished Alumni and Faculty Awards 
from HSDM. In 2014, he was a Shils-Meskin awardee for leadership in the dental 
profession.
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A Historic Perspective

I shall be telling this with a sigh somewhere ages and ages hence;
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And that has made all the difference.
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Preface

Head and neck cancer (HNC) is a heterogeneous group of cancers that, if com-
bined, represent one of the most common cancer types. Patients with HNC suffer 
significant morbidity and mortality due to the importance of the structures involved. 
Over two-thirds of these patients are diagnosed at a late stage, leading to a poor 
prognosis. Therefore, advancements in early detection and treatment of HNC are 
crucial.

With the emerging fields of precision health and precision medicine, treatment of 
HNC is undergoing a paradigm shift to become more proactive instead of predomi-
nantly reactive. There is extensive literature to support early detection and early 
treatment, which has made a significant impact, not only in the field of HNC, but in 
the management of cancer overall.

Volume I begins with a general overview, including the industry landscape, of 
HNC detection, diagnosis, and treatment. Next, it covers the applications of innova-
tive technologies such as microfluidics, nanotechnology, and deep learning to early 
detect as well as study HNC. For example, studying the cellular features at a single-
cell level became possible with the advancement of technologies such as mass 
cytometry or specifically, Cytometry by Time Of Flight Mass Spectrometry 
(CyTOF), which has revolutionized the way we can study complex human diseases 
such as HNC. Finally, the last few chapters are dedicated to describing the standard 
of care of HNC.

The Head and Neck Cancer Early Detection and Treatment book series is highly 
pertinent to the next generation of interdisciplinary clinicians, scientists, residents, 
and students who are particularly interested in HNC and in the translation of early 
detection methods, technologies, and research to clinical practice.

This series is the joint work of many healthcare enthusiasts who share a common 
vision towards advancing the field of cancer early detection and early treatment. We 
thank all those individuals who contributed to this book, without whom this effort 
to fight HNC would not have been possible.



xii
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Palo Alto, CA, USA� Rami El Assal
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Chapter 1
Overview of Early Detection, Diagnosis, 
and Treatment of Head and Neck Cancers

Ryan Spitler

�Introduction

Cancer is the second most common cause of death in the United States [11]. Often, 
symptoms are not specific or present, until tumors have already metastasized. Head 
and neck cancers (HNCs) include all malignancies from nasal and oral cavities, 
pharynx, larynx, and the paranasal sinuses with smoking and alcoholism being 
known predisposing factors. HNCs make up 3% of all cancer cases in the United 
States each year with over 90% of HNCs arising from squamous cell carcinomas 
and head and neck squamous cell carcinoma (HNSCC), which is the sixth common 
cause of cancer mortality globally [38]. When compared to other cancers such as 
breast or colorectal cancer, the five-year survival rate of HNSCC after diagnosis is 
significantly lower and with little to no improvement in mortality rates even with 
ongoing research efforts [40]. Failure in early diagnosis and insufficient effective-
ness of therapeutic modalities lead to poor clinical outcomes [36]. Thus, the ability 
to diagnose cancer at an early stage is critically important, since the predominant 
cause of mortality is regional and/or distal metastatic spreading of tumor cells from 
the primary site. There is a significant need for rapid, highly accurate, and noninva-
sive tools for cancer screening, early detection, diagnostics, and prognostics. 
Screening methodologies should have high sensitivity and specificity, be noninva-
sive, and be inexpensive to allow widespread applicability. Even though molecular 
alteration precedes clinical symptoms and detection by imaging or histopathology-
based diagnosis, many disorders remain undiagnosed until an advanced stage, 
which is often irreversible, and treatment is inefficient/ineffective. However, there 
have been many recent developments that are beginning to demonstrate promise.

R. Spitler (*) 
Precision Health and Integrated Diagnostics (PHIND) Center,  
Stanford University School of Medicine, Palo Alto, CA, USA
e-mail: rspitler@stanford.edu
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In the era of precision health and medicine, there are opportunities to diagnose 
cancers early and to select treatment plans that are most likely to succeed based on 
an individual’s personal data. Importantly, cancers originating from different parts 
of the body have different characteristics and require different diagnoses and treat-
ment approaches [51]. In order to address this need, HNCs can be monitored and 
treated more efficiently taking into consideration multiple forms of medical data 
and implementing more effective methodologies that are currently being validated 
including liquid biopsy, salivary biomarkers, imaging, and treatments including 
gene therapy, immunotherapy, surgery, radiotherapy, and many others [1, 7, 10, 12, 
15, 37]. In this review, recent developments in diagnostics and treatment manage-
ment for HNCs are described.

�Big Data in HNC

A large part of being able to detect and treat cancers “precisely” is having sufficient 
data available to make informed and actionable clinical decisions. HNCs represent 
an opportunity to explore “big data” applications in oncology. In the era of growing 
big data and artificial intelligence capabilities, there exists tremendous potential to 
implement computational strategies to better understand molecular mechanisms 
and complex biological systems, identify prognostics and predictive biomarkers, 
and for the discovery and monitoring of treatment. Big data may assist with broad 
applications including driving and sustaining guideline recommendations, expedit-
ing the period between research and clinical practice, monitoring guideline applica-
tions and quality assurance, and helping work toward a personalized healthcare 
decision support system [42]. Aggregating and sharing research data can be particu-
larly useful in the case of rare cancers. However, even with great promise, there are 
still many challenges that exist to implement big data strategies.

Researchers tend to use many different platforms to store and analyze data, 
which present significant challenges for handling large volumes of data. Moreover, 
researchers often do not have access to raw or primary data sources and lack the 
necessary infrastructure. One potential solution has been to use “data clouds” to 
better integrate and improve overall access to data. However, even if these resources 
become accessible, there is still the question of how best to protect patient privacy 
and share data while keeping it de-identified. As efforts continue to increase in this 
area and with some patience and the right know-how, these mountains of data can 
significantly contribute to our understanding of cancer’s inner workings.

�Diagnostics and Early Detection

It is known that the chance of survival and quality of life in HNC is directly related 
to the size of the primary tumor at detection. One challenge is that most patients, 
even those at risk (smokers), will likely not participate in screening programs until 

R. Spitler
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they present with symptoms. In order to have a significant impact on early detec-
tion, primary (measures that prevent the onset of disease) and secondary preven-
tion (measures for early diagnosis and treatment of disease) will need to be 
improved. Screening for cancer can be population-based, opportunistic, or tar-
geted, but ultimately, patients have to elect to participate. Some community-based 
screening has shown value in reducing oral cancers in high-risk groups. The most 
powerful tools in early detection for HNC are medical history, risk factors, and 
clinical examination [19]. Recent advances in early cancer detection methods have 
improved clinician’s ability for early diagnoses, such as using saliva specimens to 
identify asymptomatic patients at cancer risk. For oral cancers, visual examination 
remains the primary initial screen method. Additionally, there is a need to further 
examine cost-effectiveness for cancer screening and early detection methods. 
HNCs are diagnosed most often among people over the age of 50. Common symp-
toms of HNCs include a lump or sore that does not heal, sore throat that does not 
go away, difficulty swallowing, and hoarseness. Other symptoms may include dis-
coloration of the lining of the mouth, swelling of the jaw, trouble breathing, trouble 
hearing, blocked sinuses, and paralysis of the muscles in the face [18]. Yet once 
symptoms present, the likelihood for successful treatment outcomes greatly 
diminishes.

�Liquid Biopsy and Circulating Tumor Cells

HNC remains one of the leading causes of death, which is why early detection is 
critically important [53]. Liquid biopsy has emerged as a promising tool for detect-
ing and monitoring disease status at all stages. Analyses of circulating tumor DNA 
(ctDNA), circulating tumor cells (CTCs), and exosomal miRNAs have paved the 
way for precision health and medicine approaches. Circulating biomarkers have 
demonstrated efficacy for detection, treatment, and monitoring response as well as 
prognosis assessment [41]. While these new biomarkers may have broad clinical 
application, no validated circulating biomarkers have been integrated into clinical 
practice in the context of HNC. However, there is great potential for the clinical 
utility of these biomarkers from multiple body fluids. In general, ctDNA in the 
plasma could be useful for the early detection of HNC [2]. CTCs released from 
metastatic lesions can be analyzed for surface expression of drug targets including 
EGFR and PD-L1 for planning therapeutic interventions [54, 55]. Additional infor-
mation can be gained from biomarkers such as exosomal miRNAs, and the ability 
to target multiple types of biomarkers may improve the specificity and sensitivity of 
cancer diagnosis [43]. Analyzing biomarkers from multiple body fluids in conjunc-
tion with other measures could enable better delivery of personalized medicine 
approaches (Fig. 1.1).

Of particular interest for screening purposes is saliva, which is a mixture of 
secretions from major and minor salivary glands. These secretions contain proteins, 
microorganisms, and cellular debris. The use of whole saliva is an attractive diag-
nostic method since it is relatively easy to work with, is noninvasive, and can 
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provide informative diagnostic information regarding disease state. Moreover, a 
unique subset of exosomes from tumors appear to be present in saliva and are highly 
variable even in patients with the same tumor types and stages [54, 55]. More work 
is needed toward the creation of simple and affordable technologies to screen for 
circulating biomarkers; however, further characterization will be required in order 
for implementation to be possible.

There is a significant demand for simple less invasive blood tests to determine 
disease state. Standard clinical diagnostics, such as imaging, often lack the sensitiv-
ity to enable the detection of CTCs. Techniques are also required for molecular 
characterization to better enable understanding of the underlying biology, which 
could then lead to improved tumor targeting capabilities. The ability to identify 
high-risk patients prior to disease presentation or metastasis could significantly 
improve rates of survival. Current methods are limited by specificity and sensitivity. 
However, nanotechnology-based methods could improve efficiency, sensitivity, 
specificity, and accuracy [23].

Blood sample Isolated CTCs

Analysis

Cell culture
drug response

Western blot

Immunostaining

NGS

CTC chip

‘OMICS’

qRT-PCR

Personalized therapy
Patient

1 2

Fig. 1.1  Overview of analysis of patient-derived CTCs. CTCs are isolated from a patient’s blood 
sample and analyzed using methods such as immunostaining, Western blotting, NGS, CTC-chip 
analysis, and qRT-PCR. The results can then be used to develop better precision health and medi-
cine approaches. (Figure reproduced with permission from [23])

R. Spitler
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�Salivary Biomarkers

Saliva has emerged as a potential source of cancer biomarkers including proteins, 
DNA, mRNA, and metabolites [54, 55]. It is composed of secretions from the major 
and minor salivary glands and is extensively in the lining of the mouth and throat. 
Saliva is simple to collect and process, is cost-effective, and does not cause patient 
discomfort. Unlike other bodily fluids, saliva tends to have a lower background of 
inhibitory substances and materials when compared with blood [48]. Saliva for the 
screening of oral cancer has great potential, due to the shed of cancer cells in the 
oral cavity. Several salivary biomarkers for clinical use have been discovered using 
ELISA, quantitative PCR, microarrays, immunoblot, and LC/MS. Some of these 
biomarkers could be used to monitoring for cancer diagnosis and cancer risk predic-
tion using differences in the expression of proteins, genes, RNA, and/or inflamma-
tory cytokines [22]. While most of these biomarkers have limitations in clinical 
diagnosis, one notable example is interleukin (IL)-8 and melanoma-associated 
genes, which have demonstrated good sensitivity and specificity [25]. Similarly, 
IL-8 and IL-1ß have been found to be elevated in HNSCC patients as well as having 
a significantly different microbial environment compared to healthy controls [52]. 
Further, advanced stages of oral cavity squamous cell carcinoma (OSCC) have 
shown higher levels of proteins complement factor H (CFH), fibrinogen alpha chain 
(FGA), and alpha-1-antitrypsin (SERPINA1) [8]. Overall, these predictive and 
prognostic markers can hopefully one day be used as therapeutic targets to treat 
HNCs including HNSCC.

�Imaging

Many optical tools are being used to enhance diagnostics and treatment beyond the 
clinician’s trained eye. Approaches such as chromoendoscopy and autofluorescence 
can help identify altered mucosal areas. While hyperspectral imaging can be used to 
discover suspicious lesions, optical coherence tomography and confocal endomi-
croscopy can be used to better identify structural abnormalities or when subcellular 
resolution is needed [9]. For the head and neck area with complex lymph drainage, 
it is important to be as exact as possible with functional imaging techniques (e.g., 
positron emission tomography/computed tomography (PET/CT) scanning) [35]. 
This is especially important during the early stages of tumor development, so that 
the resection margin is minimized to preserve the organ. This type of imaging is also 
important after a treatment and during the recovery phase.

Surgery still remains the first-line choice for treating HNC patients. However, 
surgeons must often balance between extensive cancer resection and a better quality 
of life, given the complicated anatomy in the head and neck region. To improve 
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clinical outcomes, early diagnosis and treatment of premalignancies are necessary. 
Moreover, many real-time imaging approaches can be used for in vivo detection of 
surgical margins to better identify cancers and minimize the resection of normal 
tissues. Such approaches include autofluorescence imaging, targeted fluorescence 
imaging, high-resolution microendoscopy, narrow-band imaging, and Raman spec-
troscopy [56]. Another approach is to combine new approaches with existing ones, 
such as using imaging guidance and a surgical robot [33]. However, even with 
decades of research in this area, still many challenges exist. For instance, Raman 
spectrometers are generally not as commercially available or portable and as such 
are generally not used for routine clinical procedures. Additionally, more clinical 
trials are needed to demonstrate benefits beyond diagnostic accuracy.

For early-stage cancers, typically a single modality, usually contrast-enhanced 
CT, is sufficient for adequately staging. However, it is often desirable for the man-
agement of advanced cancers (stage III/IV) to use a combined modality approach 
(PET/CT with or without contrast-enhanced CT or MRI). This combines the advan-
tages of both modalities providing improved cross-sectional anatomical details and 
superior soft-tissue contrast, both especially important in the context of head and 
neck squamous cell carcinoma (HNSCC). Multidisciplinary treatment is often 
required and includes surgery, radiotherapy, and chemotherapy [49]. One such 
probe that has proven especially useful for these patients is fludeoxyglucose F 18 
PET/CT [16].

�Extracellular Vesicles

Extracellular vesicles (EVs) are heterogeneous membrane-enclosed vesicles, which 
play a key role in intercellular communication for processes such as proliferation, 
metastasis, angiogenesis, and immune regulation [58]. Studies have shown that 
tumor-derived EVs, mainly exosome and microvesicles, transfer oncogenic cargo 
such as proteins, lipids, messenger RNAs, microRNA, noncoding RNAs, and DNAs 
that may influence the tumor microenvironment (TME) and impact tumor progres-
sion [57]. While the molecular mechanisms and clinical applications of EVs in 
HNC still require further investigation, the ability to better understand this complex 
signaling network in mediating tumor progression, angiogenesis, and cancer drug 
resistance, as well as immune regulation, could be very valuable. EVs can be sam-
pled and assessed from saliva and circulating blood diagnostics and have the poten-
tial for early screening, monitoring, and risk assessment of HNCs. EVs may also be 
useful for creating more precise anti-tumor treatments for individual therapy due to 
their inherent biocompatibility, being modifiable, and low immunogenicity [21]. An 
example is EVs derived from nasopharyngeal carcinoma, which have been reported 
to facilitate proliferation, metastasis, and immune escape [6]. These EVs could 
serve as biomarkers as well as therapeutic targets, given their unique nucleic acid 
and protein content profiles.
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�Multiplexed Biomarker Profiling

We have discussed a number of potential diagnostic tools that are actively being 
implemented for early cancer detection and intervention. While these tools can be 
implemented on an individual basis, there is often also the possibility of enhanced 
diagnostic power through the combination of biomarkers. For instance, in the con-
text of immune-based biomarkers, panels have been used that consist of multiple 
cytokines, chemokines, growth factors, and other relevant tumor biomarkers [27]. 
Additionally, immune profiling of HNSCC patients using a multiplex immunofluo-
rescence panel has produced evidence to suggest that p16 tumors could be immuno-
suppressed through increased expression of PD-L1, while CD8+ cells cannot 
infiltrate the tumor [20]. Another study used an electrochemiluminescence multi-
plex assay and was able to classify OSCC versus normal subgroups using IL2, 
IL1Ra, and macrophage inhibitory factor (MIF) with a sensitivity of 0.96 and speci-
ficity of 0.92 [28]. It is likely that combinations of biomarkers will become used 
more frequently, which are expected to improve clinical outcomes.

�Treatment and Cancer Management

Great care must be given to the treatment of HNCs especially due to the potential 
toxicity of treatment proximity to critical structures [30]. This is also why it is 
important to initially exhaust noninvasive and/or lower-morbidity approaches prior 
to performing more invasive procedures. Optimal treatment should also include (i) 
early detection of recurrence or residual disease and (ii) minimalization of toxicity 
and morbidity and (iii) should be cost-effective for the healthcare system and the 
patient. Posttreatment surveillance is critically important, such as the use of imag-
ing modalities including PET-CT. However, in the context of imaging, there is no 
consensus guidelines on the frequency and modality (i.e., CT, ultrasound, MRI, and 
PET-CT) used for posttreatment imaging [59]. More work is needed to improve the 
current guidelines as well as to come up with individualized surveillance plans that 
better address patient’s needs.

�Gene Therapy

Gene therapy can be a viable approach for HNC as there is a current lack of sys-
temic options, there are many potential targets, and tumor tissue is accessible. There 
are multiple types of gene therapy used for HNCs including corrective, cytoreduc-
tive, and gene editing [10]. While gene therapy has been an emerging area, most 
patients will still require the inclusion of standard therapy methods such as surgery, 
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radiation, and chemo- or immunotherapy. In order to successfully deliver gene ther-
apy, it is essential to first understand a patient’s unique genetic profile. For example, 
in the case of HNSCC, patients’ common mechanisms to target include oncogenes, 
EGFR receptor, p53 gene correction, prodrugs for suicide gene therapy, and immu-
nomodulatory strategies [45]. Some of these approaches will be generalizable 
between cancer types, whereas others will be patient-/cancer-specific in order to 
improve successful outcomes. This is yet another example of how precision medi-
cine is already beginning to shape cancer care.

�Cancer Immunotherapy

Cancer immunotherapy is driven by the body’s ability to recognize tumor cells as a 
foreign antigen, thereby triggering the activation of the immune system. One poten-
tial advantage of immunotherapy over cytotoxic chemotherapy is possible durable 
response of memory T cells, with induction of T cell immunity being a critical step 
to success [5]. This field is already seeing great progress with FDA-approved anti-
PD-1 antibodies including nivolumab and pembrolizumab showing efficacy in clini-
cal trials [47]. However, there are still challenges for clinicians to better understand 
when to use immunotherapy and in which clinical setting in order to provide 
improved clinical benefit. Additionally, cancers such as HNSCC are known for their 
immunosuppressive character, reducing the effectiveness of immune-based 
approaches. Moreover, many patients generate immune responses to the presented 
antigen, but they still do not respond to conventional treatment or immunotherapy 
[44]. Yet patients with preexisting endogenous immune response have better out-
comes than those lacking an activated phenotype. To advance the field of immuno-
therapy, more robust markers of treatment efficacy must be developed as well as an 
increased understanding of patient immune responsiveness and how to best leverage 
combined therapies (Fig. 1.2).

�Robotic Surgery

Many minimally invasive approaches for head and neck surgery now incorporate 
robotic surgery. Transoral robotic surgery has been used for resecting oropharyn-
geal, hypopharyngeal, and laryngeal tumors [17]. Other applications include trans-
axillary, transoral, and retroauricular robotic approaches for the neck and thyroid 
also exist. Important factors to consider are safety, cost, availability, and outcomes 
when considering the utility of robotic surgery. It is also necessary to have a skilled 
operator. Fortunately, many new surgeons have been receiving formal training in 
robotic surgery. It is anticipated that minimally invasive robotic head and neck sur-
gery will continue to be pioneered and lead to more positive clinical outcomes.
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�Radiotherapy

In general, patients with early-stage HNCs limited to the site of origin are good 
candidates for radiation therapy or surgery. The treatment plan and behavior of the 
cancer is dependent on the primary site of origin. A “simulation” of the particular 
treatment plan can be generated using scans such as X-rays and CTs. Based on these 
data, the ideal medical physics can be determined. Much care must be taken based 
on the cancer location with the side effects of treatment dependent on the site and 
extent of cancer. Definitive radiotherapy or adjuvant management has been demon-
strated to be a reasonable treatment for early- and late-stage cancers such as non-
melanoma skin cancers and Merkel cell carcinoma [32]. Altered fractionation 
radiotherapy has been shown to improve survival in patients with HNSCC. When 
comparing different types of altered radiotherapy, evidence suggests that hyperfrac-
tionation provides the greatest benefit [1].

�Molecular Diagnostics for Personalized Treatment

In order to develop personalized treatment plans, it is necessary to have biomarkers 
that are effective for predicting therapeutic response and large-scale molecular pro-
filing to identify subgroups for particular prognostics. While next-generation 
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Fig. 1.2  The potential of immunotherapy. The Kaplan-Meier curve tail demonstrates how the 
combination of complementary approaches used in conjunction with other immunotherapies could 
lead to better outcomes. (With permission from [46])
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sequencing is readily being used for genetic profiling, this technique is still limited 
by cost, interpretation of data, and validation of results. There are, however, a num-
ber of statistical techniques that have been developed to address the challenge of 
interpreting large data sets. Microarray analysis has also been used but has chal-
lenges such as the use of different platforms, experimental protocols, and other 
variables. Functional genomics is also adding to the possibilities of discovery and 
implementation. Some examples of how this can be implemented are described.

At present, only the site and stage of tumor are used for treatment planning of 
HNSCC [31]. Both molecular profiling and SLNB are promising tools to optimize 
lymph node staging and adequate management of HNC.  Prognosis of HNSCC 
improved only moderately during the last decades. This improvement may relate to 
a steady increase in oropharyngeal cancers caused by human papillomavirus (HPV) 
that have a very favorable prognosis. Detection of residual cancer cells may provide 
early discovery of recurrent disease and tailoring of postoperative radiation or 
chemoradiation therapy but is hampered by sampling error. Detection of premalig-
nant fields by molecular markers reliably predicts malignant transformation. 
Noninvasive diagnostics may further enhance clinical implementation. At present, 
two clinically relevant molecular subgroups are recognized: HPV-positive tumors 
and HPV-negative tumors. Personalized treatment of HPV-positive tumors is within 
reach, but accurate detection of HPV in formalin-fixed paraffin-embedded speci-
mens is still challenging. A third molecular subgroup is emerging, which is charac-
terized by few chromosomal aberrations, wild-type TP53, and a favorable prognosis. 
Other molecular subgroups of HNSCC have been established with gene expression 
profiling, but the clinical relevance still remains to be established.

�Cancer Tumor Cells and Cancer Stem Cells

CTCs represent a subset of cells that escape the primary tumor and enter the blood-
stream and can be an important point of early cancer detection given that even high-
resolution PET/CT and MRI are currently unable to detect the early spread of tumor 
cells. Moreover, even with improvement in current treatment approaches, there is 
still up to 50–60% local-regional recurrence and/or distant metastasis [39]. CTCs 
can form metastatic deposits and can sometimes reestablish themselves at the pri-
mary cancer site. These cells tend to be more aggressive and accumulate genetic 
alterations, due to additional modifications acquired when in circulation [24]. 
Liquid biopsy is an emerging technology to create a reliable method for minimally 
invasive analysis (i.e., genotyping) of small-volume blood samples. The data can 
then be applied beyond early detection as well as developing treatments, treatment 
monitoring, and assessing mutational changes in cancer resistance and radiation 
sensitivity. While this is a promising new area, there is currently limited guidance in 
utilizing CTC data. The true prognostic value of CTCs is still to be determined and 
will require a deeper understanding of the complex interplay at the cellular level.
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The growth of cancer is maintained by a population of cancer stem cells (CSCs), 
which have an unlimited self-renewal potential and can continue to induce tumor 
growth if this population of cells is not completely eliminated by therapy. Thereby, 
CSCs can be a target for treatment as well as used as a cancer biomarker of treat-
ment efficacy [3]. The prognostic and predictive potential can be determined by 
measuring the number of CSCs present, if any, after treatment [50]. Clinical out-
comes can potentially improve using CSC-targeted strategies, especially to sensitize 
resistant tumor cells. However, there can be strong side effects resulting from this 
type of treatment as stem cell targeting strategies also affect common stem cell sig-
naling mechanisms. While this approach has shown some potential, further clinical 
validation is necessary before this approach can be implemented, and more preclini-
cal model validation is also necessary. There is significant work already underway 
to develop effective methods of engineering individualized therapies to improve 
patient’s response.

�Epigenetic Modifications

Progression of oral carcinogenesis results from a complex interplay of epigenetic 
alternations including DNA methylation, histone covalent modifications, chromatin 
remodeling, and noncoding RNAs [4]. These pathways can also play a role in can-
cer resistance to therapy. Epigenetic alterations occur as part of the aberrant tran-
scriptional machinery and give a selective advantage to tumor cells. The modifications 
also contribute to cellular plasticity during tumor progression and can lead to the 
formation of CSCs. Thus, understanding epigenetic modifications and markers 
associated with HNC may lead to new strategies for therapy. These novel therapies 
can also be used in combination with conventional therapies to increase the poten-
tial for treatment effectiveness. This is still a research area that requires further 
exploration.

�Recurrent and Metastatic Cancers

While recurrent and metastatic HNC is usually incurable, precision oncology, using 
tools such as molecular profiling, is improving our ability to better understand 
molecular alternations and better manage treatment-resistant HNCs. By identifying 
more actionable alterations, there will be a larger portion of patients that can have 
earlier diagnosis and guide treatment of rare and advanced cancers. For instance, the 
molecular profile of recurrent and metastatic tumors is quite distinct from primary 
tumors (Fig. 1.3) [34]. However, one challenge is that many HNCs tend to be under-
studied due to how rare they are. In order for a precision-based approach to be pos-
sible, it will be necessary to sequence recurrent and metastatic tumors. Unfortunately, 
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in the last decades, the overall survival rate has only improved marginally. This has 
come about because cancer was only detected after an advanced clinical stage of 
diagnosis and this is associated with a high rate of treatment failure. Other issues as 
described in previous sections are cancer cells left behind after surgical resection 
and more aggressive cancers (oftentimes more than the primary site) resulting from 
CTCs. Outcomes are slowly improving with more effective screening and treatment 
approaches.

�Conclusion

HNCs can lead to rapid deterioration of the patient due to the proximity of the tumor 
in the human body and other associated issues such as malnutrition and disability 
associated with disease. Similarly, careful consideration must be given towards 
treatment plans and doses to improve the quality of life as well as extend the life of 
the patient, if a cure is not possible. While many challenges still exist, the fields of 
precision health [13], precision medicine [14], and digital health [29] hold much 
promise to addressing these still unmet needs. The emerging technologies enable 
earlier detection of disease, which should result in better clinical outcomes, espe-
cially if more efforts are put towards prevention and early detection in addition to 
treatment approaches. Additional clinical data is being generated at an 
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Fig. 1.3  Local relapse: three sources of recurrent disease. (i) Local recurrence resulting from cells 
left behind after tumor resection, (ii) a second tumor resulting from a premalignant cell and clon-
ally related to the original tumor, and (iii) a second tumor from unrelated premalignant cells. 
Molecular analysis must be used to distinguish between local recurrence and second field tumors. 
(Reproduced with permission [26])
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ever-increasing rate, and the digital health revolution is now allowing physicians 
and scientists to start taking advantage of these data-driven approaches. Some key 
issues to address will be providing access to these approaches at a population level, 
adjusting screening, and guidance documents for new capabilities, as well as pre-
senting data to be best utilized by the physician while also empowering the patient. 
The era of precision head and neck oncology has arrived and is already becoming 
implemented.
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Chapter 2
Emerging Technologies in Markets 
for the Early Detection of Head and Neck 
Cancer

Laura Bianciardi, Claudio Corallo, Mattia Criscuoli, Diogo Fortunato, 
Natasa Zarovni, and Davide Zocco

�Introduction

Head and neck cancer (HNC) is a heterogeneous group of cancers that, if combined, 
represent one of the most common cancer types and a leading cause of death world-
wide. HNCs are often associated with risk factors such as tobacco and alcohol use 
or viral infections, including human papillomavirus (HPV) and Epstein-Barr virus 
(EBV) [1]. Over two-thirds of patients with HNC are currently diagnosed with 
advanced cancer and lymph node metastases, often leading to poor clinical out-
comes. Therefore, it has become apparent that anticipating the time of HNC diagno-
sis has the potential to radically change the clinical management of these patients, 
who currently lack effective therapeutic options especially when the cancer is diag-
nosed at later stages [2].

Identifying risk factors and at-risk groups, as well as health and cost benefits 
reported in early diagnosis of HNC, supports the need for early detection. While 
conceptually sound, no screening programs for HNC have been set in place in clini-
cal practice yet, partially because the available screening options are still based on 
invasive clinical exams and/or time-consuming and expensive radiological tests. 
New screening and early diagnosis tools for cancers have been introduced in clinical 
trials over the last decade and promise to boost early detection of early-stage pri-
mary tumors and HNC micrometastases [3].

In this chapter, we describe two major approaches (i.e., liquid biopsy and imag-
ing) for early detection of HNC and systematically map current and technologies 
highlighting key metrics, such as performance and cost-effectiveness, that will play 
a role in their clinical adoption.
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�Liquid Biopsy

Liquid biopsy has been dubbed as the cornerstone of future precision medicine and 
one of the breakthrough technologies of the twenty-first century [4]. In essence, 
liquid biopsy is an approach that exploits the use of body fluids to identify biomark-
ers for patient stratification, disease monitoring (e.g., minimal residual disease), and 
therapy monitoring and selection. Several observational studies have shown the 
benefit of using liquid biopsy to complement molecular analyses from tissue biop-
sies or to provide molecular insights when the diseased tissue is no longer available 
(e.g., monitoring post-surgery disease recurrence); however, interventional clinical 
studies are ongoing to fully integrate this approach into clinical practice (Fig. 2.1).

Most recently, start-up companies such as Grail (Menlo Park, CA, USA) and 
Thrive Earlier Detection (Cambridge, MA, USA) have been established to develop 
liquid biopsy tests for screening and early detection of multiple cancers [5, 6]. These 
companies rely on deep, next-generation sequencing and proteomics platforms sup-
ported by powerful algorithms and machine learning to fish out cancer-specific 
molecular signatures from blood. Their initial large multicenter observational 
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miRNA

mRNA
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Fig. 2.1  How do tumor biomarkers end up in biofluids? All cells and tissues require vasculariza-
tion to grow and maintain their functions. Due to their especially high energy requirements, tumor 
cells often stimulate vascularization in their surroundings, thereby increasing their nutrient supply. 
As the exchanges between tumor cells and blood increase, so does the presence of tumor-derived 
biomolecules and potentially relevant biomarkers. The same can happen in other biofluids, where, 
for instance, oral squamous cell carcinoma (OSCC) cells are in direct contact with saliva. These 
biomolecules can be released in their native state, in homo- or heterocomplexes, or even incorpo-
rated in bigger macromolecular structures such as extracellular vesicles, depicted on the right side 
of the figure. Extracellular vesicles (EVs) encapsulate and protect tumor-derived material, which 
could otherwise undergo fast turnover rates when present isolated in circulating biofluids, limiting 
their isolation and downstream analysis
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studies showed impressive diagnostic performances in patients with advanced can-
cers, but not in those with early-stage cancer (Stage I/II). Two recent studies pub-
lished by Grail showed that tests based on deep sequencing of DNA lesions or 
targeted methylation of circulating tumor DNA (ctDNA) have an average sensitivity 
of 54% that drops to 18% for Stage I cancers [5]. In another study published by 
Thrive Earlier Detection, 10,000 women with no prior history of cancer were 
screened with the company’s test, which raised the average sensitivity of standard-
of-care test from 25% to 52% in cancers where screening tests are available [6]; 
however, the average sensitivity of Thrive Earlier Detection’s test across all cancers 
was 27.1% [6]. Several factors, such as cancer type, small tumor size (<1cm3), and 
limited biomarker availability in the early stage [7], may contribute to the poor sen-
sitivity of liquid biopsy tests in early-stage cancers.

In this section, we outline two steps of the diagnostic workflow (i.e., pre-analytics 
and analytical platforms) that may benefit from new technologies in the quest to 
improve the detection of early-stage HNC (Fig. 2.2).

�Pre-analytics

Sample collection, processing, and biomarker enrichment are collectively called 
pre-analytical steps or pre-analytics. These steps play essential roles in the success 
of the diagnostic procedure, especially when rare biomarkers are sought after. Many 
promising biomarkers have failed to reach the clinic due to lack of “standardiza-
tion” of pre-analytical steps during validation [8]. Therefore, only a handful of bio-
markers are currently used for cancer screening but none of them for HNC.

�Sample Collection and Processing

In HNC, three body fluids—(i) blood, (ii) saliva, and (iii) exhaled breath condensate 
(EBC)—are considered to be potential sources of biomarkers for screening and 
early detection. The following sections give an overview of the current pre-analytical 
steps required for these three body fluids, the factors that contribute to sample vari-
ability, and the new technologies that may promote sample standardization.

Blood

Blood is the most used body fluid for cancer biomarker detection. Most of the clini-
cally validated screening tests (e.g., Prostate-Specific Antigen (PSA) and Cancer 
Antigen 125 (CA-125)) and future pan-cancer screening tests (e.g., Grail or Thrive 
Earlier Detection tests) are based on the use of blood-derived products (i.e., plasma 
or serum) as the biomarker source. To obtain plasma or serum suitable for bio-
marker detection, blood is usually drawn through venipuncture with a syringe or a 
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butterfly system by a trained phlebotomist and collected into tubes that contain anti-
coagulants (e.g., K2-EDTA Vacutainer™ tubes (BD, Franklin Lakes, NJ, USA) for 
plasma) and/or biomarker preservatives. After collection, the blood is centrifuged 
once or twice at 1000–2000 relative centrifugal force (RCF) for 10–20 minutes at 
room temperature. This step separates blood cellular components from plasma, 
which can then be easily transferred into a new tube for the following analyses. 
While seemingly straightforward, this procedure is affected by several pre-analytical 
variables that should be tightly controlled to ensure sample standardization. These 
pre-analytical steps have been extensively discussed elsewhere [9, 10], but in recent 
years, several new technologies have been proposed to reduce sample variability, as 
summarized in Table 2.1.

Fingerstick with dried blood spotting (DBS) and the newer volumetric absorp-
tive microsampling technology (VAMS®; Neoteryx®, Torrance, CA, USA) enable 

Table 2.1  Established and new technologies for blood collection/processing

Blood 
(plasma/
serum) Established technology Challenges New technologies

Collection 
method

Venipuncture with syringe/
butterfly system; anticoagulant 
for plasma as K2-EDTA, citrate 
(CTAD), P100 and heparin 
(VacutainerTM; BD 
Biosciences)

Discomfort, requires 
trained clinical staff, 
not ideal for pediatric 
patients
Hemolysis and 
platelet activation due 
to mechanical stress

Fingerprick with 
dried blood spotting 
(DBS)
Volumetric absorptive 
microsampling 
(VAMS®) technology 
(Neoteryx®)

Biomarker 
preservatives

Cell-Free DNA BCT® (Streck)
PAXgene Blood ccfDNA Tube 
(CE-IVD) (PreAnalytiX)

Lack of preservatives 
for new classes of 
biomarkers (CTCs, 
RNA, exosomes)

RNA Complete 
BCT™ (Streck)
cf-DNA/cf-RNA 
Preservative Tubes 
(Norgen Biotek)
LBgard® Blood 
Tubes (Biomatrica)
RNAgard® Blood 
(Biomatrica)
PAXgene Blood RNA 
Tube (IVD; 
PreAnalytiX)
CellSave Preservative 
Tubes (Menarini 
Silicon Biosystems)

Sample 
processing

One- or two-step centrifuge 
protocol

Hemolysis and 
platelet activation due 
to mechanical stress
Centrifuge affects 
sample 
standardization

Filtration with Vivid 
plasma separation 
membrane (Pall)
Acoustic wave 
separation
Microfluidic device 
[11]

ccfDNA circulating cell-free DNA, CTCs circulating tumor cells, cf-DNA cell-free DNA, cf-RNA 
cell-free RNA

2  Emerging Technologies in Markets for the Early Detection of Head and Neck Cancer
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the collection of small amounts of blood in a less invasive way than standard veni-
puncture. Furthermore, these procedures do not require trained clinical staff and are 
ideal for pediatric patients; however, whether these technologies allow the collec-
tion of a sufficient amount of blood for the detection of early-stage cancer biomark-
ers is still unclear.

Preservatives for new classes of biomarkers potentially suitable for early detec-
tion, such as microRNAs, have also been recently launched in the market. Products 
such as cell-free DNA (cfDNA)/cell-free RNA (cfRNA) Preservative Tubes (Norgen 
Biotek, Thorold, ON, Canada) or RNAgard® Blood (Biomatrica, San Diego, CA, 
USA) preserve both cfDNA and cfRNA, allowing the detection of both biomarkers. 
The RNA Complete BCT™ from Streck (La Vista, NE, USA) has been developed 
to preserve both circulating RNAs and extracellular vesicles (EVs), another promis-
ing biomarker for early cancer detection. The use of these preservatives is poised to 
become a gold standard as it allows sample handling and shipping at room tempera-
ture, reducing the cost of the diagnostic procedure, and enabling molecular analyses 
to be performed in centralized labs where standardization can be better enforced.

Centrifuge-free production of plasma is also a major technological breakthrough 
in sample standardization. There is still a lack of consensus regarding which cen-
trifugation protocol should be used for liquid biopsy, and there is evidence to sug-
gest that small protocol variations may introduce significant sample biases [12]. 
Filtration-based protocols, such as Vivid plasma separation membrane™ (Pall, Port 
Washington, NY, USA), have been proposed due to their low cost and ease of use; 
however, they have not been further developed into medical devices. The use of 
more technologically complex systems, such as microfluidic devices and acoustic 
wave separation devices, has been limited to academic research at this point [11, 
13], though companies like AcouSort (Lund, Sweden) are developing promising 
prototypes for clinical use [14].

Saliva

Saliva is an easily accessible body fluid and one of the most promising sources of 
biomarkers for HNC.  Saliva is collected after passive drooling at 2600 RCF for 
15 minutes at 4 °C followed by aspiration from the pellet to obtain a salivary super-
natant suitable for biomarker discovery [15]. Salivary biomarkers, such as ctDNA 
or cancer cells, can also be obtained from buccal swabs, though their concentrations 
are typically lower than that in saliva after drooling. As for blood, standardization of 
saliva collection and processing is key for diagnostic applications, and several low-
cost devices have been produced to fulfill this need (Table 2.2).

The Oragene DNA device (DNA Genotek, Kanata, ON, Canada) is the market-
leading technology for the collection of salivary DNA [15]. Patients expectorate 
into the device until a volume of 2 mL is reached; the lid is then closed, letting the 
stabilizing buffers flow into the saliva, stabilizing the sample for up to 1 year at 
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room temperature. The Saliva DNA Collection and Preservation Device (Norgen 
Biotek) and the DNAgard® Saliva (Biomatrica) are like the Origene device, where 
patients expectorate into a tube through a removable funnel until a “fill mark” is 
reached [15]. The DNA·SAL™ device (Oasis Diagnostics®, Vancouver, WA, USA) 
is a raking/scraping tool that collects cells from the inside of the oral cavity with a 
stabilizing rinse solution after mild raking of the buccal mucosa.

Devices for salivary RNA biomarkers have also been developed, such as the 
Oragene RNA device, that contain specific stabilizers for RNA molecules and have 
a fill mark for saliva volume. Of note, the Pure·SAL™ (Oasis Diagnostics®) has 
been used for the isolation of cfRNA, cfDNA, and exosomes from the same saliva 
sample [15]. Taken together, these devices provide an inexpensive solution to saliva 
sample standardization and will play a key role in the validation of salivary bio-
markers of HNC.

Exhaled Breath Condensate (EBC)

EBC is the exhalate from breath that has been condensed by cooling with a collec-
tion device. EBC contains volatile organic compounds (VOCs) such as DNA, pro-
teins, and ions. A recent report suggests that VOCs, such as aldehydes, found in the 
EBC can be used as biomarkers for oral cancer [16]. Devices for the collection of 
EBC such as the RTube™ Breath Condensate Collection Device (Respiratory 
Research, Inc., Charlottesville, VA, USA) and the ReCIVA® Breath Sampler 
(Owlstone Medical, Cambridge, UK) are currently under evaluation for cancer 
detection via analysis of VOCs or other macromolecules [17].

Table 2.2  Established and new technologies for saliva collection/processing

Saliva
Established 
technology Challenges New technologies

Collection 
method

Passive drooling
Buccal swab

Sample volume 
variability, lack of 
standardization

Oragene DNA/RNA device 
(DNA Genotek)
DNA·SAL™/RNA·ProSAL™ 
device (Oasis Diagnostics®)
Pure·SAL™ device (Oasis 
Diagnostics®)
Saliva DNA/RNA Collection 
and Preservation Device 
(Norgen Biotek)
DNAgard® Saliva device 
(Biomatrica)
iSWAB-DNA Isolation Kit 
(Mawi technologies)
Isohelix DNA Buccal Swab kit 
(Isohelix)

Biomarker 
preservatives

None Lack of preservatives

Sample 
processing

One-step 
centrifugation 
[15]

Centrifuge affects 
sample standardization

2  Emerging Technologies in Markets for the Early Detection of Head and Neck Cancer
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�Liquid Biopsy and Biomarker Enrichment for Early-Stage 
Cancer Diagnosis

Tumor-derived materials from early-stage cancer are often scarce and highly diluted 
by much more abundant biomolecules coming from healthy tissues or circulating 
non-tumor cells. Therefore, pre-analytical workflows that enrich for tumor-derived 
biomarkers are key to increase the sensitivity of analytical platforms, ultimately 
reducing the percentage of false negatives from the diagnostic procedure.

Circulating tumor cells (CTCs), EVs, cfDNA/ctDNA, and, more recently, tumor-
educated platelets (TEPs) have been proposed as potential biosources of tumor bio-
markers for early-stage cancer detection. However, several reports suggest that their 
abundance can be exceedingly low even in late-stage cancer [18–22]. For instance, 
in metastatic cancer patients, CTC counts range from 1 to 10 per mL of whole blood 
[18], resulting in a ratio of CTCs to healthy cells of one to billions. Similarly, it is 
estimated that tumor-derived EVs may represent less than 1% of the total vesicular 
content in plasma [19]. As for ctDNA, certain patients with cancer show a very low 
tumor mutational burden, which falls under the sensitivity of analytical platforms. 
In many cases, mutated alleles derived from tumor cells are less than 0.01% of the 
total wild-type cfDNA content [20, 21]. This discrepancy is further exacerbated in 
patients with early-stage cancer that may carry only one mutated DNA copy per mL 
of blood [22].

Enrichment strategies for these rare biomarkers rely on two major principles: (i) 
selection of the body fluid in which the biomarker is more likely to be found at an 
early disease stage and (ii) affinity-based isolation techniques to at least partially 
separate these biomarkers from background molecules or cells (Fig. 2.3).

Tumor-derived EVs are relatively abundant, stable, and present in virtually all 
biofluids, including blood and saliva. They show the highest potential for enrichment-
based methodologies, although, due to their heterogeneous nature, selective tumor-
derived EV isolation strategies can be challenging. For instance, confounding 
particles from plasma – such as lipoproteins – are often co-purified with EVs, as 
they share similar physical properties with EVs and far exceed them in number [23]. 
Instead, saliva is an optimal biofluid for selective isolation of tumor-derived EVs as 
there are no confounding, similar-sized nanoparticles present nor the high protein 
content found in plasma that interferes with the performance of affinity-based meth-
odologies. As observed in other biofluids, salivary EV size and concentration 
increase in oral squamous cell carcinoma (OSCC). Furthermore, these EVs show 
differential expression of the classical tetraspanins CD9, CD63, and CD81 [24]. 
Proteomic analysis of salivary EVs found 44 differentially expressed proteins, most 
of them downregulated, between healthy individuals and patients with 
OSCC. Looking at the whole salivary proteome, researchers were able to identify 
proteins present exclusively in early-stage OSCC or advanced OSCC, pinpointing 
their functions and potential roles [25].

EV enrichment technologies, such as SoRTEV™ and SeleCTEV™ Enrichment 
kits (Exosomics Spa, Siena, Italy), enrich for tumor-derived EVs from plasma by 
affinity isolation. The SoRTEV™ Enrichment kit allows selective purification of 
exosomal RNA following affinity isolation of EVs with proprietary antibodies 
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targeting metabolic biomarkers based on the Warburg effect, a hallmark of cancer 
[26, 27]. Instead, the SeleCTEV™ Enrichment kit is based on a proprietary affinity 
peptide that allows for the purification of both cfDNA and tumor-derived exosome 
DNA from 0.5 to 2 mL of plasma [28]. Another emerging technology that isolates 
EVs by affinity isolation, though not specifically tumor-derived EVs, is the ExoDx™ 
Prostate Test (Biotechne, Minneapolis, MN, USA/Exosome Dx, Waltham, MA, 
USA). This test combines DNA and RNA analysis for the detection of prostate 
cancer-specific biomarkers from urine, which are highly expressed during tumor 
growth. Then, a validated algorithm calculates a score that estimates the risk of an 
individual having aggressive prostate cancer, helping doctors decide whether to pro-
ceed with further treatments [29].

Platelets are highly abundant and readily available in blood, but not in saliva. 
Platelet count and size alone may suffice to indicate the presence of cancer [30]. 
TEPs carry not only valuable tumor RNA biomarkers [31] but also fundamental 
proteins responsible for tumor development and progression [32]. TEPs can be iso-
lated relatively easily by centrifugation without enrichment steps, though technolo-
gies already used for CTC enrichment may be exploited for their selective isolation.

CTCs have, in our opinion, less potential to become biosources for early HNC 
detection; however, multiple enrichment platforms have been reported over the last 
two decades. The CELLSEARCH® System (Menarini Silicon Biosystems, Castel 
Maggiore, Bologna, Italy) is the first and only clinically validated FDA (Food and 

Abundance
Enrichment potential
Early-stage tumor detection potential

Saliva

CTCs

Blood

TEPs ctDNA EVs T-EVs Soluble markers

Fig. 2.3  Biosource availability in saliva and blood. From the biosources depicted, circulating 
tumor cells and tumor-educated platelets can exclusively be found in blood, whereas circulating 
tumor DNA (ctDNA), EVs, tumor-derived EVs (T-EVs), and soluble markers are carried not only 
in blood but also in saliva. Selective isolation strategies for enrichment are affected by the increas-
ing complexity in the composition of each biofluid. Often, the efficiency of such affinity-based 
enrichment methodologies is limited in plasma, due to a richer and more diversified content, when 
compared with saliva. Represented by illustrative bar charts, columns in blue show the relative 
abundance of biosources in each biofluid. Pink columns indicate the potential for complete bio-
source enrichment from biofluids. Red columns convey how much relevant information each bio-
source could provide for early-stage tumor detection. Missing columns mean the absence of 
biosource or not applicable in the context
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Drug Administration)-cleared system for the identification, isolation, and enumera-
tion of CTCs from a simple blood test. This technique detects and enumerates CTCs 
of epithelial origin (CD45−, EpCAM+, and cytokeratins 8+, 18+, and/or 19+) from 
7.5 mL of blood, combining immunomagnetic and fluorescence imaging technol-
ogy. A positive correlation between the frequency of CELLSEARCH® CTCs and 
patient survival has been demonstrated for HNC [33], metastatic breast cancer [34], 
and metastatic prostate cancer [35]. From enriched CELLSEARCH® samples, the 
DEPArray platform (Menarini Silicon Biosystems, Castel Maggiore, Bologna, 
Italy) also allows the isolation of single CTCs and characterization of them at the 
molecular level using Ampli1 WGA and Ampli1 LowPass Kit for mutation detec-
tion and copy number aberration by NGS analysis. However, not all CTCs derive 
from EPCAM+ epithelial cells. Indeed, during cancer progression, there is a pheno-
typic reassessment due to the epithelial-mesenchymal transition (EMT) process 
[36]. Thus, an EPCAM-based approach may have limitations in some cancer types. 
To circumvent this challenge, the ADNA test technology (Qiagen, Venlo, 
Netherlands) uses a combination of antibodies for prostate and breast CTC selection 
in 5 mL of whole blood [36]. Another emerging technology based on selective cap-
ture of CTCs is the BioFluidica’s platform (San Diego, CA, USA) that uses 1 mL of 
whole blood to capture and release CTCs for downstream analysis. BioFluidica’s 
CTC system is equipped with a CTC capture surface, comprised of 50–500 sinusoi-
dally shaped channels, where chemically immobilized antibodies specifically iso-
late CTCs from whole blood. Clinical data enables the detection of multiple 
myeloma, leukemia, lung, and breast cancer [37].

cfDNA/ctDNA is often found highly fragmented, and it is not very stable either 
in plasma or in saliva. As is true for other cancer types, ctDNA is more abundant in 
the plasma of patients with late-stage HNC [22]. Usually, cfDNA is purified without 
an enrichment step for ctDNA. Commercial kits such as the plasma/serum cell-free 
circulating DNA Purification Midi kit (Norgen Biotek), QIAamp MinElute ccfDNA 
mini kit (Qiagen), Maxwell RSC ccfDNA plasma kit (Promega, Madison, WI, 
USA), MagMAX cell-free DNA isolation kit (Applied Biosystems, Waltham, MA, 
USA), and NextPrep-Mag cfDNA isolation kit (Bioo Scientific, Austin, TX, USA) 
allow the recovery of fragmented DNA from biological samples such as plasma, 
serum, urine, and saliva, using magnetic bead-based technologies. Total nucleic 
acid kits that allow the co-isolation of cfDNA and cfRNA from the same plasma 
sample may also improve biomarker detection [38, 39]. In addition to integrating 
the analysis of various biosources, pooling tumor-derived material of the same 
nature obtained from different biofluids has proven to be a valid approach [40]. 
Notably, combined analysis of ctDNA from both saliva and plasma enabled the 
detection of cancer in 96% of the patients enrolled in this study, making it a proof 
of principle for the added value of a multi-biosource/biofluid approach to drastically 
increase sensitivity, without compromising on specificity [40]. In the same study, 
disease recurrence was directly linked to the presence of ctDNA, which was detected 
months before relapses were observed following established clinical practices [40].

Metabolites and soluble circulating markers have been proposed for decades as 
potential biomarkers for early cancer detection; however, very few of them reached 
clinical adoption due to poor diagnostic performances and limited reproducibility. 
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Indeed, these biomarkers can be very promiscuous and hardly represent the high 
molecular heterogeneity of complex diseases such as HNC. Notably, soluble CD44 
has been proposed as a candidate as an early-stage HNC detection and screening 
tool, reaching a sensitivity of 80% and a specificity of 65.5% in patients with benign 
diseases, in populations in which 60% were smokers [41]. Soluble proteins such as 
carcinoembryonic antigen, squamous cell carcinoma antigen, immunosuppressive 
acidic protein, and Cyfra provided moderate sensitivity and specificity for OSCC 
detection [42, 43]. Nonetheless, more recently, soluble protein biomarkers have 
been successfully combined with other biosources, such as ctDNA, to increase the 
sensitivity of the diagnostic test; this method provides the basis for Thrive Earlier 
Detection technology [6, 44].

�Analytical Platforms

This section provides an overview of the most relevant analytical platforms either 
that have been proposed for early diagnosis of HNC so far or that could potentially 
revolutionize this field in the future. Several technologies have already been tested 
in clinical trials for the early detection of HNC, but none of them has been granted 
FDA approval yet (Table 2.3).

Quantitative real-time PCR (qPCR) is one of the most established technologies 
for sensitive and specific detection of DNA and RNA biomarkers [45, 46]. It uses 

Table 2.3  Validated platforms for early detection in HNC

Analytical 
platform

Analyte 
(biofluid) Target Application

Sensitivity/
specificity

FDA-
approved

qPCR cfDNA 
(blood)

EBV DNA NPC [46] Sensitivity of 
97.1%; 
specificity of 
98.6%

no

RT-qPCR miRNA 
(saliva)

miR-125a and 
miR-200a/
miR-139-5p/
miR-let-7a-5p and 
miR-3928/miR-31

OSCC, 
TSCC, 
HNSCC 
[47–50]

n/a no

dPCR + 
Safe-SeqS

cfDNA 
(blood/
saliva)

HPV DNA and 
somatic mutations

HNSCC [52] Sensitivity of 
96%

no

Luminex 
Multianalyte 
Profiling 
(xMAP)

Proteins 
(saliva, 
serum)

IL-8 and IL-1beta/
Abs to HPV16 
proteins/expanded 
panel of protein 
biomarkers

OSCC, OPC, 
SCCHN 
[55–57]

Sensitivity of 
75–84.5%; 
specificity of 
80–98%

no

qPCR quantitative PCR, cfDNA cell-free DNA, EBV Epstein-Barr virus, NPC nasopharyngeal 
carcinoma, RT-qPCR real-time quantitative PCR, OSCC oral squamous cell carcinoma, TSCC 
tongue squamous cell carcinoma, HNSCC head and neck squamous cell carcinoma, dPCRdigital 
PCR, OPC Oropharyngeal Cancer, SCCHN squamous cell carcinoma of the head and neck
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fluorescence chemistries (DNA-intercalating agents or fluorogenic probes) to moni-
tor the amplification of the target sequence after each PCR cycle [45, 46]. The inten-
sity of the fluorescence signal after each cycle is proportional to the quantity of the 
starting target molecule in the reaction. The increase in fluorescence during the PCR 
reaction is monitored by a modified thermocycler and plotted in an amplification 
plot [45, 46]. In a landmark study enrolling 20,000 asymptomatic participants, EBV 
DNA, a known HNC biomarker, was detected by qPCR and correlated with cancer 
diagnosis in 34 individuals, representing 11% of the total EBV-positive tests that 
underwent further examination [47]. Reverse transcription qPCR has been widely 
used to detect microRNA biomarkers in blood and saliva from patients with HNC 
[48–51].

Digital PCR (dPCR) provides a precise and accurate absolute quantification of 
the target molecule, partitioning the input sample in a large number of compart-
ments in which the amplification reaction takes place individually [52]. After ampli-
fication, each compartment is scanned for fluorescence signal following a binary 
system, absence (0) or presence (1) of fluorescence, to calculate the concentration 
of the target molecule using Poissons’ statistics [52].

An integrated approach using ctDNA from plasma and saliva showed that the 
combined use of several biomarkers (HPV DNA and somatic mutations in genes 
commonly altered in Head and Neck Squamous Cell Carcinoma  - HNSCC) on 
diverse body fluids can help achieve higher sensitivity in cancer detection. The 
tumor-specific alteration was detected in at least one bodily fluid in 96% of patients 
in whom both plasma and saliva were available; in early-stage disease, tumor-
specific DNA was detected in the plasma or saliva of 100% of patients, with saliva 
being a more sensitive predictor of the early stage for many cancer types [40, 53]. 
The screening of HPV was performed using dPCR [53], while somatic mutations 
were detected with Safe-Sequencing System (Safe-SeqS, Illumina, San Diego, CA, 
USA), an NGS-based system to detect rare variants [54].

One of the most interesting platforms for multiplex analysis of protein biomark-
ers is the Luminex (Austin, TX, USA) Multianalyte Profiling (xMAP). The xMAP 
is a flexible bioassay platform that allows simultaneous analysis of up to 500 
molecular targets. Different sets of microspheres with different dye concentrations 
are coupled to specific capture molecules so that one specific microsphere type is 
coupled to one specific capture molecule [55]. Once the microspheres are added to 
the reaction, the analyte binds to its capture molecule, and then, a reporter mole-
cule binds to the complex. During analysis, the specific microsphere bearing the 
analyte of interest is detected and identified, allowing the characterization of the 
coupled biomolecule [55]. The xMAP has been exploited to quantify salivary pro-
teins IL-8 and IL-1β in patients with early HNC [56], to detect serum antibodies 
against HPV16 proteins [57], or to use a multiplexed panel of ad hoc serum bio-
markers [58].

Electric Field Induced Release and Measurement (EFIRM®) by EZLife Bio, 
Inc. (Northridge, CA, USA) is a technology with great potential in early biomarker 
detection, since it allows rapid and sensitive analyte testing without sample lysis 
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and DNA/RNA extraction. This platform is based on a multiplexible electrochemi-
cal sensor with a conduction polymer upon which specific capture probes/antibod-
ies are coated. In the case of hybridization with a target, an HRP-labeled detector 
probe and a reporter enzyme added to the reaction trigger the electrochemical signal 
transduction to the sensor [59, 60]. The resulting signal is proportional to the con-
centration of the target copies detected by the system [61]. The molecular hybridiza-
tion between target and capture molecule is enhanced by the application of a cyclic 
square wave (csw) [60] that also causes temporary pore formation in exosomes, 
resulting in biomolecule release [59]. This allows rapid and sensitive analysis of 
encapsulated analytes (DNA, RNA, and proteins), not only those freely present in 
the biofluid, reducing extraction-associated data bias and sample loss. For the 
moment, this technique has not been employed in HNC, but it has been successfully 
used in cancer fields to detect epidermal growth factor receptor (EGFR) mutations 
in plasma and saliva from non-small cell lung cancer (NSCLC) samples [60, 62] 
and in plasma of patients with early-stage NSCLC [63].

However, none of the abovementioned technologies have received FDA approval 
or clearance at this point, despite initial promising studies. As of today, Epi proCo-
lon® (Epigenomics AG, Berlin, Germany) is the only liquid biopsy platform for 
early diagnosis and screening in cancer that received FDA approval for the screen-
ing of colorectal cancer (CRC) by real-time qPCR [64].

Analytical platforms for the early diagnosis of several cancers with one single 
test have recently entered the FDA Breakthrough Devices Program. Among 
them, GRAIL launched a multi-cancer early detection test that could detect more 
than 50 types of cancer with a single blood draw. It is a methylation-based tech-
nology (whole-genome bisulfite sequencing, WGBS) with bisulfite conversion of 
plasma cfDNA. After library preparation and next-generation sequencing (NGS), 
methylation patterns are analyzed to determine cancer/non-cancer status and tis-
sue of origin (TOO) localization [5]. HNC was included among the 12 deadly 
cancer types in the training-validation substudy of the Circulating Cell-free 
Genome Atlas (CCGA) study. TOO accuracy for HNC was 71% (on a total of 65 
samples) and 83% (on a total of 18 samples) in the training and validation sets, 
respectively [5].

CancerSEEK (Thrive Earlier Detection) is another platform that entered the 
FDA Breakthrough Devices Program. It is designed for the early detection of mul-
tiple types of cancers from a simple blood draw combining the analysis of mutations 
on cfDNA with established protein biomarkers [6]. The test was able to detect can-
cer in 26 women (10 different types of cancer), including 17 early-stage tumors that 
had not yet spread. On the other hand, the test gave 101 false-positive results and 
missed the detection of 24 patients who were diagnosed by conventional screening; 
46 additional women were negative for both approaches (CancerSEEK and conven-
tional screening) but then turned out to have cancer instead. Despite these initial 
shortcomings, multi-cancer screening platforms hold the greatest potential of being 
adopted as a means for the early identification of many types of cancers, including 
HNC, in a noninvasive and cost-effective manner.
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�Imaging: State-of-the-Art Imaging Methods in HNCs

Imaging technologies are critical to the state-of-the-art management of patients with 
cancer, while their overall use and impact can differ in different phases (diagnosis, 
staging, and treatment) and in different cancer types. In HNCs, imaging methods 
are part of an initial clinical evaluation that supports current therapeutic paradigms 
[65]. Two early interventions that employ imaging in HNC assessment to date are 
diagnostic imaging and targeted visual resection. The most common imaging 
modalities in routine clinical use for cancer diagnostics and staging are computed 
tomography (CT), magnetic resonance imaging (MRI), and positron emission 
tomography (PET). Out of these, CT and MRI are based on pathological morpho-
logical features that can be contrast-enhanced, while PET relies on a disease-driven 
tracer accumulation. Other emerging modalities involve innovative technologies 
featuring either optical imaging or the use of novel contrast agents that boost spatial 
resolution, signal-to-background ratio, and overall sensitivity and specificity, thus 
converting conventional imaging to the detection of metabolic or molecular 
alterations.

In terms of “value for money,” imaging methods are typically costly and unlikely 
to be broadly applied across a population. The high cost is mostly caused by high 
total costs of ownership, with a yearly cost of $1 M for PET, MRI, or CT, as well as 
limited throughput (one instrument/operator limits to 8–13 exams per day). The 
average per-examination cost is around $500–1000 [66]. Given the prevalence of 
cancers, one can expect that imaging will find cancerous tumors in less than 2% of 
the non-symptomatic population. However, it can still deliver effective health ben-
efits to well-defined subjects/groups. Today, in HNC practice, imaging is in use for 
pre- and post-therapy planning, staging, and restaging of symptomatic and already 
diagnosed patients. The use of imaging in a very early setting, rather than contem-
plated for large population sectors, could be targeted to high-risk groups (such as 
HPV-positives, heavy smokers, or alcohol consumers), in which the benefits would 
be more striking.

The key requirement of imaging to ensure a meaningful impact on early cancer 
diagnosis is the tumor-to-background ratio. The goal of cancer imaging should be to 
detect tumors before the angiogenic switch at the 105 cell stage. The present detec-
tion threshold of conventional imaging for solid tumors (including micrometasta-
ses) is approximately 109 cells (1 g or 1 cm3). Today, a negative scan means there 
could be between zero and 109 malignant cells in the patient’s body [67]. The other 
side of the coin is a scarce overall specificity, which also raises concerns; some 
small, 1cm3 tumors detected by scans are actually indolent and would either disap-
pear or would never cause problems within the patient’s life. Scarce sensitivity and 
specificity may necessitate further diagnostic evaluations, increasing the costs and 
time-to-therapy. Besides the costs, CT, PET, and contrast-enhanced MRI comprise 
radiation exposure risk that is 40–1000 times higher than the exposure from a plain 
X-ray. Therefore, these modalities, though traditionally indicated as noninvasive, 
are not indicated as a close interval screening in non-symptomatic subjects nor as 
serial monitoring options.
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To increase the sensitivity, exogenous contrast agents, either nontargeted or tar-
geted, may be used. Nontargeted exogenous contrast fluid is routinely used in CT 
and MRI, to indirectly detect tumors, but it still provides only anatomical insight 
and does not significantly enhance the tumor-to-background ratio. On the other 
hand, molecular imaging uses tracer agents targeting malignant cells or their prod-
ucts. The most common molecular imaging used as part of the state of care for 
HNCs is FDG-PET [65]. FDG is a glucose mimetic that is taken up by metaboli-
cally active cells and trapped inside due to phosphorylation by hexokinases. This 
technology exploits a hallmark of cancer, the Warburg effect [26]. However, FDG is 
not exclusively up taken by tumor cells. For instance, the bone marrow, uterus, or 
brain show high FDG uptake, which can also be increased by other non-cancer con-
ditions such as inflammation. Indeed, FDG-PET, although it has been shown to have 
higher sensitivity and higher negative predictive value compared to CT or MRI, 
especially for the identification of small lymph nodes of the neck [65–68], has 
around 30% false-positive rate in the detection of HNCs. Although FDG-PET is 
informative and leads to a modification of treatment planning in approximately one-
third of the patients with HNC but is still of no value as a first-line test for early 
diagnostics [68].

�Tumor Targeted Imaging

Over the last decade, the influx of novel technologies and the emphasis on a para-
digm of precision medicine incorporated novel, tumor-specific targeting strategies 
to improve diagnostic imaging while supporting multimodal therapeutic options. 
The field of molecular imaging is an intersection between physics, chemistry, and 
biology, not only combining new imaging agents with conventional instruments 
such as PET, MRI, and CT but also enabling the use of other techniques such as 
ultrasound, spectroscopy, optical imaging, and microscopy. Besides the develop-
ment of targeting agents with high affinity and specificity for a tumor, another 
mechanism to further enhance the tumor-to-background signal is to leverage tumor 
cell- or tumor environment-specific mechanisms that enable trapping or activation 
of otherwise invisible agents. To this purpose, specific moieties are included in the 
“smart” tracer’s composition, activated by low pH or activity of specific enzymes 
such as cathepsins, caspases, or metalloproteases [69].

There are several good examples of tumor target-specific strategies including 
tumor-targeting peptides and antibodies coupled to radioisotopes or to fluorescence 
dyes. Some of these have been tested in preclinical and clinical research settings in 
HNCs [70]. In the past few years, 30 clinical trials evaluated the utility of antibody-
based PET tracers using FDA-approved and/or experimental antibodies in various 
cancer types. These probes target antigens that are also targets of monoclonal anti-
bodies, which are either approved for state-of-care treatments or in drug develop-
ment pipelines (cetuximab, bevacizumab, and trastuzumab). EGFR is one of the 
most ubiquitously overexpressed receptors in HNC with an increased expression 
level in more than 80% of cases. However, clinical visualization of EGFR has not 

2  Emerging Technologies in Markets for the Early Detection of Head and Neck Cancer



32

been very successful due to EGFR expression in non-tumor tissues [65–70]. In con-
trast, the expression of CD44 v6 splicing variant in organs with distant metastases 
of HNC is negligible. Radiolabeled aCD44v6 antibody (U36) was shown to have 
high potential for in  vivo targeting of HNSCC xenografts in mice as well as in 
human patients, and this further inspired radioimmunotherapy that was well-
tolerated and displayed excellent targeting of tumor lesions [71]. Another important 
target for radioimaging in HNC is the carbonic anhydrase IX (CAIX) [72]. CAIX is 
widely expressed in solid tumors and not in normal tissues except for the gastroin-
testinal tract; it is, therefore, a promising biomarker and FDA-approved therapeutic 
target. CAIX-targeting radiotracers (girentuximab) are used in HNCs and other 
solid tumors to identify hypoxic and therapy-resistant tumor areas [72].

Synthetic peptides are an appealing alternative to the use of antibodies with 
advantages in terms of costs, immunoreactivity, ease of labeling, and tissue penetra-
tion. For instance, BIWA1 peptide is currently tested for CD44 binding, but other 
peptides have also been under preclinical and clinical investigation as agents for 
conventional nuclear medicine or coupled to optical surgical navigation systems in 
HNCs [65–70]. The HN-1 peptide is identified as an HNC lesion binding peptide 
without a known specific molecular target [65]. This peptide was first coupled to 
radioisotopes and tested in gamma-emitting or positron-emitting radioimaging. 
Subsequently, it was also employed in the context of novel optical detection systems 
that are used as navigators for real-time intraoperative fluorescence detection. In the 
latter case, it was coupled to near-infrared (NIR) fluorescent emission dyes such as 
NIR800 that are characterized by low tissue autofluorescence, better tissue penetra-
tion, and minimal in vivo toxicity. These features make it an appealing rival to more 
widely used fluorescent imaging contrast agents such as indocyanine green (ICG), 
a clinical-grade tracer for the identification of lymph nodes during surgical proce-
dures in HNC and other cancers. Vascular targeting peptides such as integrin like 
cyclic RGD peptides have been studied as conjugates to NIR dyes, with particular 
appeal for use in highly vascularized tumors, such as HNCs [65]. In any case, there 
is a wide variety of FDA-approved fluorescence imaging systems for navigated sur-
gical procedures and diagnostics (i.e., produced by Olympus, Zeiss, Leika, Karl 
Storz, and Novadaq).

�Best of Both Worlds: Theranostics

Besides pure imaging or surgery guidelines, tumor-targeting peptides and antibod-
ies can be adapted and used for both therapeutic and diagnostic purposes (i.e., ther-
anostic). This is accomplished by conjugation of targeted moieties to both optical, 
fluorescent dyes or radioisotopes and small therapeutic molecules. Interestingly, 
dyes and radioisotopes themselves can also serve as therapeutic effectors. For 
instance, Cyanine fluorescent dyes can be used for concomitant imaging and photo-
dynamic or photothermal therapy, by converting light energy to heat upon NIR irra-
diation and consequently ablating tumor cells [73]. Alternatively, antibodies or 
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peptides, including those targeting HNC, have been studied as carriers of additional 
therapeutic molecules such as inhibitory PKCε peptide, diphtheria toxin, or anti-
hRRM2 siRNAs [65]. Today, all of these agents have entered clinical trials, still 
facing hurdles for transition into clinical practice.

In recent years, various nanomaterials have emerged as exciting tools for cancer 
theranostic applications due to their multifunctional properties. The first generation 
of synthetic nanoparticles has raised high expectations but has delivered poorly, 
displaying several fundamental problems related to the cost, toxicity, and effective-
ness. Bio-inspired nanoparticles mimicking natural body components have recently 
gained immense attention due to their ability to serve as alternative biocompatible 
drug delivery systems in cancer theranostics [74]. They claim biocompatibility and 
biodegradability, low cost, ease of synthesis, sustained release of the therapeutics, 
effortless penetration abilities, improved retention inside target (tumor) tissue, and 
low toxicity. The foremost advantage of these nanomaterials is that they are able to 
incorporate multiple functionalities and serve multiple applications. Several multi-
functional nanosystems are presently clinically FDA approved and/or under clinical 
trials, and some of them have tested or explored for use in HNCs [75].

The latest frontiers of nanoengineering in theranostics feature particles that are 
not only inspired but are also produced by nature – exosomes. These liposome-like 
nanoparticles have intrinsic homing and pharmacological properties that depend on 
the cell source. They also lend themselves to both genetic and chemical engineer-
ing as well as loading with both hydrophilic and hydrophobic cargo that can redi-
rect or enhance their targeting and/or functional properties. Their imaging or 
theranostic applications are still at the proof-of-concept stage, while huge invest-
ments are poured into “exosome companies” developing advanced diagnostics and 
therapy.

�So, How About Early Diagnostics?

In the context of early diagnosis, imaging technologies face the challenge of the 
sensitivity and resolution, concerning not only the scale (from anatomical to molec-
ular) or absolute detection limit (sub-millimeter and sub-nanomolar) but also the 
integration of information in multiplex and possibly automated platforms that can 
detect numerous markers or features and feed the test results into a diagnostic algo-
rithm. Coupling of ultrasensitive imaging techniques (mostly optical imaging) to 
machine learning can expand the horizon of imaging technologies towards easy-to-
handle, truly noninvasive, and affordable examinations that can be transferred into 
primary care as screening or triage tests.

Currently, physical examination with visual inspection is the mainstay of the 
diagnosis of oral cavity cancer, the most frequent tumor type among HNCs. Such an 
exam can be enhanced with contrast staining (for instance, with toluidine blue bind-
ing acidic groups, mostly of nuclear DNA and cytosolic RNA) and/or optical imag-
ing (fluorescence, autofluorescence, contact endoscopy, and in  vivo microscopy) 

2  Emerging Technologies in Markets for the Early Detection of Head and Neck Cancer



34

that reveal abnormal tissue patterns indicative of malignant lesions. Such methods, 
if empowered by AI tools for image elaboration, may reach the incremental value 
required for a screening compliant test in high-risk groups.

�Imaging and Artificial Intelligence

The concept of artificial intelligence (AI) was first described in 1956, and it encom-
passes the field of computer science in which machines are trained to learn from 
experience [76]. The field of AI is constantly growing and has the potential to affect 
many aspects of our lives, including healthcare [77]. Regarding the latter, the big-
gest revolution of AI in the health care field is the potential to diagnose diseases [78, 
79]. Machine learning (ML) is a subset of AI, and it consists of employing mathe-
matic models (e.g., statistical linear models and neural networks) to the computa-
tion of sample data sets [80, 81]. These models are designed to recognize different 
patterns and achieve complex computational tasks within a matter of minutes, often 
challenging human ability [82]. In fact, ML can increase efficiency by decreasing 
computation time with high precision with respect to human decision-making stan-
dards [83]. In the field of healthcare, AI and ML have already shown their potential 
to improve the interpretation of imaging, particularly in cancer [84]. Based on a set 
of images selected to represent a specific tissue or disease process, the computer can 
be trained to evaluate and recognize new and unique images from patients and facil-
itate a diagnosis, especially when early diagnosis becomes fundamental [85]. In 
fact, there are some tumor types, such as HNC, in which the impact of imaging on 
early diagnosis is crucial, especially when confirmatory biopsy is not an option for 
hard-to-reach tumors [86] or to reduce unnecessary neck dissections [87]. In this 
section, some examples of how AI applied to imaging could improve the early 
detection of HNC will be evaluated in a cost-benefit and healthcare-economics anal-
ysis based on statistical outcomes and on the feedback of the clinicians assessing the 
performance (Fig. 2.4).

Approximately 60,000 patients are diagnosed with HNSCC in the United States 
each year, with a death rate of about 13,000 patients per year [88]. Diagnosis, prog-
nostic staging, and therapy selection for HNSCC are guided by routine diagnostic 
CT scan of the head and neck to identify tumor and lymph node characteristics [89]. 
Despite the innovative imaging techniques, there are still some radiographic fea-
tures that remain difficult to detect, including the presence of lymph node metastasis 
(NM) and lymph node extranodal extension (ENE) [90]. In addition, ENE can only 
be reliably diagnosed from postoperative pathology evaluation, and the importance 
of its early identification is an indication for adjuvant treatment intensification with 
the addition of chemotherapy to radiation therapy [91]. Previous studies of radio-
logic ENE detection showed suboptimal performance (accuracies of 67–70%, sen-
sitivities of 57–66%, and specificities of 76–81%), with the area under the curve 
(AUC) of the receiver operating characteristic plot ranging from 0.65–0.69 [92] 
associated to high intra-observer variability in the prediction of ENE from CT [93]. 
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On the other hand, radiologic detection of NM on imaging for diagnostic purposes 
seems to be more reliable than ENE detection (average sensitivity: 0.77, average 
specificity: 0.85, AUC: 0.84), although room for improvement in this aspect is 
needed as well [94]. In this tumor type, the advantages of AI technology applied to 
imaging could help clinicians improve the diagnostic performance. In fact, deep 
learning neural networks (DLNNs) using convolutional layers have been shown to 
be promising in detecting ENE and NM in HNSCC patients based on diagnostic CT 
scans [95]. The DLNN model for ENE detection in HNSCC significantly improved 
the overall diagnostic performance statistics with AUC of 0.91 (95%CI: 0.85–0.97), 
average accuracy of 85.7%, average sensitivity of 88% (false-negative rate: 0.12), 
and average specificity of 85% (false-positive rate: 0.15) [95]. For NM prediction, 
the DLNN model demonstrated AUC of 0.91 (95%CI: 0.86–0.96), average accuracy 
of 85.5%, average sensitivity of 84%, and average specificity of 87%, thus statisti-
cally improving CT-based diagnostic performance [95]. Of note, these data from the 
DLNN model should be considered “dynamic” rather than “static” data, meaning 
they could change over time (e.g., increased sensitivity and increased specificity 
over time) if the DLNN model is adopted in various centers worldwide allowing it 
to learn and improve performance from experience. This is a classic example of how 
the cost-benefit analysis is in favor of adopting AI technology to aid imaging analy-
sis to facilitate the diagnostic paradigm for HNSCC patients by supporting the clini-
cians with robust statistics in the decision-making process and by reducing inter- and 
intra-observer variability [96].

The early detection concept is not applied to diagnosis only, but more generally 
to screening procedures [97]. In this space, the recent development of AI solutions 
could be beneficial, such as in the case of oral cancer. Oral cancer is easily detect-
able by physical (self) examination [98]. However, many cases of oral cancer could 

Doctor
Consultation

Imaging Diagnosis Repetitive tasks Often inconclusive Uncertain Outcome

Doctor
Consultation

Imaging AI-aided diagnosis Less repetitive tasks High accurate Better Outcome

Fig. 2.4  Conventional diagnostics (top) vs AI-enabled diagnostics (bottom)
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not be detected early, causing unnecessary morbidity and mortality, especially in 
countries with limited access to healthcare [99]. In this case, the potential impact of 
AI technology could improve oral cancer screening and reduce mortality and health-
care access inequalities worldwide. To date, there are few publications on the appli-
cation of these techniques to imaging in the oral cavity [100]. In one recent study, 
the performance of a deep learning algorithm for detecting oral cancer from hyper-
spectral images of patients with oral cancer was evaluated [101]. The investigators 
reported a classification accuracy of 94.5% for differentiating between images of 
malignant and healthy oral tissues [101]. These results were in accordance with 
another study that imaged human tissue specimens, highlighting the benefits of the 
AI applied method [102]. In a third study, deep learning techniques were applied to 
confocal laser endomicroscopy to analyze cell structure as a means of detecting oral 
and oropharyngeal squamous cell carcinoma (OPSCC) [103]. A mean diagnostic 
accuracy of 88.3% (sensitivity 86.6% and specificity 90%) was reported [103]. In 
another recent multicenter study, a low-cost, point-of-care, deep learning, 
smartphone-based oral cancer probe was developed specifically for screeners in 
high-risk populations in remote regions with limited infrastructure [104]. The deep 
learning algorithm was initially trained using 1000 data sets of images, risk factors, 
and matching histopathological diagnoses which showed 80.6% agreement with 
standard-of-care diagnosis [104]. After additional training, the algorithm was able 
to classify intraoral lesions with sensitivities, specificities, positive predictive val-
ues, and negative predictive values ranging from 81% to 95% [104], meaning the 
more it learns, the better the accuracy.

A question arises: How is AI perceived by healthcare professionals, and how 
will this emerging technology change their way of working? A recent study 
reported the results of a nationwide online survey on AI among radiologist mem-
bers of the Italian Society of Medical and Interventional Radiology (SIRM) [105]. 
The survey consisted of 13 questions about the perceived advantages and issues 
related to AI implementation in radiological practice and their overall opinion 
about AI [105]. Perceived AI advantages included a lower diagnostic error rate 
(73.0%) and optimization of radiologists’ work (67.9%). On the other hand, the 
increased costs and workload due to AI system maintenance and data analysis 
(39.0%) were identified as potential issues [105]. Most radiologists stated that 
specific policies should regulate the use of AI (90.4%) and were not afraid of los-
ing their job due to it (88.9%) [105]. Overall, 77.0% of respondents were in favor 
of the adoption of AI, whereas 18.0% were uncertain and 5.0% were unfavorable 
[105]. This survey anticipates the potential issues that could arise in the complex 
relationship between the human decision-making process and AI. In fact, despite 
the fact that novel imaging technologies could provide more complex information 
over time, the unaided human mind is unable to process and interpret such com-
plex datasets without computational assistance. Therefore, to facilitate the integra-
tion of AI into screening and diagnostics, the perception of the technology should 
change, meaning that it has to be clearly understood that it could not replace human 
judgment, but rather it has to guide clinicians to earlier and more accurate disease 
diagnosis.
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�Conclusions and Perspectives

Screening and early detection hold the potential to revolutionize the clinical man-
agement of patients with HNC. New disruptive technologies are emerging to solve 
critical challenges, such as standardization of sample collection and enrichment of 
tumor-derived material in liquid biopsy approaches, or to completely reimagine the 
diagnostic workflow, such as AI-enabled imaging platforms. Theranostic approaches 
may also be conceived to treat early disease in the most specific and targeted way. 
Pilot clinical validation of many of these technologies can be envisaged within the 
next 5 years, though their clinical adoption will certainly depend on health econom-
ics metrics.
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Chapter 3
Microfluidic Technologies for Head 
and Neck Cancer: From Single-Cell 
Analysis to Tumor-on-a-Chip

Yamin Yang and Hongjun Wang

�Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common 
malignancy worldwide, with approximately 550,000 new cases diagnosed every 
year [1]. HNSCC accounts for approximately 6% of all cancer cases and is respon-
sible for an estimated 1–2% of cancer deaths [2, 3]. Oral squamous cell carcinoma 
(OSCC) is the most common oral cancer, representing up to 80–90% of all malig-
nant neoplasms of the oral cavity [4]. OSCC constitutes 90% of all cases of head 
and neck cancer, with a rising incidence in young adults [5]. Currently, oral cancers 
are typically diagnosed through a combination of surgical biopsy, radiology, and 
pathological assessment of tissue specimens [6]. However, due to the lack of reli-
able tumor-associated biomarkers and indistinct morphological characteristics of 
early-stage cancer, most OSCC cases are not detected until their late stages [7]. 
OSCC is usually treated surgically, with or without radiation and chemotherapy. 
The cure rate for advanced HNSCC and OSCC remains poor, mainly due to late 
diagnosis and the resistance of tumor cells to treatments at advanced stages [8, 9]. 
Therefore, there is an urgent need for new biomarkers and methodologies for early 
detection of HNSCC and OSCC. In addition, better understanding of the specific 
molecular mechanisms involved in HNSCC and OSCC carcinogenesis and progres-
sion can improve the survival and prognosis. Meanwhile, it is essential to establish 
model systems recapitulating the key pathophysiological features of HNSCC and 
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OSCC in studying their progression and evaluating their response to various thera-
peutic modalities. The emerging microfluidic technologies that involve miniaturiza-
tion, yield high-throughput capability, and integrate with various detection 
modalities hold intriguing advantages for cancer diagnosis, on-chip single-cell 
analysis, tumor microenvironment recapitulation, and drug evaluation [10, 11]. In 
this chapter, we summarize recent advances in microfluidic technologies for diag-
nostic and therapeutic applications in head and neck cancer. As shown in Fig. 3.1, 
the most significant advances in the biomarker development for early detection and 
tumor microenvironment reconstruction for drug evaluation are particularly 
highlighted.

�General Background of Microfluidic Technologies

Microfluidics deals with the precise control and manipulation of fluids, usually in 
the range of microliters (10−6 liter) to picoliters (10−12 liter), which are geometri-
cally constrained to networks of channels with dimensions from tens to hundreds of 
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Fig. 3.1  Schematic illustration of representative applications of microfluidics-based platforms for 
early detection and therapeutic evaluation of head and neck cancers. (a) Microfluidics-based mul-
tiplexed biomarker detection via antibody binding through capillary flow for early screening of 
oral cancer in a highly sensitive and efficient manner. (b) Embedded electrodes in microfluidic 
devices enable real-time multiparametric electrical measurements for oral cancer diagnosis. (c) A 
typical microchannel network allows serial dilution of a single concentration into a gradient range 
of five concentration doses. (d) Tumor-on-chip platform for in vitro resembling 3D multicellular 
tumor constructs by co-culturing heterogeneous cells. (e) Representative microfluidic design for 
inducing in vivo emulating chemotactic heterogeneity for motility analysis or tumor cell invasion 
study. (f) Personalized patient-tumor-biopsy-on-chip for customizing the treatment regimens
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micrometers. The network of microchannels can be incorporated into the microflu-
idic chip, in which fluids are processed to transport, mix, separate, or attain multi-
plexing [12]. Microfluidic applications operate on the integrated microfabrication 
and specific physicochemical properties of designed microstructures. To precisely 
manipulate the fluids inside the microchannels, the microfluidic systems need to be 
designed specifically. Typically, the microfluidic systems include an on-chip fluid 
control using capillary forces, embedded elements such as Quake valves, or micro-
systems (e.g., liquid pumps, gas valves, pressure controllers) for handling off-chip 
fluids. Materials used to fabricate the microfluidic chips have rapidly evolved from 
rigid glass and silicon chips to biodegradable hydrogel materials. Most microfluidic 
chips are made of polydimethylsiloxane (PDMS), owning to its good biocompati-
bility, gas permeability, and low cost [13]. Fabrication techniques for the microflu-
idic chips are also dependent on the materials and geometries. The basis for most 
microfluidic fabrication processes by far was introduced by Whitesides in 1998 
using soft lithography [14]. During the microfabrication process of a typical PDMS-
based microfluidic device, a master mold is often fabricated using SU-8 photoli-
thography. That is, photomask microchannels are transferred onto a silicon wafer 
spin-coated with SU-8 photoresist, and the unpolymerized regions of SU-8 are 
washed away to form a SU8 master mold with desired microfeatures. Premixed, 
degassed PDMS is poured over the mold master. A cured PDMS layer is then peeled 
off and chemically bonded to another layer or glass slide upon oxygen plasma treat-
ment. As an alternative to lithography, rapid prototyping and 3D printing, such as 
stereolithography, have recently emerged for the direct production of complex 3D 
structures in microfluidic devices [15].

With the capability of multi-functionality in modern microfluidics, an environ-
ment closer to in vivo can be recapitulated in vitro by replicating various physiolog-
ically relevant parameters, such as cell-matrix, flow rate, and chemical gradients 
[16]. First, as the dimensions of microfluidic channels are well-suited to the physi-
cal scale of eukaryotic cells, microfluidic techniques hold immense promise as a 
platform to study cell behavior from single- to multicellular organism levels that are 
not possible using conventional macroscale petri-dish or well-plate techniques [17]. 
Second, compared to the conventional 2D static petri-dish culture, the dynamic cul-
ture conditions provided by microfluidics not only enable sufficient nutrient supply 
via perfusion, along with timely removal of wastes for long-term cell culture, but 
also simulate the in vivo dynamic cell processes by providing complex interactions 
between cells and their residing microenvironments [18]. Third, the laminar flow of 
microfluidics at the micron scale also enables the creation of stable chemical gradi-
ents with spatial control for understanding the chemotactic effects on cells or inves-
tigating the cellular responses to drugs in a series of concentration gradients [19, 
20]. Last but not least, the ease of integration of microfluidics with other sensing or 
diagnostic techniques allows real-time detection and simultaneous analysis of dif-
ferent analytes in a single device, with a significant reduction in sample processing 
time and with simplified procedures [21].

3  Microfluidic Technologies for Head and Neck Cancer: From Single-Cell Analysis…
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�Lab-on-a-Chip Approaches for Early Diagnosis of Head 
and Neck Cancer

�Biomarkers Associated with HNSCC and OSCC

HNSCC and OSCC comprise a wide spectrum of heterogeneous neoplasms for 
which biomarkers are needed for earlier diagnosis and targeted therapy response. 
With the identification of human papillomavirus (HPV) as an etiologic agent in a 
subset of HNSCC, p16 overexpression is employed as a surrogate biomarker in 
HPV-associated HNSCC in clinical practice [22]. Plasma Epstein-Barr virus (EBV) 
DNA also plays a role as a predictive and prognostic biomarker specifically in 
patients with nasopharyngeal carcinoma [23]. Some membrane-associated cell pro-
teins singularly expressed in dysplastic and cancer cells of the oral cavity, such as 
heat shock protein 47 (Hsp-47), epithelial cell adhesion molecule (EpCAM) [24], 
and the unique gene transcription profiles of cancer cells, such as p53, cyclin D1, 
and epidermal growth factor receptor (EGFR) gene, have also been utilized as 
HNSCC and OSCC biomarkers [25].

�Microfluidic-Based Techniques for Detection of HNSCC 
and OSCC Biomarkers

Conventional methods for HNSCC and OSCC biomarker detection, such as immu-
nohistochemistry (IHC) assays and antibody-based immunoassays, can be expen-
sive and time-consuming [26]. Lab-on-a-chip approaches integrate sample 
processing steps including concentration, reaction, and detection into chip-scale 
devices with fluidic microchannels. Diverse technologies, such as electrochemical, 
optical biosensing, and nanoparticle amplification, have been incorporated into the 
microfluidic platform for on-chip diagnosis and real-time monitoring [27]. In an 
earlier review, Ziober et al. discussed the applications of the lab-on-a-chip technol-
ogy for biomarker detection in the early screening of oral cancer [28]. Compared to 
the conventional methods, microfluidics-based devices can analyze diverse clinical 
samples from patients in small amounts and allow for straightforward measurement 
of multiplexed biomarkers of HNSCC and OSCC in a highly sensitive and efficient 
manner. In one study, Soares et al. developed a microfluidics-based genosensor for 
detecting HPV16  in solution as well as HPV16-infected HNSCC cell lines with 
high sensitivity and specificity [29]. Microfluidic interdigitated electrodes were 
functionalized with a layer-by-layer film of chitosan and chondroitin sulfate and 
modified with a DNA probe for anchoring HPV16. The strong specific interaction 
between the immobilized DNA probe and complementary chain enables the detec-
tion of HPV16 at hybridization temperatures with the impedance spectroscopy mea-
surements [29]. Weigum et al. developed a nano-bio-chip (NBC) sensor technique 
targeting biochemical and morphological changes in exfoliative cytology specimens 
of oral lesions from 41 dental patients and 11 healthy volunteers [30]. A total of 51 
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measurement parameters were extracted using the custom image analysis macros, 
among which four key parameters were significantly elevated in both dysplastic and 
malignant lesions relative to the healthy oral epithelium, including EGFR labeling 
intensity, cell and nuclear size, and the nuclear-to-cytoplasmic ratio. Because of the 
heterogeneity of head and neck tumors, the integration of multiplexed biomarker 
detection is necessary to provide more reliable diagnoses of oral cancer. Malhotra 
et al. developed a multiplexed biomarker detection approach using an ultrasensitive 
electrochemical microfluidic array for accurate oral cancer diagnostics [31]. 
(Fig. 3.2a) A four-protein panel of biomarkers (8-sensor immunoarray), including 
interleukin (IL)-6, IL-8, VEGF, and VEGF-C, in serum samples of 78 patients with 
oral cancer and 49 controls was first captured off-line by massively labeled para-
magnetic beads (MB) bioconjugates with ~400,000 horseradish peroxidase (HRP) 
enzyme and 120,000 Ab2 (Ab2-MB-HRP). After the capture of analyte proteins, 
Ab2-MB-HRP beads were magnetically separated and injected into the microfluidic 
array modified with specific antibodies. Changes of amperometric signals in eight 
nanostructured sensors in the microfluidic device were recorded upon specific pro-
tein adsorption and demonstrated a sensitive response to the presence of corre-
sponding analytes. Their nanostructured microfluidic immunoarray provides a rapid 
serum test for oral cancer detection with a clinical diagnostic sensitivity of 89% and 
specificity of 98%.

a b

Fig. 3.2  (a) A gold nanoparticle (AuNP) immunoarray in a microfluidic channel pumped with 
massively labeled paramagnetic beads (MB) for ultrasensitive, multiplexed detection of biomark-
ers in serum samples of patients with oral cancer (Ab1: primary antibodies; Ab2: secondary anti-
body, PDDA: poly[diallyldimethylammonium chloride]; HRP: horseradish peroxidase; HQ: 
hydroquinone). (Adapted with permission from Ref. [31]. Copyright (2012) American Chemical 
Society) (b) Multiple reaction microwells separated by microvalves to mix antibody-labeled mag-
netic beads with testing saliva samples to quantify the concentration of anti-p53 in saliva. (Adapted 
from Ref. [40], CC BY-NC 3.0)

3  Microfluidic Technologies for Head and Neck Cancer: From Single-Cell Analysis…
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�Microfluidic Chip-Based Biosensors for Saliva Analysis

Saliva is an easily obtained bodily fluid containing early-stage diagnostic analytes, 
including exfoliated normal and potentially abnormal cells, making it an ideal liq-
uid biopsy in the detection and management of HNSCC and OSCC. Saliva could 
also be used to detect promoter region hypermethylation of cancer-related genes, a 
process that occurs early in carcinogenesis. More than 100 different salivary con-
stituents have been suggested as potential OSCC markers [32–37]. With the ease of 
manipulation of liquid at the microscale, target protein biomarkers, DNA, mRNA, 
electrolytes, and small molecules in saliva can be detected by the combination of 
microfluidics with electrochemical sensing or immunoassay. In a pilot study, Gau 
et al. have developed a sensor array chip for direct electrochemical detection of the 
biomarkers from saliva [38]. Two salivary proteomic biomarkers (thioredoxin and 
IL-8) and four salivary mRNA biomarkers (salivary transcriptome (SAT), Oz/
ten-m homolog (ODZ), IL-8, and IL-1b) associated with oral cancer can be detected 
with high specificity and sensitivity relying on the efficient binding of target RNA 
molecules or proteins onto the sensor surface. Wang et al. developed a microfluidic 
chip-based fluorescent DNA biosensor for the detection of oral cancer-related, 
single-base mismatch DNA in saliva and serum samples [39]. The target DNA can 
effectively hybridize with fluorescently labeled signals and capture probes to form 
a stable “sandwich” structure on the surface of magnetic beads. The magnetic 
beads in the microfluidic chip are then electrokinetically driven to the detection 
area by magnets, and the corresponding fluorescence signal is detected by sensitive 
laser-induced fluorescence (LIF) detection with a high discrimination ability and 
sensitivity. To achieve higher efficiency than traditional immunoassay and to pre-
vent cross-contamination, an automated microfluidic system was developed by Lin 
et  al. to quantify the concentration of anti-p53  in saliva [40]. As illustrated in 
Fig. 3.2b, instead of manipulating fluid, a magnet was used to move the p53-anti-
gen-labeled magnetic beads between reaction wells. After antibody capture and 
series of mixing and washing steps, magnetic beads were reacted with an enzyme 
substrate (TMB), and the color intensity was related to the concentration of anti-
bodies captured. In addition, automation software and hardware were integrated 
into the system to control the movement of magnetic beads, the actuation of micro-
mixers, and the opening and closing of microvalves between reaction wells, which 
further decreased the immunoassay detection time to approximately 60 min.

�Microfluidic-Assisted Single-Cell Analysis in HNSCC 
and OSCC

HNSCC is characterized by significant genomic instability that could lead to 
intratumor clonal heterogeneity and resistance to chemotherapy and radiation. 
Detailed analysis of HNSCC ecosystems with single-cell resolution, including 
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the biological behavior and molecular profiling, will greatly improve our under-
standing of initiation, invasion, metastasis, and therapy resistance during 
HNSCC progression [41–43]. Comprehensive single-cell research relies heavily 
on the use of high-throughput and efficient tools for manipulating and analyzing 
cells. Accompanying the tremendous progress of experimental single-cell 
sequencing technologies, microfluidic sorting has also provided many technical 
advantages of single-cell analysis with high specificity and temporal resolution. 
Microscale devices have been fabricated for trapping single cells with an array 
of precisely designed microscale structures. Moreover, various approaches, 
including hydrodynamic, electrical, optical, acoustic, magnetic, and micro-
robotic methods, were involved for diverse microfluidic single-cell manipula-
tions. In one example, He et  al. fabricated a microfluidic device with a 
hydrodynamic shuttle to capture individual OSCC cells and to pair them with 
lymphatic endothelial cells for an in vitro co-culture study [44]. Different types 
of single cells can repeatedly transport to the culture chamber in the microfluidic 
device, and cell-cell interactions were monitored with time-lapse microscopy. 
The authors found that the migration behavior of individual OSCCs was affected 
by the coexistence of lymphatic endothelial cells in a triple-culture setting, 
highlighting the importance of the cellular heterogeneity for OSCC biology and 
medical research. In another study, the deformability properties of single cells 
in response to mechanical stress was determined as an inherent cell marker to 
distinguish the malignant transformation of oral cancer cells in a microfluidic 
device [45]. Individual OSCC cells and cells collected from brush biopsy flew 
through a microfluidic channel were trapped and stretched out along the laser 
beam axis. Due to their unique cytoskeleton composition, malignant cells 
showed significant viscoelastic extension behavior in comparison to benign 
cells. The relative deformation of cells with the increase in laser power was 
calculated based on the phase-contrast images. This microfluidic-based optical 
stretching approach owns its potential as a sensitive tool for quantitative and 
automated cytological sample screening of oral carcinoma. To develop robust 
classification models and to evaluate a Multivariate Analytical Risk Index for 
Oral Cancer (MARIO), Abram et al. developed a “cytology-on-a-chip” approach 
capable of executing high-content analysis at the single-cell level over 200 cel-
lular features related to biomarker expression, nuclear parameters, and cellular 
morphology [30, 46–48]. As shown in Fig.  3.3a [48], sample cells were pro-
cessed through a microfluidic cartridge containing an embedded nanoporous 
membrane, which captured and isolated single cells for fluorescent biomarker 
labeling. Single-cell data with approximately 300 cytomorphometric parameters 
extracted from multispectral fluorescence images were analyzed with machine-
learning-assisted methods. Key parameters, including cell circularity, Ki67 and 
EGFR expression, nuclear-cytoplasmic ratio, nuclear area, and cell area, were 
identified. Their model yielded an overall diagnostic accuracy of 72.8% with the 
potential to provide a quantitative risk assessment for monitoring the lesion 
progression in oral cancer.

3  Microfluidic Technologies for Head and Neck Cancer: From Single-Cell Analysis…
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�On-Chip Monitoring of HNSCC and OSCC Characteristics

Another feature of the microfluidics platform is its ease of integration with other 
electrical and biochemical sensing approaches and in-field measurement tools. For 
instance, dielectrophoresis (DEP) can be readily incorporated with microfluidic 
chips to obtain multiparametric measurements of cell electrical properties. Mulhall 
et  al. reported their study distinguishing primary normal oral keratinocytes from 
precancerous and cancerous oral keratinocyte cell lines in a DEP-microwell elec-
trode system [49]. As cell electric properties were associated with different cell 
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types and transition stages, increasing effective membrane capacitance and decreas-
ing cytoplasmic conductivity were found to correlate with disease progression. 
Thus, this DEP-on-chip showed its potential for label-free detection of oral cancer 
and oral precancer. In a similar study, Broche et al. utilized a DEP-based approach 
to characterize the dielectric differences in the cytoplasm and membrane between a 
human OSCC cell line H357 and a human HPV-16 transformed keratinocyte cell 
line [50]. They demonstrated that DEP could be used to isolate cancer cells from 
normal epithelial cells relying on the size difference between two cell lines by 
applying a signal of frequency between 5 and 10 kHz, highlighting the utility of 
DEP in oral cancer detection [51].

Aside from DEP, electrical impedance spectroscopy (EIS) is another label-free 
method for characterizing biological samples based on cellular dielectric properties, 
such as the absolute impedance, phase, conductance, and capacitance. Embedded 
electrodes in microfluidic devices have enabled long-term, real-time EIS for multi-
parametric measurements for oral cancer diagnosis [52]. Yang et al. designed a real-
time impedance measurement system to distinguish oral cancer cells and non-cancer 
oral epithelial cells based on the kinetics of cell spreading and the static impedance-
based cell index [53]. This impedance-based method could be a rapid label-free and 
noninvasive approach to distinguish a spreading OSCC cell line CAL 27 from a 
non-cancer-derived oral epithelial cell line Het-1A (Fig. 3.3b).

Cancer cell electrotaxis, which refers to the directional migration towards either 
cathode or anode under a direct current electric field, is closely related to their meta-
static potentials. Microfluidic-based electrotaxis measurement can overcome the 
disadvantages of conventional dish-based methods by miniaturizing the experimen-
tal setup and increasing the throughput. Tsai et al. utilized a microfluidic device to 
study the electrotaxis of an OSCC cell line HSC-3 [54]. Three different electric field 
strengths were achieved in the microdevice based on an interconnecting network of 
microfluidic segments while simultaneously providing a uniform flow field. 
According to their results, OSCC cells showed weaker electrotaxis response as 
compared to lung adenocarcinoma cell lines.

�Microfluidic Technology for Isolation and Detection 
of Circulating Tumor Cells in HNSCC

Circulating tumor cells (CTCs) have been identified as a potential marker for 
early metastatic disease, response to treatment, and surveillance in HNSCC. Taking 
advantage of the physical and biological differences between CTCs and normal 
cells, microfluidic technologies enable precise isolation of CTCs from the blood. 
Some epithelial-specific surface markers (e.g., EpCAM, EGFR, human epider-
mal growth factor receptor 2 (HER2), and Mucin 1, cell surface associated 
(MUC1)) expressed on CTCs can be employed for CTC isolation in HNSCC 
patients. As CTCs can undergo epithelial-to-mesenchymal-transition (EMT), 
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EMT-related markers such as neurotrophin receptor B and inflammatory cyto-
kines (IL-1β) are also considered as potential targets for isolating CTCs [55]. 
Maremanda et al. designed a flat channel PDMS microfluidic device functional-
ized with locked nucleic acid (LNA)-modified aptamers that targeted EpCAM 
and nucleolin expression to capture CTCs [56]. An average capture of 5 ± 3 CTCs 
per mL were obtained from 22 of 25 blood samples from patients with head and 
neck cancer by using the EpCAM LNA aptamer-functionalized chip. These chips 
were demonstrated to be reusable, increasing their sustainability. As CTCs are 
usually larger than normal blood cells, size-based CTC isolation methods have 
also been adapted to the design of microfluidic devices. As a result of laminar 
flow, the low shear stress acting on CTCs within microchannels allows for accu-
rate isolation of intact CTCs for subsequent assays and culture. Kulasinghe et al. 
designed a straight microfluidic chip for efficient sorting and preservation of 
single CTCs, CTC clusters, and circulating tumor microemboli from 10 of 21, 9 
of 21, and 2 of 21 patient samples, respectively [57]. According to the two-stage 
migration model of inertial microfluidics, cells flowing inside the straight low-
aspect-ratio microchannels are dominated by the inertial force, which depends on 
the size of cells. That is, larger individual CTCs, CTC clusters, or CTMs migrate 
much faster into their equilibrium positions at the centerline near the top and bot-
tom walls, while smaller normal blood cells distribute throughout the cross-sec-
tion of channels. Such differential diameter-dependent cell migration offers 
unparalleled convenience for label-free cell separation. As shown in Fig. 3.4a, 
the same group recently evaluated the use of spiral microfluidic chips for CTC 
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enrichment with a detection rate of 54% for patients with head and neck cancer 
[58]. The curvilinear microchannels in the spiral chip provide hydrodynamic 
forces for size-based cell sorting, which help separate and enrich CTCs from the 
lysed whole blood.

�Tumor-on-Chip Platforms for Cancer Biology Investigation 
in HNSCC and OSCC

�Tumor Invasion and Metastasis

It is well recognized that cancer invasion and metastasis are the most important 
prognostic factor in OSCC. The invasion front of OSCC harbors the most aggres-
sive cells of cancer progression. Compared to traditional transwell chamber-based 
methods, microfluidic devices offer a promising avenue to generate artificial che-
mokine gradients to induce cell migration and enable real-time observation of cell 
invasion processes. Liu et al. designed a microfluidic device with two parallel perfu-
sion channels for characterizing the invasion of oral cancer cells [59]. Later, they 
modeled the OSCC invasion front in the microfluidic chip by confining UM-SCC6 
cells to the culture channel and collecting migrated cells through a matrix channel 
filled with Matrigel. The miRNA profiles of the isolated invasion front cells were 
compared with those of the cells in the tumor mass by small RNA sequencing. Key 
miRNA and pathways involved in OSCC invasiveness were determined, which may 
serve as useful targets for oral cancer therapy [60]. In a similar study (Fig. 3.4b), 
they evaluated the invasive potential of carcinoma-associated fibroblasts (CAFs) in 
salivary gland adenoid cystic carcinoma (ACC) [61]. Primary CAFs from two 
patients with ACC were isolated and co-cultured with ACC cells in the microfluidic 
invasive model. ACC-derived CAFs showed increased migration and invasion activ-
ity by secreting more soluble factors and forming an invasive track in the extracel-
lular matrix (ECM).

Recent evidence suggests that the metastatic spread of HNSCC requires the 
function of cancer stem cells endowed with multipotency, self-renewal, and high 
tumorigenic potential. Chen et al. designed a single-cell migration chip that gener-
ated a chemoattractant gradient in the narrow migration channels [62]. Utilizing this 
microfluidic migration platform, they assessed the migration ability of cancer stem 
cells with the presence of the endothelial cell-conditioned medium [63]. In com-
parison to the conventional static transwell system, microfluidic platforms can bet-
ter recapitulate the in vivo emulating chemotactic heterogeneity while allowing for 
motility analysis of single cells in real time. Their results showed that endothelial 
cell-secreted IL-6 enhanced the survival of highly tumorigenic cancer stem cells 
and induced the progression of carcinoma cells towards blood vessels by creating a 
chemotactic gradient. To study the chemotactic response of multicellular OSCC 
spheroids, Ayuso et  al. designed a microfluidic device comprising a central 
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microchamber and two lateral channels through which different reagents can be 
introduced to generate gradients across the central chamber [64]. Chemotactic 
behavior of tumor spheroids towards the direction of fetal bovine serum gradient 
was identified with a greater invaded area under the gradient conditions.

�Tumor-Associated Angiogenesis

The microenvironmental conditions of a tumor impact the surrounding vasculature 
formation, also known as tumor angiogenesis, which is a critical hallmark in tumor 
development. To investigate the role of cell-cell interactions in modulating the 
angiogenic capability of oral cancer cells, Tan et al. developed a peel-off cell-culture 
array chip to control interactions between tumor cells spatiotemporally and to ana-
lyze angiogenic factor secretion [65]. An array of rectangular cavities were etched 
into parylene substrate and filled with fibronectin for cell adhesion. Human OSCC3 
and human prostate carcinoma (DU145) were cultured in such micropatterning 
chips at the single-cell level in comparison with cell clusters dependent on the size 
of fibronectin features. The key functions of cell-cell interaction in regulating tumor 
angiogenesis were determined by quantitatively profiling the angiogenic factor pro-
teins (i.e., VEGF and IL-8) secreted from tumor cell clusters.

High microvessel density has been found in both salivary gland ACC and OSCC 
and correlates with poor prognosis. Inhibition of blood vessel growth has, therefore, 
become a new strategy in anti-oral cancer therapy. Microfluidic technology has 
proved to be an ideal platform for elucidating the mechanism of angiogenesis and 
validating antiangiogenic drugs. Liu et  al. developed a biomimetic microfluidic 
model for assessing the angiogenic capabilities of salivary gland ACC cells and 
OSCC cells [66]. In the angiogenesis-mimicking unit, tumor cells were seeded into 
the cell culture chamber, and HUVEC were seeded into the parallel vessel channels 
with basement membrane extract loaded in between. The biomimetic model repro-
duced the typical features of pathophysiological angiogenesis, including tumor-
induced tip cell differentiation, ECM invasion, and capillary-like formation. The 
microfluidic model was subsequently used to evaluate the effect of antiangiogenic 
drugs on ACC- and SCC-induced angiogenesis and demonstrated good similarity 
with therapeutic response in vivo.

�Microfluidic Technologies for Drug Evaluation in HNSCC 
and OSCC

Compared to the conventional cell-based drug screening performed in well plates, 
microfluidic technology provides new experimental possibilities of assessing the 
therapeutic efficacy in treating HNSCC and OSCC.  Typical advantages of a 
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microfluidic platform for anticancer therapeutic evaluation include (1) offering het-
erogeneous tumor tissue recapitulation with higher biological relevance, (2) real-
time monitoring of in vivo mimicking dynamic cell-drug interactions, (3) delivery 
of drugs in gradients with microscale manipulations, and (4) high-throughput 
screening.

�Multicellular Tumor Spheroid Formation and Tumor 
Microenvironment Reconstruction in Microdevice

Resistance to chemotherapy is a major obstacle to the successful treatment of 
HNSCC and OSCC. While chemoresistance is dependent on the heterogeneity of 
cancer cells with a variety of genetic and epigenetic alterations at cellular levels, the 
tumor microenvironment has emerged as a key player in malignant progression and 
the development of chemoresistance. Multiple in  vitro tumor models are being 
developed for recapitulating the in  vivo tumor microenvironment, among which 
multicellular tumor spheroids can represent a spectrum of physiologically relevant 
growth phenotypes closely aligned with solid tumors. Compared to traditional sedi-
mentation or hanging drop methods, uniform spheroid can be created in the con-
fined microfluidic device with precise control of the spheroid size. Microdevices 
have been fabricated to trap tumor spheroids or to generate uniform spheroids of 
HNSCC and OSCC, on which chemotherapeutic efficacy has been determined. 
Kochanek et al. characterized the morphologies, viability, and growth behaviors of 
multicellular tumor spheroids produced by 11 different HNSCC cell lines in 384-
well ultra-low attachment plates [67]. Anticancer drug uptake, penetration, and dis-
tribution gradients in the HNSCC monocarboxylate transporters (MCTS) as well as 
doxorubicin-induced cytotoxicity were investigated by high-content imaging analy-
sis. Tanaka et al. established in vitro HNSCC cancer organoids from 43 patients’ 
samples with a success rate of 30.2% [68]. Responses to cisplatin and docetaxel 
treatment in vivo were found to be similar to the IC50 calculated from organoid-
based drug sensitivity assays in  vitro, suggesting these cancer tissue-originated 
spheroids may represent useful tools to predict in  vivo drug sensitivity. These 
microwell array and micropatterning approaches are highly effective in the massive 
formation of tumor spheroids, but they have limitations in fully predicting the drug 
response, due to the lack of microcirculation-like fluidic channels. As compared to 
static microwell arrays for tumor spheroid construction, microfluidic spheroid per-
fusion culture devices could sustain long-term survival and proliferation of 3D 
tumor aggregates by promoting biochemical mass transport and nutrient delivery. 
Ong et al. reported their study about the fabrication of a microfluidic device using 
3D printing technologies for multicellular spheroid cultures [69]. As illustrated in 
Fig. 3.5a, tumor cells were immobilized within fluidic channels in a microfluidic 
device fabricated with stereolithography (SLA) printing techniques. Patient-derived 
parental and metastatic OSCC tumor spheroids can be maintained in this 
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microfluidic culture device via gravity-driven flow perfusion for up to 72 h with 
good viability and functionality. Considering the important role that immune cells 
play in altering tumor microenvironment and cancer immunotherapy, Al-Samadi 
et al. developed an in vitro microfluidic chip assay to test immunotherapeutic drugs 
against HNSCC patient samples [70]. Cancer cells isolated from patient-derived 
tumor tissue biopsy were embedded in human tumor-based ECM “myogel/fibrin.” 
The microfluidic device contains a central chamber for immune cells, which is con-
nected to the neighboring cancer cell-containing chambers via microchannels. 
Isolated cancer cells and patients’ serum and immune cells were loaded into the 
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microfluidic chip, with or without immunomodulators to test both the immune cell 
migration towards cancer cells and their cytotoxic activity. Although no in vivo evi-
dence was obtained for validation, the efficacy variability of immunotherapeutic 
drugs was found between two patients with HNSCC in the humanized in  vitro 
microfluidic chip assay.

�Microfluidics Enables Dynamic Cell-Drug Interactions

The unique physical behavior of fluids within a microfluidic network can give 
insights into new ways to resolve the current challenges of evaluating the cellular 
responses to therapeutics on the basis of dynamic interactions. To mimic the intra-
venous administration of anticancer drugs in vivo, Jin et al. developed a microfluidic-
based perivascular SCC tumor model to assess drug sensitivity in 3D cultured tumor 
spheroids and toxicity in endothelium in parallel [71]. The microfluidic device was 
composed of a glass substrate and two layers of PDMS membrane separated by a 
porous membrane, where HUVECs were seeded in the top chamber, while 3D SCC 
or ACC spheroids were loaded in the bottom chamber. It was found that the combi-
nation of low concentrations of therapeutic drugs presented less toxicity to the 
HUVEC layer than monotherapy and effectively induced apoptosis of head and 
neck cancer cells. This model was also applied to test the effects of combinations of 
drugs on primary cells isolated from patient tissues, demonstrating its clinical 
potential to facilitate cancer therapy for individuals.

�Microfluidic Devices Enable High-Throughput Drug Screening 
and Online Monitoring

Microfluidic technologies not only have the potential to enhance the biological rel-
evance of cell models in response to different drugs but also can also maintain or 
increase the throughput of current drug screening methods. For example, with the 
design of the concentration gradient generator, different concentrations of therapeu-
tics can be generated in the diffusive gradient mixers and sequentially perfused to 
cells cultured in downstream microchambers. In the example discussed above [71], 
six concentrations of candidate drugs were created with a concentration gradient 
generator integrated into the device design, enabling possible evaluation of the ther-
apeutic effects of drugs in various combinations.

With the ease of integration with on-line detection, as introduced in the previous 
section, cellular response to different treatments can be examined in a real-time 
manner aside from the end-point analysis of cell viability to draw a more compre-
hensive conclusion about drug chemosensitivity. Hsieh et al. developed a microflu-
idic cell culture platform with embedded microheaters, temperature sensors, and 
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micropumps for investigating the interactions between oral cancer cells and antican-
cer drugs [72]. They emphasized that the choice of cell culture formats (i.e., 2D, 3D, 
or spheroid culture models) might play an important role in the physiology (i.e., 
metabolic activity or cell proliferation) of cultured cells and lead to overestimate or 
underestimate the chemosensitivity outcomes.

�Personalized Tumor-Biopsy-on-Chip for Customizing 
the Treatment Regimens

The use of patient biopsy or patient-derived xenograft models can provide definitive 
evidence of HNSCC and OSCC metastatic status and offer a more predictable thera-
peutic response for customizing the treatment formula. Microfluidic platforms 
exhibit the potential to overcome many technical challenges in biopsy processing as 
well as to provide an in vivo pseudo-microenvironment for maintaining the patient-
derived tumor tissue for a relatively long term. Greenman et al. have published a 
series of studies regarding the culture of ex vivo tissue specimens of head and neck 
tumors in the microfluidic environment with various biomimetic flow attributes 
[73–80]. As demonstrated in Fig.  3.5c, the tissue chamber loaded with a patient 
biopsy was sealed with a threaded adaptor filled with PDMS during perfusion. The 
microchannel network around the tumor tissue biopsy provides continuous medium 
flow over the tissue to support its growth by pumping the syringe linked to the inlet 
via flexible tubing. After confirming the viability of cultured tissues, this ex vivo 
tissue-on-chip platform was used to investigate the response of fresh and cryogeni-
cally frozen primary HNSCC or metastatic lymph node samples to X-irradiation 
[74, 76] and various chemotherapy drugs (e.g., cisplatin, 5-fluorouracil, and 
docetaxel) [75, 78, 79]. Upon treatment, a clear inter- and intra-patient variability 
was observed, as demonstrated with a variety of apoptotic biomarkers and the char-
acteristics of tissue architecture, offering potential approaches to provide clinically 
valuable information and to create personalized treatment regimens.

�Conclusion

HNSCC and OSCC are characterized by high morbidity and poor survival rate. The 
emergence of microfluidic culture technologies hold promises in single-cell analy-
sis and the possibility of replicating the in vivo tumor environment for HNSCC and 
OSCC, which offers a potential avenue for both early diagnosis and therapeutic 
evaluation. Here, we reviewed the recent advances of microfluidic platforms in 
HNSCC and OSCC for biomarker analysis, single cancer cell detection, and a 
tumor-on-chip model reconstruction for drug evaluation. Microfluidic technology 
has proven to reflect the physiological tumor complexities by offering precise 
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control of physical and chemical cues in microarchitecture. With the ease of integra-
tion with various sensing and detection modalities, microfluidics is suitable for 
early cancer detection, high-throughput screening, and mechanistic study of anti-
cancer therapeutics. All these attractive features make microfluidics a powerful plat-
form for enhancing in-depth understanding of the molecular pathogenesis and 
cell-drug interaction involved in HNSCC and OSCC development and intervention. 
However, the state-of-the-art microfluidic technologies are still in their infancy; 
more validations by comparing with in vivo results are required prior to the adop-
tion for clinical utilization. Theoretical simulation should be carried out to optimize 
the microstructure design for minimizing the need for complex fluidic actuation 
networks and external pumps. Simplified micromanufacturing processes of micro-
fluidic devices with the assistance of automated handling systems are also of par-
ticular interest in bringing this platform closer to point-of-care use.
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Chapter 4
Nanotechnology for Diagnosis, Imaging, 
and Treatment of Head and Neck Cancer

Mehdi Ebrahimi

�Introduction

According to the World Health Organization’s (WHO’s) International Agency for 
Research on Cancer (IARC) and the National Cancer Institute (NCI), cancer is one 
of the leading causes of death in the twenty-first century, and the number of people 
with cancer is going to increase significantly within the next two decades. The num-
ber of new cancer cases per year is expected to rise to 23.6 million by 2030 [1, 2]. 
Therefore, the main global strategies are based on the following topics: (i) monitor-
ing the incidence and prevalence of cancer, (ii) identifying the etiology and mecha-
nism of carcinogenesis, and (iii) developing scientific strategies for cancer control.

Classical treatment modalities for head and neck cancer (HNC) are limited to 
surgery, radiotherapy, and chemotherapy, which are associated with disadvantages, 
such as low specificity, systemic toxicity, and inadequate or unfavorable results 
(e.g., remnant tumor cells or tissue after surgery, tumor recurrence, and functional 
and esthetic impairments). The low survival rate of HNC is mainly associated with 
the lack of proper drug delivery systems (DDS) that could specifically target the 
tumor cells with high sensitivity and low systemic toxicity. Considering all of these 
aspects, there is a high demand for the introduction of novel techniques in the diag-
nosis, treatment, and follow-up of patients with HNC. Early screening and diagnosis 
of HNC is of particular interest to prevent complications associated with local inva-
sion and metastasis of cancer [3, 4].
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For the past few decades, the emergence of nanotechnology and its application 
in medicine offered a new insight into the diagnosis and management of many 
diseases. The first attempted application of nanotechnology in medicine in the 
late 1960s at ETH Zurich initiated substantial interest in research in this field [5]. 
The first significant breakthrough in nanomedicine for cancer was in 1995 when 
the Food and Drug Administration (FDA) approved Doxil, known outside the US 
as “Caelyx,” for the treatment of Kaposi’s sarcoma and ovarian cancer [6–8]. 
Later on, in 2004, FDA approved Cetuximab (Erbitux®) as a nanoscale epider-
mal growth factor receptor (EGFR) antagonist for locally/regionally advanced, 
recurrent, or metastatic head and neck squamous cell carcinoma (HNSCC) 
[9, 10].

Coupling nanotechnology with biology necessitates the  engineering of func-
tional systems at the molecular  or  nanoscale level. The term “nano” has been 
defined as the size range less than 100 nm; however, there are controversies in the 
application of this term in the literature [11, 12]. As such the size of nanomaterials 
or nanoparticles (NP) would be in the range of fundamental macromolecules and 
cells; DNA double-helix (2  nm diameter), carbon-carbon bond (0.12–0.15  nm), 
enzymes, and receptors. Nanoscale materials smaller than 50 nm can enter human 
cells and those less than 20 nm can exit blood vessels. In this context, the impor-
tance of nanotechnology is related to the fact that the unusual biological processes 
at the nanoscale level lead to initiation, multiplication, and metastasis of can-
cer cells.

Thus, nanotechnology can offer great opportunities for researchers to study and 
target cancer cells at an early stage. Nanotechnology can also provide rapid and 
sensitive detection of cancer biomarkers and can cross biological barriers such as 
the blood-brain barrier. NP and nanomaterials have the potential to be functional-
ized and tuned for diagnostic and therapeutic applications through passive and 
active tumor targeting. These systems offer reduced cytotoxicity, controllable distri-
bution pattern, and predefined interaction with desired ligands.

The literature applies different terminologies related to nanotechnology in medi-
cine or nanomedicine including NP, nanomaterials, nanodevices, nanoprobes, nano-
sensors, and nanocarriers. Disclosure of these terminologies and their applications 
are beyond the scope of this chapter; therefore, the interested readers are referred to 
the related literature in each particular field. This chapter provides a general over-
view of the application of nanotechnology in medicine and the mechanism of inter-
action of NP at the molecular level. A particular focus is made to cover the current 
application of nanomedicine in the treatment of HNC including ongoing clinical 
trials for the treatment of refractory and metastatic cancers.

�Classification of NP

In general, the NP are classified into two broad groups: organic and inorganic 
(Table 4.1). Organic NP could be of polymeric or lipid-based types.
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�The Impact of NP Size on Biological Behaviors

Nanocarriers are NP platforms (i.e., liposome, lipid, dendrimer, micelle, gold NP, 
silver NP, and copper NP) with significantly high surface area (>1000 m2/g) and 
unique physicochemical properties. They can be used to carry countless molecules 
and drugs for selective delivery to cancer tissue and to overcome bioavailability- 
and instability-associated problems [13]. There is a possibility of cofunctionalizing 
the NP with different moieties, imaging agents, and drugs for the simultaneous 
diagnosis, imaging, treatment, and follow-up. “Theranostics” are referred to the 
field of personalized medicine using multifunctional NP (Fig. 4.1) [14, 15].

Nanoparticles Group Examples
Inorganic Metallic; Au, Ag

Magnetic; Fe
Fullerenes
Ceramic; Ca-P
Quantum dot
Silica

Organic Micelle
Nanocapsule
Hydrogel
Dendrimer
Carbone
Cyclodextrin
Solid lipid
Liposome
Exosome

Table 4.1  Classification of 
currently applied NP in 
nanotechnology-based 
management of diseases

Specific targeting factor
(i.e., peptide, antibody,
 protein)

Small molecules (i.e. Ibrutinib,
Idelalisib) 

Genetic contents (i.e., DNA, siRNA, miRNA)

Polymer coating 

Nanoelectronics, diagnostics, and
molecular imaging agent (i.e., AuNP, AgNP)

Drug A and B 

Fig. 4.1  NP with multifunctional properties
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Although the size range of “nano” is strictly defined as being less than 100 nm, 
many forms of nanoparticulate anticancer products are larger than 100 nm such as 
liposomal/albumin-bound NP (100–1000  nm), paclitaxel-albumin (130  nm), 
Lipoplatin (110 nm), non-pegylated doxorubicin liposome (180 nm), and cationic 
liposome containing paclitaxel (230 nm) [16, 17]. Therefore, the size range may not 
be critical to adversely affect the improved bioavailability and reduced toxicity of 
drug formulations. However, the increased size can affect the drug half-life in the 
circulation (i.e., rapid detection and clearance of large particles by phagocytic cells 
and liver), optical (photonic) properties or emitted color of particles, quantum 
effects, and available surface area that would impact the in vivo behavior [18]. In 
general, the characteristics of the nanoparticle-based delivery system, such as size, 
charge, shape, type of surface modification, and biocompatibility, have a significant 
impact on the distribution and clearance of nanomedicine [19].

�Mechanism of Interaction of NP at the Tumor Site

A tumor is defined as uncontrolled rapid cell growth that results in a mass with 
defective and irregular vasculature, improper lymphatic drainage, and reduced flow 
of interstitial fluid. The tumor microenvironment is a dynamic system of extracel-
lular matrix with unique properties. NP encounter both functional (i.e., high inter-
stitial fluid pressure, hypoxic condition, and acidic environment) and biological 
barriers (i.e., cell density such as the blood-brain barrier) that limit the drug distribu-
tion and bioavailability in the tumor microenvironment [20]. Another main chal-
lenge is the lack of the desired selectivity of available treatment modalities for 
cancer (i.e., surgery, radiation, chemotherapy, immunotherapy, hormone therapy, or 
combination of these) that result in detrimental side effects on healthy tissues [21, 
22]. Furthermore, the emergence of multidrug resistance (MDR) becomes a major 
concern in the therapeutic protocol of cancer and is the main reason for treatment 
failure [23].

To address these limitations, researchers are studying alternative approaches to 
enhance tumor penetration of therapeutic agents by directly targeting the tumor 
cells through targeted DDSs. The advent of nanotechnology in medicine would 
allow the therapeutic agents to be encapsulated within the NP, adsorbed or conju-
gated onto the surface of the NP followed by tissue-specific delivery of therapeutic 
agents and tumor cell-targeting while sparing the healthy cells [24]. This is expected 
to increase the drug concentration in the tumor site by active and passive internal-
ization with an improved pharmacokinetic and pharmacodynamic profile. Additional 
desirable features include improved stability, solubility, biocompatibility, biodistri-
bution, bioavailability, and efficacy with reduced systemic toxicity [22, 25]. In 
fact,  the dimensional similarity of NP to biomolecules and their unique physico-
chemical properties (i.e., high surface-to-volume ratio, possible surface engineer-
ing) have made them a promising tool in the management of cancer [26, 27].
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�Passive Tumor Targeting

An ideal cancer-targeting device should target tumor cells selectively while sparing 
the healthy surrounding cells. Passive targeting and NP accumulation in the tumor 
site is a size-dependent process that was first defined as the “enhanced permeability 
and retention (EPR) effect” [28, 29]. However, healthy tissues are resistant to the 
passage of NP due to the presence of tight junctions.

Traditionally, the EPR is based on the defective vasculature of tumor tissue as a 
result of fast angiogenesis, thus the vessel walls containing many pores of 40 nm to 
1 μm. Furthermore, tumor mass lacks a functional organized lymphatic system with 
a very limited clearance rate. This favors extravasation and accumulation of NP 
(8–100 nm) at the tumor site, which forms the base for the treatment of solid tumor 
[30, 31].

However, the NP are easily recognized as foreign bodies and soon opsonized by 
the mononuclear phagocyte of the reticuloendothelial system. The NP should be 
available in the circulation long enough for the EPR to take place. For this purpose, 
the hydrophobic nanomaterials or drugs can be masked with hydrophilic polymers 
of varying molecular weight and chain length such as polyethylene glycol (PEG), a 
process that is known as “stealth” delivery system [32]. Another challenge for the 
EPR would be the inaccessibility to the central region of large or solid tumors. This 
is addressed by additional steps that would enhance EPR such as (i) infusion of 
angiotensin II to increase systolic blood pressure, (ii) application of NO-releasing 
agent for vasodilation, and (iii) photodynamic therapy (PDT) or photothermal ther-
apy (PTT). Different factors impacting the EPR efficacy should be considered 
beforehand during designing nanomedicine, including the size and molecular 
weight of NP, surface charge, and biocompatibility [33].

�Active Tumor Targeting

It is clear that the EPR effect of drug accumulation at the tumor tissue does not 
assure the delivery of NP into the cells for the desired action. Furthermore, EPR is 
heterogeneous with variable effectiveness depending on the tumor type and the 
patient. As such when the drug activation within the cell is required, treatment 
objectives cannot be achieved solely through EPR. The entry of drugs into the tumor 
cell is a membrane-specific process that should be achieved through attachment of 
the designed nanoscale ligand to the specific receptors on the surface of tumor cells 
followed by phagocytosis/endocytosis mechanism that results in internalization of 
the drug [34]. For this reason, tumor-targeting can be achieved through NP surface 
modifications (i.e., with molecules, antibodies, peptides, and aptamers) to target the 
tumor cells, uncontrolled cell proliferation, or tumor angiogenesis. Therefore, active 
drug targeting can be applied for tumor-specific drug delivery using overexpressed 
receptors or biomarkers at the cancer sites. Examples include, (i) transferrin 
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receptor: a cell membrane-associated glycoprotein [35, 36], (ii) folate receptors: a 
cell membrane-associated glycoprotein [37], (iii) endothelial growth factor receptor 
(EGFR): endothelial-specific receptor tyrosine kinases (Cetuximab is a clinically 
approved anti-EGFR as a receptor-blocking monoclonal antibody) [38], (iv) endo-
thelial growth factor (EGF): a potent angiogenic signaling protein (nanocarrier can 
be conjugated with EGF to enhance tumor cell-specific delivery and internalization) 
[39, 40], and (v) αvβ3 integrins (vitronectin receptor) and matrix metalloproteinase 
receptors: zinc-dependent endopeptidases for targeting uncontrolled cell prolifera-
tion [41–43].

�New Insight of NP Pathway into the Tumor

Originally, the principle of NP delivery into tumors was defined in 1986 when two 
independent research groups demonstrated accumulation of dyes and proteins in 
carcinoma and sarcoma models [28, 44]. In 1998, Hobbs et al. [45] associated this 
phenomenon with the existence of large permeable inter-endothelial gaps (with a 
size range of up to 2000 nm) that occur in tumor vasculature during angiogenesis 
[44–46]. Later, it was proposed that the permeability of blood vessels includes a 
dynamic vent that forms transient openings and closings at the leaky vascular burst 
with the vigorous outward flow of fluid (named “eruptions”) into the tumor intersti-
tial space [47].

For three decades, this rationale was the base for engineers and scientists to 
design NP with tunable size and shape to penetrate these inter-endothelial gaps into 
the tumor. However, the traditional concept of EPR as a passive mechanism of accu-
mulation of NP at the tumor site has been challenged recently [48–52]. This is due 
to the heterogeneity of tumor vasculature across different species and tumors, the 
variability of tumor microenvironments, and the infrequent occurrence of inter-
endothelial gaps that do not correspond to the presence of NP at the tumor site [53, 
54]. Furthermore, there is a lack of original data about active or passive transporta-
tion of NP into the tumor [50, 55]. This is because of the inability to directly analyze 
this mechanism as there is no suitable technique for visualization of NP entry into 
the tumor. For example, TEM cannot provide dynamic nanoscale resolutions and 
intravital confocal laser scanning microscopy has a limited resolution despite its 
real-time analysis ability [47].

As such, the new pieces of evidence suggest endothelial transcytosis as a domi-
nant mechanism of extravasation of NP [50, 56]. This is an active vesicle-mediated 
transport mechanism to assist macromolecules’ crossing of biological barriers and 
it acts as a trans-endothelial nutritional pathway for some tumors. Figure 4.2 dem-
onstrates the potential mechanisms of entry of NP into the tumor tissue and cells.

Sindhwani group [53] reported that the tumor vasculature is mostly continuous 
and endothelial gaps occur rarely, thus the NP tumor accumulation cannot be merely 
explained by the frequency of these endothelial gaps. In fact, the measured tumor 
accumulation of NP was 60-fold higher than the observed number of these gaps. It 
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was concluded that passive extravasation plays only a minor role, and the dominant 
mechanism of NP extravasation is the active trans-endothelial pathways. Indeed, 
97% of NP enter the tumor using an active process. This could be through intra-
endothelial channels or vesicles or other active mechanisms that need to be discov-
ered (Fig. 4.1). Of particular importance during this active intracellular transportation 
mechanism is the physicochemical properties of NP (i.e., composition, geometry, 
dimension, surface topography, charge, and mechanical properties) that have a sig-
nificant impact on the nature of interactions between NP and biological barriers as 
well as the mechanism of transcytosis [57].

�Nanotechnology for the Management of Cancer

Currently, the application of nanotechnology for the diagnosis, imaging, and treat-
ment of tumors is in the early developmental stage. However, several clinical trials 
are running and there are a few FDA-approved nanomedicines and nanocarriers for 
cancer (Table 4.2).

�Nanotechnology for Early Detection of Cancer

Early detection and diagnosis of cancer is the key factor that significantly reduces 
the mortality rate by allowing management of cancer before metastasis. Currently, 
varieties of  imaging techniques (i.e., X-ray, MRI, computed tomography (CT), 

Tumor

Enothelial
cell

1 2 3

Tight junction

Nanoparticle

Endothelial leak

Intra-endothelial channel

Vesicle containing nanoparticle

Fig. 4.2  Potential mechanisms of NP’ entry into the tumor
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Table 4.2  Example of current and ongoing clinical trials on nanotechnology-based strategies for 
targeting the head, neck, and oral cancer

Title Conditions Interventions Enrolment

Study 
phase /
References

Metronomic oral 
vinorelbine plus 
anti-PD-L1/anti-
CTLA4 
immunotherapy in 
patients with advanced 
solid tumors
(2018–2023)

Advanced solid 
tumors
Breast cancer
HNC
Cervix cancer
Prostate cancer

Drug: Durvalumab + 
Tremelimumab 
+metronomic 
vinorelbine

150 Phase 1 
and 2 [58]

Basket study to 
evaluate the 
therapeutic activity of 
RO6874281 as a 
combination therapy in 
participants with 
advanced and/or 
metastatic solid tumors
(2017–2020)

Advanced or 
metastatic HNC 
esophageal cancers
Cervical cancers

Drug: RO6874281, 
atezolizumab 
(MPDL3280A), 
gemcitabine, 
vinorelbine

322 Phase 2
[59]

Ferumoxytol - iron 
oxide nanoparticle 
magnetic resonance 
dynamic contrast-
enhanced MRI
(2013–2022)

HNC Procedure: MRI
Drug: Ferumoxytol

7 Early 
phase 1
[60]

Paclitaxel albumin-
stabilized nanoparticle 
formulation and 
carboplatin followed 
by chemoradiation in 
treating patients with 
recurrent head and 
neck cancer
(2013–2022)

Tongue cancer
Salivary gland SCC
Recurrent salivary 
gland cancer
Recurrent HNSCC
Recurrent verrucous 
Carcinoma of the 
larynx and oral cavity

Drug: carboplatin, 
paclitaxel albumin-
stabilized nanoparticle 
formulation, 
fluorouracil, 
hydroxyurea
Procedure: 
conventional surgery
Radiation: radiation 
therapy, HFRT,
Other: LBA

61 Phase 1
[61]

Dose escalation study 
of mRNA-2752 for 
intratumoral injection 
to patients with 
advanced malignancies
(2018–2021)

Dose escalation: 
Relapsed/refractory
Solid tumor 
malignancies or 
lymphoma
Dose expansion: 
Triple negative breast 
cancer, HNSCC, 
non-Hodgkin 
lymphoma, and 
urothelial cancer

Biological: 
mRNA-
2752 + durvalumab

126 Phase 1
[62]
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Table 4.2  (continued)

Title Conditions Interventions Enrolment

Study 
phase /
References

Induction 
chemotherapy with 
ACF followed by 
chemoradiation 
therapy for adv. Head 
and neck cancer
(2012–2023)

Head and neck 
neoplasms

Drug: paclitaxel 
albumin-stabilized 
nanoparticle 
formulation, cisplatin, 
fluorouracil, 
cetuximab
Radiation: IMRT
Procedure: Quality-
of-life assessment

30 Phase 2
[63–65]

Chemotherapy and 
locoregional therapy 
trial (surgery or 
radiation) for patients 
with head and neck 
cancer
(2017–2020)

HPV-Related HNSCC Drug: nab-paclitaxel, 
carboplatin, 
nivolumab, cisplatin, 
hydroxyurea, 5-FU, 
dexamethasone, 
famotidine, paclitaxel 
diphenhydramine

56 Phase 2
[66]

Recombinant 
EphB4-HSA fusion 
protein with standard 
chemotherapy 
regimens in treating 
patients with advanced 
or metastatic solid 
tumors
(2015–2020)

HNSCC
Non-resectable 
cholangiocarcinoma
Pancreatic 
adenocarcinoma
Recurrent gallbladder 
carcinoma

Drug: Cisplatin, 
docetaxel, 
gemcitabine 
hydrochloride, 
paclitaxel albumin-
stabilized nanoparticle 
formulation
Other: LBA and 
pharmacological 
study
Biological: 
Recombinant 
EphB4-HAS fusion 
protein

61 Phase 1
[67]

Targeted silica NP for 
real-time image-
guided intraoperative 
mapping of nodal 
metastases
(2014–2021)

Head and neck 
melanoma
Breast cancer
Colorectal cancer

Drug: fluorescent 
cRGDY-PEG-
Cy5.5-C dots

105 Phase 1 
and 2
[68]

Ficlatuzumab w/wo 
cetuximab in patients 
w/cetuximab-resistant, 
recurrent, or metastatic 
head/neck squamous 
cell carcinoma
(2017–2020)

Head and neck 
basaloid carcinoma
Recurrent and stage 
IV HNSCC
Recurrent 
oropharyngeal SCC

Biological: 
Cetuximab
Drug: Ficlatuzumab

74 Phase 2
[69]

(continued)

4  Nanotechnology for Diagnosis, Imaging, and Treatment of Head and Neck Cancer



72

Table 4.2  (continued)

Title Conditions Interventions Enrolment

Study 
phase /
References

Panitumumab 
IRDye800 optical 
imaging study
(2016–2022)

HNC Drug: Panitumumab 
IRDye 800
Device: da Vinci 
Firefly
Device: 
IMAGE1 + ICG 
Hopkins telescope 
and/or VITOM

23 Phase 1
[70, 71]

Panitumumab-
IRDye800 and 
89Zr-panitumumab in 
identifying metastatic 
lymph nodes in 
patients with 
squamous cell head 
and neck cancer
(2019–2022)

HNSCC
Carcinoma of the 
head and neck

Drug: 
Panitumumab-
IRDye800
Drug: Zirconium 
Zr-89 panitumumab
Device: fluorescence 
imaging system
Device: camera 
(Explorer Air, 
PDE-NEO II)
Device: da Vinci 
Firefly imaging 
system
Device: IGP-
ELVIS-v4 
macroscopic 
specimen imager

14 Phase 1
[72]

Panitumumab-
IRDye800 compared 
to sentinel node biopsy 
and (Selective) neck 
dissection in 
identifying metastatic 
lymph nodes in 
patients with head and 
neck cancer
(2019–2021)

HNSCC Drug: Panitumumab-
IRDye800, 
Lymphoseek

20 Phase 2
[73]

Carboplatin, nab-
paclitaxel, durvalumab 
before surgery and 
adjuvant therapy in 
head and neck 
squamous cell 
carcinoma
(2017–2026)

SCC
Oral cancer
Oropharynx cancer
Larynx cancer
Lip cancer
Esophageal cancer

Drug: Durvalumab, 
carboplatin, 
nab-paclitaxel, 
cisplatin
Procedure: Ssurgical 
resection
Radiation: IMRT

39 Phase 2
[74]

Abbreviations: MRI magnetic resonance imaging, IMRT intensity-modulated radiation therapy, 
NP nanoparticles, HNC head and neck cancer, SCC squamous cell carcinoma, HNSCC head and 
neck squamous cell carcinoma, HFRT hyper-fractionated radiation therapy, LBA laboratory bio-
marker analysis
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endoscopy, and ultrasound) and morphological cell/tissue analysis (i.e., histopathol-
ogy and cytology) are applied for the diagnosis of cancer. Unfortunately, these meth-
ods are not molecular-based therefore they are limited to detection of cancer only 
after visible and remarkable tissue change with possible metastasis. Furthermore, 
they are not effectively and independently applicable and they lack the required sen-
sitivity and specificity to diagnose cancer at the early stage [75]. Similarly, surgical 
removal of the cancer is not a precise cellular-based method and the uncertainty 
about the exact tumor margin necessitates resection of a safety margin of healthy 
tissue along with the tumor. Therefore, to limit the serious complications and nega-
tive life impacts, the development of new technologies is essential for the early 
detection of cancer.

Currently, three main approaches can implement the nanotechnology for cancer 
detection in the early stage (Fig. 4.3);

	1.	 Tumor imaging: passive targeting and active targeting.
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Fig. 4.3  Nanotechnology-supported cancer diagnosis and imaging. NP can be applied for the 
detection of cancer cells or biomarkers as well as tumor imaging. (Reprinted with permission from 
reference [4])
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	2.	 Detection of biomarkers: protein, circulating tumor DNA, microRNA, mRNA, 
extracellular vesicles, and exosomes.

	3.	 Detection of cancer cells: circulating tumor cells (CTC) and CTC-clusters.

In the field of cancer imaging, nanotechnology can provide molecular materials 
or contrast agents that enable early and more precise detection and monitoring of 
cancer. Nanotechnology-based imaging can greatly enhance in vivo tumor detection 
using conventional scan devices such as MRI, PET (positron emission tomogra-
phy), and CT scans. Figure 4.4 demonstrates the principle of a triple-modality MRI-
photoacoustic-Raman NP for clinical use. Moreover, modern nanotechnology 
imaging allowed imaging modalities including photoacoustic tomography, Raman 
spectroscopic imaging, and multimodal imaging with the capacity of real-time 
imaging of cancer [76–81] (Fig. 4.5).

MRI
Surgical planning

Pre-sugery Post-sugerySugery

Silica shell

Golc core

Raman active layer

Gd-coating

Tumot
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Tumor/Brain
interface
Healthy brain
Tissue 

Photoacoustic
Deep tumor
localization 

Raman
Fine Margin

resection

Raman
Ex Vivo confirmation of

clean margins 

Day 7Day 0 
(injection day) 

Fig. 4.4  Graphic showing the “Principle of a triple-modality MRI-photoacoustic-Raman NP for 
clinical use.” After intravenous injection of NP, contrast agents are stably internalized within the 
brain tumor cells, allowing the whole spectrum from preoperative MRI for surgical planning to 
intraoperative imaging to be performed with a single injection. During the surgery, photoacoustic 
imaging with its greater depth penetration and 3D imaging capabilities can be used to guide the 
gross resection steps, while Raman imaging can guide the resection of the microscopic tumor at 
the resection margins. (Used with permission of the U.S. National Cancer Institute (NCI). Source: 
Dr. Moritz Kircher, Dana Farber Cancer Institute)
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Furthermore, nanotechnology may aid in the early detection of cancer through 
the capture of cancer biomarkers. Cancer biomarkers are detectable and measurable 
biological molecules in body fluids that are secreted by the body or cancer cells 
including; (i) proteins, (ii) carbohydrates, and (iii) nucleic acids [82, 83]. Examples 
include cancer-associated proteins, cell surface proteins (i.e., vimentin, glycan, 
EpCAM), circulating tumor DNA, DNA methylation, microRNA, CTC, extracel-
lular vesicles, and exosomes [84–87]. Due to significantly high surface-to-volume 
ratio [88], NP surface can be equipped and modified with varieties of moieties and 
binding ligands (i.e., peptides, aptamers, nucleic acid molecules, and antibodies) 
with multivalent effects to recognize cancer biomarkers and molecules with high 
specificity and sensitivity (Fig. 4.6) [4]. However, the application of NP as a real-
time and cost-effective cancer diagnosis method is in the early developmental 
phase [89].
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Fig. 4.5  Graphic showing “Present and future of NanoOncology Image-guided Surgical Suite.” 
Preoperative conventional imaging tools are used to screen for disease and inform optically driven 
minimally invasive and open surgical procedures. Clinically available particle platforms can be 
monitored in real time using portable multichannel camera systems. Representative translational 
probes and devices for future clinical use are also shown. In the future, the operating surgeon will 
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of the U.S.  National Cancer Institute (NCI). Source: Dr. Michelle Bradbury, Memorial Sloan 
Kettering Cancer Center)
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There are several limiting factors in the use of biomarkers such as (i) low concen-
tration of biomarkers, (ii) heterogeneity in the presentation of biomarkers within 
patients, and (iii) problems for conduction of prospective studies [90]. Biosensors 
could be coupled with nanotechnology to offer specific targeting and simultaneous 
multiple measurements with improved selectivity and sensitivity for the detection 
and monitoring of cancer [91, 92]. Examples include NP probes such as magnetic 
NP (MNPs), quantum dots (QDs), gold NPs, polymer dots (PDs), nanowires, nano-
pillars, silicon nanopillars, carbon nanotubes, dendrimers, and polymers [93, 94]. 
These NP biosensors or probes could be designed for the early detection of cancer 
biomarkers and metastatic cancer cells [4]. As such, since the majority of death is 
attributed to metastasis [95, 96], early and accurate detection of cancer and metas-
tasis using nanotechnology could significantly improve the survival rate among can-
cer patients.

Recent innovations involving nanomaterials-based microfluidic systems offer 
high detection sensitivity, capture purity, and downstream functional characteriza-
tion of circulating tumor cells, tumor DNA, and other tumor biomarkers [97, 98]. 
For example, “NanoVelcro” chips were applied  as cell-affinity substrates where 
CTC capture agent-coated nanostructured substrates were utilized to immobilize 
CTCs with remarkable efficiency. The fourth-generation NanoVelcro chip can 
purify CTCs with the preservation of RNA transcripts for downstream analysis of 
several cancer-specific RNA biomarkers [99].
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�Nanotechnology-Based Treatment Modalities in the Treatment 
of Cancer

�Nanotechnology as an Adjuvant to Cancer Chemoradiotherapy

Systemic toxicity is the major challenge in chemotherapy and radiotherapy that 
results in a significant impact on patient lifestyle [100, 101]. Selective targeting of 
tumor cells by chemical anticancer agents is a critical issue that can decrease the 
systemic toxicity of chemotherapy. NP through their unique physicochemical prop-
erties can improve chemotherapy by an increase in the overall therapeutic index of 
conjugated or encapsulated drugs to their surface. This is achieved through the 
accumulation of drugs in the tumor microenvironment followed by controllable site 
and timing of drug release [102]. Furthermore, nanotechnology could support radio-
therapy through enhancement or augmentation of its effect during the application of 
PDT and PTT [103, 104]. NP through their inherent atomic features can interact 
with X-ray photons and increase the efficacy of traditional radiation therapy without 
the need for a higher dosage. Furthermore, nanocarriers could deliver sensitizing 
agents locally at the tumor site that enhance radiotherapy efficacy while reducing 
systemic toxicity [105, 106].

�Nanotechnology to Support Cancer Immunotherapy

Immunotherapy is a new promising field in the management of cancer; however, a 
better understanding of the nature of the interaction between tumor and host immune 
system is required. Analysis of functional immune system responses to therapy at 
the cellular and molecular levels using nanodevices and nanomaterials is under pro-
cess. NP and nanodevices are also being investigated to sort, image, and character-
ize T cells and to deliver immunomodulatory molecules and antigens along with 
chemotherapy and radiotherapy. This is aimed to raise T cell response, stimulate 
multiple dendritic cell targets, or suppress immune responses [105, 107–109].

�Nanotechnology as a Promising Pathway in Cancer Genetic Therapeutics

Nucleic acid-based drugs (i.e., aptamers, siRNA, and anti-sense DNA/RNA) have 
shown promising results in cancer therapy. One of the main challenges in gene 
therapy is the issue of sensitivity and high instability of the nucleic acid since they 
are targeted and eliminated from circulation through opsonization, serum nuclease, 
macrophage, and renal system. The ultimate goal of drug delivery is to maintain the 
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desired drug concentration at the target site for an optimal time. Therefore, the 
application of the nanocarrier-based DDS is intended to overcome this limitation. 
Genetic therapeutics involving siRNA, miRNA, and DNA encapsulated or conju-
gated onto the surface of NP have been reported to increase the stability and half-
life of the nucleic acid in the systemic circulation [110].

DNA Nanotechnology for Cancer Therapy

DNA is a biocompatible molecule with low cytotoxicity. Nanotechnology-based 
DNA can be useful in various applications including (i) scaffolds to arrange organic, 
inorganic, and biomolecules into defined morphology as molecular transporters, (ii) 
highly sensitive nucleic acid detection as bio-sensor, (iii) single-molecule spectros-
copy, (iv) protein structure determination, and (v) drug delivery [111, 112].

Nanotechnology for Small Interfering RNA (siRNA) Delivery

siRNA is a small double-stranded molecule that can regulate or suppress the gene 
expression in the target cells following a process known as RNA interference 
(RNAi). RNAi is a posttranscriptional process involving suppression of gene expres-
sion through cleavage on a specified area of target messenger RNA (mRNA). This 
technology has shown promising results in the treatment of a variety of diseases 
including cancer [113].

Current studies in the development of effective nanotechnology-based siRNA 
delivery systems are to address therapeutic drawbacks such as lack of stability due 
to fast biodegradation in cellular cytoplasm and plasma, poor cellular uptake of 
unmodified siRNAs, and low bioavailability issue. To overcome these limitations, 
siRNA molecules need to be conjugated or encapsulated with appropriate carrier 
systems to secure safe and efficient in vivo delivery to the target site [114]. Various 
nanoparticle-based delivery systems have been investigated or are under clinical 
trials including biodegradable polymeric NP (i.e., liposomes, chitosan, polyethyle-
neimine, PEG, cyclodextrin, polylactic acid-co-glycolic acid (PLGA), poly amido-
amine dendrimers), and nonbiodegradable inorganic NP (i.e., magnetic iron oxide, 
gold, silica NP, semiconductor quantum dots) [113, 114].

Nanotechnology for Tumor microRNA (miRNA) Profiling and Delivery

The miRNA is an endogenous single noncoding RNA that acts by repressing protein 
production through mRNA destabilization or by blocking translation of target 
mRNA thus regulating the development, proliferation, differentiation, and apopto-
sis. The miRNA profile is altered in disease conditions, as such restoration of down-
regulated or overexpressed miRNA to its normal state is the premise of miRNA-based 
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therapy. For this reason, miRNA is suggested and investigated as a promising valu-
able biomarker and therapeutics for various disease conditions such as cancer, dia-
betes, and cardiovascular disease [115]. Precise and sensitive assessment of altered 
miRNA levels can lead to early and correct disease diagnosis [116].

Real-time quantitative polymerase chain reaction (qRT-PCR) and microarrays 
are the conventional detection methods of miRNA. These methods lack high accu-
racy and need legitimate and valid internal control that challenges the designing of 
probes and primers [115, 117]. Additional challenges in miRNA-based therapy are 
related to the successful delivery of miRNA due to biological instability and short 
circulation half-life, reduced intracellular delivery, and off-target effects with asso-
ciated toxicity [115]. Aiming to overcome these limitations, nanotechnology seems 
to be a strong alternative to conventional methods in miRNA sensing and as a poten-
tial carrier system for effective miRNA delivery [116]. Oligonucleotides (i.e., 
siRNA, anti-miRNA, and miRNA) can be linked with nanocarriers to improve their 
resistance to nuclease degradation, to reduce the chance of immune rejection, and to 
enhance cellular uptake. Nanotechnology-assisted miRNA delivery involves a vari-
ety of inorganic (e.g., gold, silver, calcium phosphate, graphene, quantum dots, iron 
oxide, and silica), organic (e.g., chitosan, liposomes, proteins/peptides, and aptam-
ers), and polymers-based NP and nanomaterials.

�NP to Overcome the Problem of MDR in Cancer Therapy

The next challenging phenotype in the treatment of cancer is MDR, which is mainly 
associated with inadequate drug delivery to tumor cells and overexpression of 
P-glycoprotein (P-gp), which is a member of ATP-dependent multidrug efflux 
membrane transporters. Their action results in the intracellular sublethal concentra-
tion of drugs due to cellular evasion of cytotoxicity that leads to treatment failure 
[118]. Nanotechnology can be applied to overcome MDR by designing NP to 
simultaneously deliver the drug and block the MDR proteins thus rendering the 
tumor sensitive to cytotoxic agents. NP can also overcome the P-glycoprotein-
mediated resistance by partial bypassing of the efflux pump [119, 120] or through 
siRNA for downregulating the expression of P-glycoprotein [121, 122].

Intra-tumoral heterogeneity is another contributing factor to drug resistance that 
is usually managed by chemo-modulators using combination therapy. However, this 
approach is limited by dose-dependent toxicity and altered drug disposition pattern 
[123]. The application of NP is a promising approach due to their ability to encap-
sulate or conjugate multiple agents and drugs simultaneously [124]. For example, 
solid polymer lipid NP were suggested as a combination approach (diffusion and 
phagocytosis) to overcome P-glycoprotein overexpression and increase the cellular 
accumulation and retention of doxorubicin [125]. Other approaches to overcome 
MDR and improve cellular uptake of doxorubicin included doxorubicin-loaded 
magnetic silk fibroin-based NP [126], doxorubicin-loaded PEGylated gold NP 
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[127, 128], nanocrystalline silver with a TAT-enhanced cell-penetrating peptide 
[129], as well as co-delivery of doxorubicin and therapeutic siRNA using cationic/
anionic liposome-polycation-DNA combined with vascular endothelial growth fac-
tor siRNA [130–132].

�Nanotechnology-Based Therapeutics for Head, Neck, 
and Oral Cancer

The majority of the head and neck cancers that originate in the lip, oral cavity, oro-
pharynx, nasopharynx, hypopharynx, and larynx are of the squamous cell histopa-
thology nature [133]. HNSCC passes through many phases originating from normal 
histology and transforming into hyperplasia, dysplasia, carcinoma in situ, and inva-
sive carcinoma [134]. HNSCC remains the most challenging condition because 
about 60% of the cases are diagnosed with the locally advanced disease upon initial 
examinations with a high risk of recurrence [135]. Moreover, approximately 10% of 
diagnosed cases are metastatic diseases [136]. Besides, the treatment has a signifi-
cant impact on the patient’s quality of life by impairing the vital functions and 
patient appearance [137, 138].

The management of the HNSCC requires a complex well-planned multidisci-
plinary approach based on tumor staging [139]. Early diagnosed cases of stage I and 
II usually undergo surgical resection of the primary tumor and draining lymph 
nodes followed by adjuvant radiotherapy. For patients with locoregionally advanced 
or unresectable disease, a combined approach is recommended involving platinum-
based chemotherapy or primary definitive concurrent chemo-radiation [140, 141]. 
This approach is also indicated postoperatively in patients with high-risk pathologi-
cal findings at surgical resection. A major drawback to this approach is the develop-
ment of recurrence or distant metastasis in the majority of cases.

The standard multimodal approach includes surgical resection with adjuvant 
chemotherapy and radiotherapy. This approach is suggested in advanced cases with 
positive surgical margin and lymphovascular or neural invasion. New treatment 
modalities involve IMRT with 3D planned resection and reconstruction.

There has not been a remarkable improvement in the prognosis of HNSCC 
despite the advancement in treatment modalities over the last few decades. As such 
modification of the current approach and development of novel techniques for early 
diagnosis and better management remain the main priority and challenges [135]. 
Cancer nanotechnology is a multidisciplinary field (i.e., medicine, biology, chemis-
try, engineering, and physics) that promises new insights for the management of 
head and neck cancer [142, 143]. In particular, nanotechnology-based approaches 
for the treatment of oral cavity carcinoma include NP (i.e., polysaccharides, pro-
teins, and polymers), liposomes (i.e., phospholipids and cholesterol), hydrogels, 
and liquid crystals as carriers for drug delivery [144–147].

M. Ebrahimi



81

�Therapeutic Strategies in the Head, Neck, and Oral Cancer

�Immunotherapy

Ideally, the immune system recognizes and eliminates premalignant tumor cells. 
However, head, neck, and oral cancers are categorized as immune-suppressive dis-
eases that interfere with the patient normal immune responses. This is because of 
the lower absolute lymphocyte count and altered antigen presentation that inhibit 
tumor cell detection and immune-mediated clearance [148].

Therefore, immunotherapy based on nanotechnology could offer new promising 
modalities in the management of head and neck cancers by enhancing the immune 
system activity to eradicate the tumor cells in particular the refractory solid tumor 
[149, 150]. The first evidence to treat cancer by targeting the immune system was 
reported in 1891 [151]. Immunotherapy aims to boost the patient immune reaction 
or to block the tumor pathways in resisting the immune responses [152]. Due to 
altered antigen-presenting function, the head and neck carcinoma tumors poorly 
present tumor antigen (TA) on their cell surface. Nowadays, the use of humanized 
monoclonal antibodies has been approved as an effective protocol for cancer ther-
apy, metastatic cancer, and those with failed chemotherapy. Monotherapeutic mono-
clonal antibodies are one avenue for targeted therapy that improves TA presentation 
(Table 4.3). [209].

Immunotherapy targeting cancer may involve systemic therapy (i.e., systemic 
cytokines), locally targeted therapy (i.e., molecular inhibitors or immune check-
points for immune-modulation of tumor microenvironment), or recent combinato-
rial approaches under study [210, 211]. The monoclonal antibodies such as immune 
checkpoint inhibitors are agents that reactivate the antitumor immune responses 
through targeting and blocking the inhibitory immune checkpoint receptors 
expressed on T cell and NK cells (i.e., cytotoxic T lymphocyte antigen 4 (CTLA4) 
and its ligands CD80 and CD86, and program death 1 (PD1) and its ligands PD-L1 
and PD-L2) [212]. Expression and activation of these inhibitory receptors result in 
a dysfunctional state with reduced proliferative and cytolytic activities of lympho-
cytes, which can be reversed with inhibitory checkpoint receptor blockade [213]. 
Examples of approved agents include anti-PD-1 (i.e., nivolumab and pembroli-
zumab), anti- CTLA4 (i.e., ipilimumab), and EGFR inhibitors (i.e, cetuximab, bev-
acizumab, erlotinib) [148, 214–218].

These immunotherapy strategies can improve the cancer survival rate by effec-
tive immune control of the tumor [219]. However, the application of immunother-
apy faces challenges such as autoimmune adverse effects, inability to target slowly 
growing cold tumors, high cost, and variable and unsatisfactory patient response 
rate [210, 220]. To address these limitations, there is a growing interest to investi-
gate combinational approaches (i.e., combination immunotherapy and immunother-
apy with chemoradiotherapy) aiming to improve the response rate and duration with 
minimum toxicity [148, 221].
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Clinical trials are underway for evaluation of anti-PD1 + anti-CTLA4 combina-
tion immunotherapy (i.e., Durvalumab (MEDI4736)  +  tremelimumab, 
Nivolumab + ipilimumab) [222–226]. Other ongoing clinical trials are evaluating 
immunotherapy (i.e., anti-PD-1 and anti-PD-L1) in conjunction with radiotherapy 
for treatment of locally advanced, refractory recurrent, or metastatic HNSCC [227]. 
Ionizing radiotherapy would trigger immunogenic cell death (ICD) that may be 
synergistic with immunotherapy [228]. ICD can potentially promote systemic 
responses through an “abscopal effect” where a systemic response is initiated after 
local therapy that continues to be active after radiotherapy [229]. This could alter 

Table 4.3  Monoclonal antibodies-based therapies for the treatment of head and neck cancer

Drugs Mechanism of Action Reference

Cetuximab, Panitumumab, 
Zalutumumab and Nimotuzumab

EGFR inhibitors [153–162]

Gefitinib, Erlotinib, Lapatinib, 
Afatinib and Dacomitinib

EGFR tyrosine kinase inhibitors [163–172]

Bevacizumab VEGF inhibitors [162]
Sorafenib, Sunitinib and Vandetanib VEGFR inhibitors [162]
Rapamycin, Temsirolimus, 
Everolimus, torin1, PP242 and PP30, 
BYL719

PI3K/AKT/mTOR pathway inhibitors [162, 173]

Pembrolizumab, Nivolumab, 
Atezolizumab, Durvalumab, 
Avelumab)

Anti-PD1/PD-L1 antibody [154, 162, 
174–181]

Motolimod (VTX-2337) TLR8 agonist [182–187]
AZD1775 (Adavosertib) Elective small molecule inhibitor of 

WEE1 G2 checkpoint serin/threoin/
protein kinase

[188, 189]

Abemaciclib
(LY2835219)

Cyclin-dependent kinase inhibitor [190, 191]

TPST-1120 Selective antagonist of PPARα [192]
Sitravatinib (MGCD516) RTK inhibitor [193]
Nintedanib (BIBF1120) Triple receptor tyrosine kinase inhibitor 

(PDGFR/FGFR and VEGFR)
[194, 195]

Tremelimumab and Ipilimumab, Anti-CTLA4 antibody [179, 
196–198]

Relatlimab (BMS-986016) LAG-3 inhibitor [199–201]
Danvatirsen (AZD9150) STAT3 inhibitor [202–204]
AZD5069 CXCR2 Inhibitor [203, 205, 

206]
Epacadostat and Navoximod IDO1 Inhibitor [207, 208]

Abbreviations: EGFR epidermal growth factor receptor, VEGF vascular endothelial growth factor, 
VEGFRVEGF receptor, PI3K phosphatidylinositol 3-kinase, AKT serine/threonine-specific pro-
tein kinase, mTOR mammalian target of rapamycin, PD-1 program death receptor 1, TLR8 a selec-
tive toll-like receptor 8, PPARα peroxisome proliferator-activated receptor-alpha, RTK receptor 
tyrosine kinase, PDGF-R platelet-derived growth factor receptor, CTLA4 cytotoxic T-lymphocyte 
associated antigen-4, IgG1κ human immunoglobulin G1 kappa, WEE1 wee1-like protein kinase, 
IDO1 indoleamine 2,3-dioxygenase 1, LAG-3 lymphocyte activation gene 3, STAT3 signal trans-
ducers, and activators of transcription 3, CXCR2 C-X-C motif chemokine receptor 2
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the tumor microenvironment rendering it more sensitive to PD-1 and CTLA4 path-
way inhibitors [230, 231].

Additionally, radiotherapy would induce direct DNA damage or upregulation of 
PD-L1 on tumor cells [230, 232, 233]. Current clinical trials are exploring the 
proper techniques and dosing fractionation for optimum response to synergistic 
radiotherapy and immunotherapy [234–239]. The addition of immunotherapy to 
traditional chemotherapy is another alternative option under investigation. The 
interim analysis result showed that pembrolizumab in combination with weekly 
cisplatin-based chemoradiotherapy was safe and did not impair the safety of stan-
dard chemoradiotherapy [240]. However, the complete results from randomized tri-
als are required to confirm the exact impact of this approach [241, 242]. Other 
alternative approaches include small molecule immunotherapy and nano-based 
DDS that facilitate intracellular penetration by direct targeting of tumor cells. 
Combined immunotherapy with nano-based DDS would enhance the benefits of 
current anticancer therapy while minimizing the undesirable toxic effects [243, 244].

�Small Molecule Immunotherapeutics

Small molecule-based immunotherapy can be designed to target the immune-
suppressive mechanism or to promote activation of cytotoxic lymphocyte responses 
to the tumor. This novel strategy in immunotherapy offers inherent advantages over 
biologic immunotherapies since they can access a wider spectrum of intra-tumoral 
or intra-cellular molecular targets with reduced immune-related adverse effects. 
Additional advantages of small molecules over biologics include precise formula-
tions and dosing options, proper oral bioavailability, and greater ability to penetrate 
the physiological barriers, tumor milieu, and cell membranes [245, 246]. Another 
key advantage of small molecules is their affordable lower cost that would allow 
greater patient access to advanced immunotherapy [247, 248].

The diversity of immune cells, receptors, and molecular pathways involved in 
tumor pathogenesis offer great potential for the molecular targeting approach in 
cancer therapy (Table 4.4). Such novel treatment strategies might be used as mono-
therapy or in combination modalities with other anticancer therapies (i.e., biologics, 
chemo- and radiotherapy) to improve their quality and efficacy [220, 245].

�DDS Formulated Agents for Targeting the Head, Neck, 
and Oral Cancer

Anti-cancer agents are usually administered intravenously; however, several recent 
formulations have been approved by the FDA for intraoral administration. This can 
improve patient compliance in particular when prolonged exposure is required 
[297]. Due to the physicochemical nature of anticancer drugs and their poor 
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Table 4.4  Examples of small molecule immunotherapeutics (compiled from reference [220])

Small Molecule Molecular Target Study phase/References

BMS-1001 PD-L1 antagonist Preclinical
[245, 249]

BMS-1116 PD-L1 antagonist Preclinical
[245, 249]

CA-170 PD-L1/VISTA antagonist Phase I
[250]

CA-327 PD-L1/TIM-3 antagonist Preclinical
[251]

Imiquimod TLR7/8 agonist Approved
[252–255]

Resiquimod TLR7/8 agonist Phase I/ II
[256]

852A TLR7 agonist Phase II
[257]

VTX-2337 TLR8 agonist Phase II
[258]

ADU-S100 STING agonist Phase I
[259–261]

MK-1454 STING agonist Phase I
[260–262]

Ibrutinib Btk/Itk inhibitor Approved
[263–266]

3 AC SHIP1 inhibitor Preclinical
[267, 268]

Idelalisib PI3K-δ inhibitor Approved
[269–271]

IPI-549 PI3K-γ inhibitor Phase I
[272]

CPI-444 A2A receptor antagonist Phase I/ II
[273]

Vipadenant A2A receptor antagonist Preclinical
[274, 275]

Preladenant A2A receptor antagonist Phase I
[276]

PBF 509 A2A receptor antagonist Phase II
[277]

AZD4635 A2A receptor antagonist Phase I/ II
[278]

Galuniseritib TGF-βR1 kinase/Alk5 inhibitor Preclinical
[279]

OTX015/MK-8628 Bromodomain inhibitor Phase II
[280]

CPI-0610 Bromodomain inhibitor Phase II
[281]
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hydrophilicity, the formulation of oral administration faces major challenges [298]. 
This can be addressed by the incorporation of a carefully designed nanocarrier for 
controlled and/or targeted DDS to improve both local and intravenous administra-
tions of anticancer drugs [299]. Common examples of anticancer agents formulated 
with this technology for the treatment of head, neck, and oral cavity cancer include; 
Paclitaxel, Cisplatin, Doxorubicin, Docetaxel, Methotrexate, and Fluoropyrimidine 
5-Fluorouracil.

The most commonly applied regimen for the management of oral cavity carci-
noma is the intravenous administration of cisplatin every 3 weeks (100 mg/m2) in 
combination with standard fractionated radiotherapy [300, 301]. Cisplatin (cis-
diamino-dichloro platinum, CDDP) is an alkylating agent forming intra-strand 
(95%) or inter-strand (5%) DNA cross-links [302] that interferes with DNA repair 
mechanisms resulting in apoptosis [303]. Cisplatin suffers from poor systemic sta-
bility, limited hydrophilicity, and systemic toxicity (e.g., bone marrow depression, 
nephrotoxicity, ototoxicity). To address these limitations, cisplatin can be prepared 
using NP formulations such as PLGA-PEG (poly (lacticco-glycolic acid)-
poly(ethylene)glycol) [304].

Overexpression of epidermal growth factor and its ligand transforming growth 
factors alpha is early independent prognostic biomarkers in HNSCC. Cetuximab is 
a monoclonal antibody of the immunoglobulin G1 class with a high affinity to the 
extracellular domain of EGFR.  It acts by blocking the endogenous ligands with 
inhibition of receptor function as well as by downregulation of EGFR [305, 306]. 
These nanoformulations can facilitate targeted drug accumulation and intracellular 
uptake at the tumor site. In addition, they can improve the synergistic actions of 
chemotherapy with intensified radiotherapy that inhibit intra-fraction tumor 
growth [307].

There are several alternative strategies for DDS to overcome current challenges 
with parenteral administration of chemotherapeutic agents including; (i) intra-
tumoral injection, (ii) local drug delivery, (iii) phototherapy approaches (i.e., PDT 
and PTT), and (iv) micro-bubbles mediated ultrasound delivery [103].

Table 4.4  (continued)

Small Molecule Molecular Target Study phase/References

D1MT IDO1 inhibitor Phase I/ II
[282–287]

INCB024360 IDO1 inhibitor Phase II/III
[288–290]

GDC-0901 (navoximod) IDO1 inhibitor Phase I
[291–293]

PF-0684003 (EOS-200271)
BMS-986205 (ONO-7701)

IDO1 inhibitor Phase I/ II
[294–296]
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�NP as Nanocarriers for Controlled/Targeted DDS

Different carrier systems have been designed for controlled release and targeted drug 
delivery. This can improve the selectivity and efficacy, while enhancing the pro-
longed release of drug at the target site that subsequently reduce the cytotoxicity and 
other adverse effects of traditional therapeutic approaches [308]. Nanocarriers for 
delivery of chemotherapeutic agents in the head, neck, and oral cancer include poly-
meric NP, inorganic NP, lipid-based NP, hydrogels, and exosomes (Table 4.5) [103].

�The Nanotechnology-Based Approach in the Management 
of Cancer and Other Diseases

�Safety

The nature of physiological responses to NP and nanocarriers are not clearly under-
stood, a fact that delayed their clinical translation. For example, cytotoxicity of sil-
ver NP and the accumulation of NP in the skin have been reported [358]. Other 
studies reported systemic toxicities such as pneumonia, colitis, and autoimmune 
endocrinopathies associated with nanotechnology-based immunotherapeutic agents 
ipilimumab (anti-CTLA4 agent) and nivolumab (anti-PD1 agents), respectively 
[359, 360]. As such, this should be kept in mind that the great advantageous poten-
tial of NP in medicine may be also associated with critical unexplored risks and 
complications.

Nanoparticles occur naturally and are not inherently unsafe, but as a standard 
protocol, the safety and potential risks associated with the use and application of 
new technologies need to be carefully evaluated. For this purpose, NCI’s Alliance 
for Nanotechnology in Cancer ensures responsible development of nanotechnology 
for cancer applications by offering its service of Nanotechnology Characterization 

Table 4.5  Carriers for drug delivery in the head, neck, and oral cancer

Carriers for 
Drug 
Delivery Examples of application Properties

Polymeric 
NP

Polysaccharides, PLA, PGA, and their 
copolymers.
PEG-PGA copolymer for cisplatin delivery 
[309–311].
PCL NP coated with the polysaccharide chitosan 
for curcumin delivery [312–314].
Ellagic acid loaded chitosan NP [311, 315].

Biodegradable and 
biocompatible
Suitable for controlled DDS
Difficult handling due to 
particle aggregation
Not suitable for the release of 
proteins including antibodies
Local toxicity upon degradation
[316–319]
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Table 4.5  (continued)

Carriers for 
Drug 
Delivery Examples of application Properties

Inorganic NP Silver NP as highly sensitive NP probes and 
nanoelectronics for targeting, diagnosis, and 
imaging of small molecules, DNA, proteins, and 
cells including cancer [320–322].
Silver NP as antibacterial and anticancer agents 
[323–325]
Silver NP as anti-angiogenic and anti-
proliferative agents [326, 327]
PLGA/quinacrine/silver NP with improved ability 
to inhibit proliferation and neo-angiogenesis of 
head and neck carcinoma [311, 328]
Gold NP for tumor diagnosis and imaging, 
photothermal therapy, radiofrequency therapy, 
drug delivery, and angiogenesis modulation 
[329, 330]
Anti-EGFR antibody-conjugated gold NP for 
photothermal destruction of EGFR-
overexpressing malignant cells using NIR laser 
light [331].
Anti-EGFR-antibody conjugated with PEGylated 
titanium dioxide (TiO2) Up-conversion NP for 
increased tissue penetration of NIR laser light 
and enhanced apoptosis and tumor growth 
inhibition [332, 333].
μ-oxo N,N′-bis (salicylidene) ethylenediamine 
iron (Fe(Salen)) magnetic NP for targeted 
delivery of anticancer agents activated using an 
AMF combining chemotherapy and 
hyperthermia [334, 335].
Silica mesoporous NP copolymer with high 
porosity and carrying capacity [336, 337].

Higher photostability and 
optical properties compared to 
organic dyes
The target can be site-specific 
by attaching the ligand to the 
nanoparticle (e.g., magnetic 
NP)
Toxicity
Limited effective delivery due 
to limited penetration depth for 
photothermal therapy
Cannot deliver 
biomacromolecules (e.g., 
proteins) [338, 339]

Nanolipids SLN carriers [340, 341].
NLC consisting of both solid and lipids in the 
core matrix can overcome the limited loading 
capacity of SLN [342–344].

Higher stability against 
chemical degradation
Suitable for controlled release 
and local delivery of anticancer 
drugs
Improve solubility and 
bioavailability
Able to penetrate deeply into 
tumors
The crystalline structure 
provides limited drug loading 
capacity
Aggregation of NLC during 
storage
Associated with immune 
response [145, 314, 319, 345, 
346].

(continued)
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Laboratory (NCL) available to the nanotech and cancer research communities. To 
date, NCL tests have evaluated the physicochemical properties, biocompatibility, 
and efficacy of over 125 different NP for medical applications. NCL also works 
closely with the FDA and National Institutes of Standards and Technology (NIST) 
to set, validate, and disseminate relevant experimental protocols to the nanotech and 
cancer research communities.

�Advantages

Due to their high surface-to-volume ratio, the NP have relatively higher intracellular 
uptake and efficacy and can be administered via various routes: oral, nasal, intra-
ocular, parenteral [361]. Furthermore, the strong link between NP and drug facili-
tates on-demand site-specific drug release and altered organ distribution and 

Carriers for 
Drug 
Delivery Examples of application Properties

Hydrogels Delivery of hydrophilic and hydrophobic drugs, 
protein, and other macromolecules [347, 348].
Coadministration of multiple drugs with 
synergistic anti-cancer effects and decreased 
drug resistance [297, 349].

Injectable to a specific site
Do not dissolve in water at 
physiological temperature and 
pH
Stable structural integrity and 
elasticity
High drug loading capacity
Poor mechanical properties
Difficult handling
Expensive
[350, 351]

Exosomes As a vehicle for chemotherapeutic agents such as 
curcumin, doxorubicin, and paclitaxel 
[351–353].

Ability to deliver different 
types of biomolecules and play 
an essential role in intercellular 
communication [354]
Ability to act as targeted DDS 
due to their binding to the cell 
membrane through adhesion 
proteins and ligands [353, 355]
Limited loading capacity
difficult purification, analysis, 
and administration [356]
May induce adverse immune 
reactions [357]

Abbreviations: PLA polylactic acid, PGA polyglycolic acid, PEG polyethylene glycol, PGA poly-
glutamic acid, PCL polycaprolactone, DDS drug delivery system, PLGA poly lactic-co-glycolic 
acid, EGFR epithelial growth factor receptor, NIR near-infrared, AMF alternating magnetic field, 
SLN solid lipid nanoparticle, NLC nanostructured lipid carrier

Table 4.5  (continued)
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clearance of the drug [362]. NP can allow the incorporation of a large number of 
drugs without the need for a chemical reaction. Drug chemical stability can also be 
increased by a nanocarrier that prevents biodegradation of encapsulated contents 
particularly in dry solid forms [363]. The possibility of the application of polymeric 
NP as biosensors for imaging and targeted therapy is due to the ease of surface 
engineering and modification [364]. Further potential applications of NP are under 
investigation in basic, preclinical, and clinical studies.

�Limitations

Synthesis of NP is a technique-sensitive procedure that requires strict control over 
manufacturing parameters (i.e., temperature, pressure) for precise control over par-
ticle properties such as size, shape, crystallinity, and surface properties. Compared 
to conventional procedures, the production of NP is costly due to difficulty in the 
control of the manufacturing parameters, physicochemical properties, and repro-
ducibility [365]. Due to the relative instability of NP, uncontrolled manufacturing or 
prolonged storage may change their crystallinity and result in particle agglomera-
tion and sedimentation [363]. This may affect their physicochemical properties and 
in turn biological behaviors.

�Challenges in Clinical Translations

Nanomedicines are a highly diverse group of drug products including polymer–pro-
tein conjugates, polymeric micelles, inorganic NP, protein-based NP, and lipid-
based NP [366]. Despite three decades of active research in the field of cancer 
nanomedicine, the actual clinical impact on patient life at the bedside has been dis-
appointing. Since the development of liposomal doxorubicin in 1995 and despite a 
large number of nanomaterials under investigation, the overall efficacy and survival 
rate have been very limited [56]. Only a few nanomedicines are in phase III or IV 
clinical trials and just some passed the regulatory approval in the US and Europe 
[55, 367], while there are hundreds of published papers and ongoing clinical trials 
[368]. This mismatch is due to several obstacles that involve the development of 
nanomedicine. The majority of nanomedical products are the reformulations of 
available active clinically approved pharmaceutical drugs. This is because develop-
ing an entirely new formulation with unknown biocompatibility behaviors in 
humans is more challenging and requires a longer time for clinical approval [365]. 
However, the reformulated nanomedicine drugs and carriers encounter similar dif-
ficulties in passing through the approval process compared to the parent formula-
tion. This is because of the minimal improvement in clinical performances that may 
not be worth the expense, effort, and time of developing and commercializing the 
new formulations [369].
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There are several developmental challenges before clinical translations that 
involve investors, commercial parties, insurance agencies, and patients. The first 
challenge is the formulation of cost-effective drugs with clear benefits to patients 
that would promote patient compliance (i.e., improved clinical administration with 
lower dosing, increased therapeutic efficacy, and higher safety with lower adverse 
effects) [365]. This involves proper manufacturing methods to precisely control the 
physicochemical properties of nanomedicine according to the standards of quality 
control (CMC), good manufacturing practice (GMP), and quality-by-design (QbD). 
Other factors to be considered before successful clinical translation include scal-
ability of the manufacturing process, sterility and manufacturing-related impurities, 
and storage feasibility [4, 370–372]. The second challenge is related to the design 
of proper clinical trials with potentially more relevant clinical outcomes and patient 
benefits so that all relevant bodies (i.e., government and insurance party) are willing 
to invest in [57, 373]. The third challenge is the lack of predictability in translating 
the preclinical efficacy of nanomedicine to real clinical outcomes when considering 
the variability in response rates and therapeutic effects among the patients. The 
inter- and intra-tumor differences in vascularization, stroma, and macrophage popu-
lation among different patients are already reported. These factors would potentially 
impact the NP targeted drug release [373, 374]. This poses another challenge in 
shifting from preclinical toxicology studies to safety assurance in the patients. Due 
to the unique nature of NP, the delivery and biodistribution of molecules are unpre-
dictable with the possible overexpression in certain tissues and organs. This may 
result in unexpected nanomedicine-related toxicity and immunological responses, 
since the results of the animal studies are not necessarily applicable to human stud-
ies [375].

�Future Direction

�3D Optical Imaging of Cancer Tissue

A better understanding of the disease mechanism of head and neck cancer may be 
possible with the advances in chemical probe design and microscopy. Recently, 
there has been a focus on the designing of chemical probes for 3D tissue bio-
imaging, which allow labeling-specific biomolecules in cells and tissues, thus pro-
viding optical contrast for biological molecular visualization [376, 377]. The ability 
to image deep into tissue is necessary to accurately reconstruct the 3D microstruc-
ture within whole organs. The 3D optical imaging of NP distribution within cells 
and tissues can also provide insights into barriers to NP transport in vivo [378]. For 
this purpose, small organic fluorescent molecules conjugated to antibodies and fluo-
rescent proteins have been chemically designed to target specific receptors on cell 
surface followed by optical microscopy imaging to visualize the spatial context of 
disease mechanisms [379] However, these molecules suffer from autofluorescence, 
photobleaching, and weak signal. Similarly, other imaging approaches based on 
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photoacoustic tomography and Raman scattering either cannot provide cellular res-
olution or suffer from low acquisition speed [27].

Nanoparticle-based probes can overcome several limitations of both small 
organic molecules and fluorescent proteins because they have been demonstrated to 
produce large extinction coefficients [380]. It has been shown that metal NP scatter-
ing can provide ideal optical properties for 3D ultrasensitive imaging of intact and 
transparent tissues. The NP can also act as a template for the chemical growth of a 
metal layer to further amplify the scattering signal. The use of chemically grown NP 
(i.e., gold or silver ions) in whole tissues can amplify the optical scattering to pro-
duce a significantly higher optical signal than with common fluorophores. These 
probes are nonphotobleaching and can be used alongside fluorophores without 
interference. The three distinct potential biomedical applications of these probes are 
(i) molecular imaging of blood vessels, (ii) tracking of nanodrug carriers in tumors, 
and (iii) mapping of lesions and immune cells. In addition to these applications, 
molecular labeling of cleared tissues can be achieved by conjugating proteins to the 
NP surface. This could be combined to obtain correlative live and ex vivo imaging 
data by photoacoustic tomography and surface-enhanced Raman scattering using a 
single set of metallic probes [381]. Currently, the main challenge is the lack of 
proper tools for capturing the 3D distribution of NP with respect to biological struc-
tures at subcellular resolution [382]. Researchers are now investigating new 
approaches to allow deep and good quality imaging into the tissue to fully resolve 
complex biological structures and luminescent NP labeled with fluorescent tags 
such as gold and silica NP [383].

There is good literature supporting the application of NP (i.e., in particular, gold 
NP and silver NP) as nanoprobes and radiosensitizers for molecular imaging and 
cellular targeting (Table 4.5). Their co-application in IMRT has shown great prom-
ises in clinical trials. This is due to their unique optical properties and proven impact 
in radiobiology (e.g., radiosensitivity, repair, reoxygenation, redistribution, and 
repopulation) [320–322, 329, 330]. Further basic studies and clinical trials are nec-
essary to disclose the full potential of NP in the diagnosis, imaging, and treatment 
of cancers, autoimmune diseases, and other human diseases.

�Lymphotropic NP for Diagnosis of Metastasis

Treatment strategy of the head, neck, and oral cavity carcinoma and necessity of 
neck dissection is dependent on the accurate nodal staging. Current diagnostic 
recommendations for the detection of suspicious metastatic lymph nodes using 
standard MRI contrast imaging are prone to error due to relatively high false-
negative reports (15–25%) [384, 385]. Although a spherical lymph node >10 mm 
with central necrosis and/or extra-capsular spread is categorized as metastatic, a 
small lymph node of 5–10 mm without necrosis and/or extra-capsular spread is 
questionable [386].
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The development of lymphotropic NP as a new class of MRI contrast agents is 
expected to improve the sensitivity of diagnostic procedures, in particular in head 
and neck cancer [387]. A potential example includes Ferumoxtran-10 (Combidex), 
which is a biodegradable ultra-small super-paramagnetic iron oxide (USPIO) par-
ticle covered with low-molecular-weight dextran with a diameter of 17–21 nm. It 
enters the physiologic iron metabolic pathway and can be used for lymph node 
evaluation later during its distribution phase [388]. It can easily cross the capillary 
wall and localize within the lymph nodes to allow robust characterization of normal-
sized metastatic nodes from reactive nodes independent of the size criterion [389]. 
Compared to traditional imaging, Ferumoxtran-10 is more sensitive in detecting 
minimal metastatic nodal disease particularly in normal-sized lymph nodes; how-
ever, the main limit is the need for additional time (1–2 days after injection to get 
the maximum iron peak in lymph nodes) to perform post-contrast MRI.

The sentinel lymph node is the first lymph node that receives drainage from the 
primary tumor. Localization of this lymph node is important to identify the possible 
cervical metastasis in patients with early-stage cancer. Classically, in the case of a 
positive biopsy of the sentinel lymph node, the patient must undergo complete pro-
phylactic lymphadenectomy [390]. NP structures can be used to incorporate tracing 
agents such as Methylene blue dye and indocyanine green-loaded NP (< 50 nm in 
diameter) to map sentinel lymph node [391, 392]. These NP can improve the accu-
mulation of tracing agents in the sentinel lymph node, protract tracer circulation, 
and improve its stability to facilitate near-infrared fluorescence imaging (NIRF). 
NIRF imaging is an attractive modality for sentinel lymph node mapping with the 
ability to bypass the blue dye’s radioactive issues, low spatial resolution, and aller-
gic reactions [393, 394]. Further research is essential to disclose the full potential of 
NP in the early detection of cancer metastasis.

�Multifunctional Smart Nanomaterials

Multifunctional smart nanomaterials would be a promising future breakthrough in 
head and neck cancer with the potential to be programmed to target and act at dif-
ferent levels. The advent of these nanomaterials would offer several advantages 
including minimized systemic toxicity and adverse reactions, lower chance of drug 
interactions, reduced cost of therapy associated with multiple traditional medicines, 
and higher patient compliance. A potential example includes D-α-tocopheryl poly-
ethylene glycol 1000 succinate or TPGS which is a water-soluble derivative of natu-
ral lipid-soluble vitamin E. It is a safe FDA-approved chemical agent that has been 
utilized for numerous purposes in pharmaceutical and nutraceutical applications. In 
the future, the potential applications of TPGS in management of cancer in particular 
the head and neck cancer would be based on four main properties of TPGS: (i) 
emulsifier property by acting as coating molecules to increase the encapsulation 
efficiency and cellular uptake of drug-loaded NP (i.e., microemulsion vehicle and 
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carrier of drugs and imaging agents) which enhance permeation and reduce drug 
sensitivity in the tissue [395–399], (ii) anti-tumor and antioxidant property by 
inducing apoptosis, acting as a prodrug to enhance chemotherapy, and exhibiting 
synergistic effects with other anticancer drugs [400, 401], (iii) solubilizer and per-
meability enhancer to increase the oral bioavailability of anticancer and poorly 
water-soluble drugs in the TPGS-based DDS, where it can extend the half-life of the 
drug in plasma by increasing their cellular uptake [402, 403], and (iv) P-glycoprotein 
(P-gp) inhibitory activity of TPGS, which can function as a means to overcome 
MDR cancer cells (i.e., a paclitaxel-encapsulated nanocrystal formulation using 
TPGS [404]). These properties along with its apoptotic potential render the TPGS-
based nanoparticulate application a promising approach to improve the therapeutic 
efficacy of cancer chemotherapeutic agents by better internalization and sustained 
release kinetics of the NP [405].

�Unlocking the Power of Nanotechnology 
in Cancer Management

Nanotechnology in cancer management has proved to be a valuable adjuvant to 
traditional chemotherapy, radiotherapy, and immunotherapy that altogether would 
reduce the impact of surgical resection in patients. Nanotechnology could offer 
highly sensitive nanoprobes for accurate imaging and diagnosis of cancer and for 
tracing lymphadenopathy. Furthermore, nanotechnology offers variable treatment 
strategies by directly targeting the small molecules, DNA, proteins, and cells includ-
ing cancer. Nanotechnology aids in the application of controlled and targeted DDSs 
through nanocarriers that increase the efficiency and bioavailability of drugs. It is 
also a powerful means for cases with MDR to conventional therapies. However, 
there are several challenges in the clinical translation of a nanotechnology-based 
management of cancer. First of all, further investigations are necessary to fill our 
knowledge gap about the mechanism of NP entry into the tumor. This would include 
the studies to identify (i) the molecular mechanisms that play major roles in modu-
lating the NP entry into tumor cells, (ii) the impact of surface-adsorbed proteins on 
NP interactions, (iii) the role of different tumor vasculature in extravasation of NP 
with varying physicochemical properties, and (iv) the impact of other cells (i.e., 
immune cells) in the generation of transient permeability. Sound knowledge of 
these factors would help to overcome the poor clinical translation of nanomedicines 
in cancer management [53, 406, 407].

Furthermore, it is critical to obtain the reliability of the detection results, to main-
tain the high sensitivity and reproducibility during large-scale production, to secure 
the long-term storage stability, to minimize the possible systemic toxicity, and to 
consider cost-efficiency for realistic clinical translation. Continued interdisciplinary 
collaborative strategies involving basic research, preclinical, and clinical studies are 
essential to utilize the full potential of nanotechnology for different applications in 
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medicine, in particular, for patients suffering from head and neck cancer and auto-
immune diseases. The ultimate goal would be the development of personalized or 
customized nanomedicine tailored to the unique genetic and molecular characteris-
tics of diseases.
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Chapter 5
The Role of Mass Cytometry in Early 
Detection, Diagnosis, and Treatment 
of Head and Neck Cancer

Amy S. Tsai, Jakob F. Einhaus, Julien Hedou, Eileen Tsai, Dyani Gaudilliere, 
and Brice Gaudilliere

�Introduction

There have been increasingly more applications of single-cell technologies in the 
context of head and neck cancer (HNC) for detection, surveillance, treatment selec-
tion, and precision medicine. With clinical studies, in which the number of samples 
is low, the number of parameters measured per sample gains importance [1]. To this 
end, biological research continuously evolves to increase the resolution at which 
cellular features can be studied. Specifically, mass cytometry (cytometry by time-
of-flight mass spectrometry, CyTOF), a highly multiplex flow cytometry technique, 
has revolutionized the way we can study complex human diseases, by utilizing 
metal-conjugated antibodies in lieu of fluorophores for the measurement of up to 50 
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parameters per single cell. Using inductively coupled plasma time-of-flight spec-
trometry, mass cytometry has significantly less confounding background activity 
and lacks the complications of spectral overlap compared to its predecessor, flow 
cytometry, and additional parameters are being added with the availability of new 
isotopes.

More recently, advancements in imaging modalities have taken advantage of the 
high dimensionality of mass spectrometry. Two such methods, collectively referred 
to as mass cytometry imaging (MCI), are imaging mass cytometry (IMC, Hyperion) 
and multiplexed ion beam imaging (MIBI), in which laser ablation of tissue samples 
stained with metal-conjugated antibodies allows for high-resolution imaging and 
spatial analysis of solid tissues [2]. High-dimensional imaging enables the investi-
gation of tumor microenvironments that strongly contribute to pathological disease 
progression [3].

The ability of both suspension mass cytometry and MCI to simultaneously iden-
tify surface markers as well as the phosphorylation states of intracellular signaling 
markers on a single-cell basis allows for each individual cell phenotype to be identi-
fied in connection with its signaling function. Furthermore, exogenous perturbation 
of individual cells can offer better insight into the adaptive/dynamic scale of cell-
type-specific responses. This is of particular significance in understanding cancer 
development, as pathway abnormalities can manifest not only in the basal expres-
sion of certain signaling molecules but also in pathological signaling intensity upon 
stimulation. Importantly, mass cytometry also allows for studying the dynamics of 
a cellular network, such as the immune landscape or the tumor microenvironment. 
The utility of mass cytometry has been demonstrated in many clinical settings, 
including identifying immune states in pre-eclampsia [4, 5], characterizing the 
immune response in surgical recovery [6, 7], discovering associations between sys-
temic immune response and stroke recovery [8], and identifying immune features 
implicated in chronic periodontitis [9]. One of the most frequent applications has 
been in the field of cancer biology and clinical oncology.

In the field of solid tumors, HNC represents a particularly heterogeneous tumor 
entity in terms of location, originating tissue, structure, and histology. Here, high-
parameter characterization of molecular tumor subtypes opens opportunities of 
unique diagnostic and prognostic value. In the case of head and neck squamous cell 
carcinoma (HNSCC), the most common form of head and neck cancer, the current 
diagnostic standard of morphological assessment of tumor histology has limited 
predictive value. Additionally, diagnosis of HNSCC trends toward later stages, pre-
cluding effective treatment. Recent studies suggest diverse cancer stem cell popula-
tions can coexist within a tumor, where the tumor initiation and metastatic properties 
of these cancer stem cells can be uncoupled [10]. Additionally, certain cancer stem 
cells present with therapy-resistant phenotypes that can relapse. A high-parameter 
assay could not only offer a potential solution to this dilemma but also offer insight 
into the pathophysiological process of disease progression, allowing for more tar-
geted therapeutic efforts. The high-resolution information gained about tumor cell 
phenotype and function, as well as that of the systemic immune response to the 
tumor or treatment modalities, leads to numerous applications of these technologies 
in cancer biology.

A. S. Tsai et al.



123

In this chapter, we will discuss current applications of suspension mass cytome-
try and MCI in cancer biology research and therapy, followed by an outline of the 
process of collecting and analyzing tumor samples with these methods. Finally, we 
will discuss the bioinformatics techniques which have been developed alongside 
these technologies to analyze the resulting large datasets and develop predictive 
models which are of clinical significance.

�Current Applications in Cancer Biology Research 
and Therapy

Two major applications of suspension mass cytometry and MCI in the study of 
cancer are in the identification of biomarkers of cancer progression and in the analy-
sis of the host’s response to treatments, such as immunotherapy or radiation therapy. 
Both applications will ultimately lead to major advances in the realm of precision 
medicine, as they allow for characterization of the implications of tumor heteroge-
neity on prognosis, impaired cellular processes, and treatment response.

�Identifying Predictive Biomarkers

Studies identifying biomarkers relevant to the behavior of tumor cells or the host’s 
immune response to the tumor have been illuminating [11–21]. In the context of 
tumor biology, regulation of cellular processes and progression of cellular differen-
tiation are especially high-yield and relatively easily captured using the mass 
cytometry platform.

Providing effective therapeutics necessitates the understanding of biological pro-
cesses driving the pathology of tumor progression or therapeutic resistance. In a 
study by Zunder et al., investigators were able to follow the dynamic process of 
reprogramming somatic cells into induced pluripotent stem cells (iPSCs) by simul-
taneously measuring differentiation, cell cycle, and signaling markers such as Oct4, 
Sox2, Klf4, and c-Myc [11]. Deriving molecular landmarks of dynamic biological 
processes with a time-resolved analysis of multiparameter mass cytometry data can 
provide an encouraging model for future studies on cancer progression. Identification 
of molecular pathways that promote cancer cell survival lays the foundation for new 
therapeutic developments.

Similar efforts have been translated to B-cell and T-cell maturation. Analysis of 
phosphoproteins, kinases, and phosphatases in signaling pathways shows patterns 
of activation that can be associated with disease. For example, STAT3 and STAT5 
have been shown to be constitutively activated in AML [12–15]. Also in AML, 
Nolan et  al. studied single-cell responses to exogenous stimulations using flow 
cytometry and found mutations in cancer cells that reorganized intracellular signal-
ing pathways [16].
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Specific to HNSCC, expression of CD10, a zinc-dependent metallopeptidase, 
has been found by FACS (fluorescence-activated cell sorting) analysis to be associ-
ated with cancer stem cell-like properties, such as an increased expression of Oct3/4. 
Such properties are implicated in higher resistance of HNSCC clones against che-
motherapy and radiation [17]. The levels of CD10 correlate with the degree of 
metastasis, tumor grade, and rate of recurrence [18].

As stated above, understanding tumor heterogeneity is an important factor in 
individualizing treatment approaches to maximize the patient’s treatment response 
and prognosis. Heterogeneity of cancers arises due to the different epigenetic, 
genetic, and microenvironmental influences during the evolution of the cancer. In 
follicular lymphoma, diverse HLA-DR expression was found through CyTOF anal-
ysis to have a strong contribution to tumor heterogeneity, potentially due to the 
influence of HLA-DR on PD-L1 checkpoint inhibitor therapy responsiveness [19]. 
When IMC is combined with phenogenomics, tumor heterogeneity can be linked to 
genomic subtypes of cancer. Bodenmiller et al. expanded the information content 
gained from IMC to describe patient-specific differences in mRNA-to-protein ratios 
for HER2 and CK19 in breast cancer samples that allow the detection of relevant 
pathological mechanisms in the regulation of translation, mRNA, and protein stabil-
ity in tumor cells [20]. In breast cancer, combinations of cell phenotypes and cell-
cell interactions were linked to different genomic subtypes with spatially arranged 
cellular neighborhoods being linked to prognosis [21].

�Monitoring Response to Treatment

As a next step in the development or individualized prescription of targeted thera-
pies, as well as in monitoring their effectiveness, mass cytometry has been used to 
study multiple therapies in several cancer types. A major goal in cancer therapy is to 
induce cancer cell apoptosis by interfering with cell signaling and/or mitosis. Single-
cell methods are able to probe these pathways. Suspension mass cytometry has been 
used to study the response of cancer-related pathways to treatments for multiple 
myeloma, finding specific signaling proteins (CREB and MCL-1) that were associ-
ated with poor response [22]. CO-Detection by inDEXing (CODEX) multiplexed 
imaging has been used with tissue biopsies in cutaneous T cell lymphoma to study 
the response to a monoclonal antibody treatment (pembrolizumab), comparing tis-
sue from patients who responded to the therapy to those who did not. Multiple dif-
ferences were found between the two groups, including expression of PD-1 on tumor 
cells, changes in cell composition and frequency, as well as changes in cellular 
neighborhoods by spatial analysis. The implications for predicting the response to 
immunotherapy will allow improved selection of patients for certain therapies [23].

As immunotherapy, a treatment modality utilized in HNC therapy, leads to wide 
systemic immune changes in the host, suspension mass cytometry, which works 
well for studying leukocytes in whole blood or Peripheral Blood Mononuclear Cell 
(PBMCs), is particularly suited to study systemic immune changes resulting from 
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cancer immunotherapy [24]. To this end, CyTOF was used to study the systemic 
immune response to urelumab (anti-CD137 antibody) therapy for patients with 
solid tumors and B-cell non-Hodgkin’s lymphoma in serial blood samples taken at 
baseline and throughout treatment. The findings of increased CD8+ T cells and NK 
cells, a decrease in CD4+ T cells and regulatory CD4+ T cells, and cytokine changes 
were suggestive of an antitumor Th1 response [25].

In addition to immunotherapy, a treatment modality for HNSCC that is currently 
more important and more frequently utilized is radiation therapy. The sensitivity of 
a tumor to radiotherapy has a high impact in tumor control. For this reason, radio-
sensitizing agents could improve the effectiveness of this treatment modality. 
Specifically, tepotinib, a MET receptor inhibitor, is used as a radiosensitizing agent 
as the MET receptor is involved in an aggressive phenotype of HNSCC and modu-
lates DNA damage when exposed to ionizing radiation. By using CyTOF to study 
the molecular basis of radiosensitization by tepotinib, Nisa et al. found that after 
pretreatment with tepotinib, PI3K activity was modulated in radiosensitized cells 
but not in cells resistant to radiation [26].

�Point-of-Care Diagnostics

There is also a precedent for using single-cell techniques for point-of-care diagnos-
tics. HNCs often spread early to the cervical lymph nodes, making highly sensitive 
detection of lymph node metastasis a diagnostic priority. Specifically, fluorescence-
activated cell sorting (FACS) in single-cell suspension used for rapid nodal staging 
was found to be sensitive, reliable, inexpensive, and fast in patients with 
HNSCC. This method was able to detect malignant cells in four cases not found by 
histopathology in addition to detecting all other studied cases of lymph node metas-
tasis in a 3-hour time frame [27]. Expanding upon this method could prove invalu-
able in detecting early metastasis.

�Technique for System-Level Analysis Using Mass Cytometry

�Suspension Mass Cytometry Panel Design

Mass cytometry allows for a plethora of investigative studies, ranging from the 
exhaustion of a single biological process to the interrogation of an entire network of 
signaling components from a heterogeneous collection of cells. It allows for the 
establishment of disease progression as well as for identification of dysfunctional 
processes in diseased compared to healthy cohorts. The question answered depends 
on the design of the panel utilized for the study. Recently, a 40-parameter IMC panel 
for formalin-fixed, paraffin-embedded (FFPE) tissue sections was developed by 
Ijsselsteijin et al. for characterizing cancer immune microenvironments [28].
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As previous studies in HNSCC have shown that CD10 correlates with prognostic 
factors, an optimized multicolor immunofluorescence panel (OMIP-045) was devel-
oped for mass cytometry analysis with the goal of studying features related to 
HNSCC prognosis [29]. The panel included metastatic, drug-resistant, stem cell, 
lineage, and activation markers associated with HNSCC progression (Table 5.1). A 
diverse panel of mutations has been identified in HNSCCs, thus mandating a broad 
panel with multiple prognostic markers. OMIP-045 was tested on (i) patient-
matched HNSCC cell lines derived from primary and metastatic/recurrent lesions; 
(ii) a mixture of breast, skin, gastrointestinal, lung, and leukemic cancer cell lines 
with known mutations; and (iii) fresh tumor biopsies from patients with HNC [29].

�Preparation of Solid Tumors for Suspension Mass 
Cytometry Analysis

Mass cytometry has the capacity to analyze solid tumors with two methods: single-
cell suspension and solid tumor immunohistochemical sections, known as imaging 
mass cytometry (IMC) (Fig. 5.1). When considering single-cell suspension tech-
niques, additional standardization steps can be employed for more consistent 
analysis.

Solid tumors can be either mechanically prepared for suspension or digested 
with various enzymes. Tonsils, for example, are easily prepared by mechanically 
dissociating the tissue, whereas other tumor type tissues may require enzymatic dis-
sociation. Leelatian et al. standardized a technique to prepare viable single-cell sus-
pensions using gliomas, melanomas, and small cell lung cancers [30].

The mechanical dissociation technique involves mincing the tissue with scalpels 
as well as filtration through a strainer. This step can be completed prior to enzymatic 
dissociation. The goal of the preparation protocol is to optimize the live cell count 
and the cell subset diversity, and according to Irish’s study, combining the mechani-
cal preparation with collagenase and DNase had high success to this end. They also 
optimized the timing of collagenase and DNase to 1 hour, with longer times leading 
to increases in cell death [30]. The result of these methods is that solid tissues or 
tumors, such as HNC, can be prepared in live, single-cell suspensions suited to mass 
cytometry analysis.

�Preparation of Blood Samples for Suspension Mass 
Cytometry Analysis

In addition to studying the tumor tissue itself, suspension mass cytometry offers an 
ideal platform for studying the systemic immune system, which allows for system-
level characterization of the host’s immune response to immune therapy with a 
simple blood draw that can be repeated at multiple points throughout therapy.
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Table 5.1  Antibodies used in OMIP-045

Specificity Clone
Metal 
isotope Purpose

Lineage markers

CD45 HI30 89Y Leukocytes
CD3 SK7 142Nd T cells
CD31 390 145Nd Endothelial cells
CD10 HI10A 156Gd Cancer-associated fibroblasts
Vimentin D21H3 154Sm Mesenchymal cells
CD68 Y1/82A 171Yb Macrophages and DCs
CD24 ML5 169Tm B cells
CD324 (E-cadherin) 24E10 158Gd Epithelial cells
Activation/suppression markers

CD279 (PD-1) EH12.2H7 155Gd Tolerance promotion
CD274 (PD-L1) 29E.2A3 159Tb Tolerance promotion
CD28 CD28.2 160Gd T-cell activation
Ki-67 B56 161Dy Proliferation
Signaling cascades associated with HNSCC

pp53 (s15) 16G8 141Pr Tumor suppressor protein
PARP (cleaved) F21-852 143Nd Repair of single-stranded DNA
pERK 1/2 [T202/
Y204]

D13.14.4E 167Er Proliferation

pEGFR Ty845 D7A5 146Nd Proliferation
HER2 29D8 148Nd Proliferation
pAkt [S473] D9E 152Sm Survival
pMET Ty1234/1235 Polyclonal rabbit 

IgG
162Dy Proliferation

DDR2 290804 163Dy Proliferation
TRAF3 B1–6 168Er Associated with HNSCC
EGFR AY13 170Er Proliferation
YAP1 867711 172Yb Proliferation
HES1 4H1HES1 173Yb Transcription suppressor
EPHA2 SHM16 174Yb Migration and proliferation
pS6 [S235/S236] N7-548 175Lu Increased translation
MET D1C2 176Yb Proliferation
Metastasis and drug resistance

CD29 TS2/16 147Sm Metastasis
MMP-9 4H3 150Nd Metastasis
TIMP3 277128 153Eu Metastasis inhibitor
MDR1 UIC2 151Eu Drug resistance
Cancer stem cells

ALDH1(A1) 703410 144Nd Associated with cancer stem cells
CD166 3A6 164Dy Associated with cancer stem cells
CD44 PJ18 166Er Associated with cancer stem cells

Reproduced with copy right permission from [29]
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For this purpose, patient blood samples can be processed after isolation of 
PBMCs or as whole blood samples in selectable conditions with or without in vitro 
stimulation. In unstimulated samples, the endogenous activation of the patient’s 
immune system at the time of blood draw can be grasped for physiological assess-
ment of a certain treatment or condition. Alternatively, samples can be stimulated 
in vitro with various stimuli such as interleukins, growth factors, or other cytokines 
to capture the dynamic potential of immunological responses. After in vitro stimula-
tion, the cells are fixed using a proteomic stabilizer. If whole blood samples are 
used, erythrocytes in the cell suspension are lysed using an appropriate lysis buffer 
prior to the staining process.

�Barcoding to Preserve Reagents and to Minimize Batch Effects

Once the solid tumor tissue, whole blood, or PBMCs have been prepared for sus-
pension mass cytometry analysis, the samples can be barcoded. Mass cytometry’s 
capacity for high-resolution analysis allows for the introduction of palladium-based 
barcoding reagents. Pooled sample analysis not only decreases the quantity of 
expensive reagents required but also minimizes experimental errors, which is inte-
gral in high-dimensional analysis. Unique combinatorial sets of 3 out of 6 stable 
purified palladium isotopes (Pd102, 104, 105, 106, 108, and 110) allow for the 
simultaneous analysis of up to 20 samples run together (Fig. 5.2). Once samples 
have been properly barcoded and pooled, each sample is introduced to the same 
concentration of antibodies. Upon completion of data collection, a de-barcoding 
algorithm [11] allows for samples to be separated on the basis of the tag as well as 
on the removal of any doublets.

Sample Ablation

a    Preparation of Imaging Mass Cytometry
 Neoplasm  Metal-labeled

antibodies

UV laser

Imaging Mass Cytometry
Tissue Preparation

Imaging Mass Cytometry
Tissue Architecture

Mass Cytometry
Feature Network

b     Preparation of Suspension Mass Cytometry 

Whole Blood
Collection

Mass Cytometry 
Cell Suspension

Mass Cytometry
Antibody Staining

Mass Cytometer 

Fig. 5.1  Workflow of imaging and suspension mass cytometry
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�Staining for Suspension Mass Cytometry

Isotopically pure metal-conjugated antibodies, the most common affinity reagents, 
are the backbone of mass cytometry. Upon binding to the target of interest, the 
attached metal ions serve as reporters for subsequent evaluation. Cell suspensions 
are incubated with metal-conjugated antibodies to tag surface antigens, which are 
used primarily for phenotypic identification of cell types. To assess intracellular 
proteins of interest, cells are permeabilized with methanol to allow for penetration 
of the bulky antibodies. Together, the two rounds of incubation allow for high-
resolution functional assessment of a broad spectrum of immune cells on a single-
cell basis.

�Suspension Mass Cytometry Run with Normalization

Barcoded and antibody-stained single suspension cells are analyzed on the Helios 
mass cytometer (Fluidigm, Inc.) at a rate of 600 to 1000 events per second with 
normalization “beads” consisting of polymers conjugated with metal ions that can 
be used to standardize the concentration of cells and the signal intensity across 
experimental days. The resulting data are normalized using Normalizer v0.1 
MATLAB Compiler Runtime (MathWorks) [31]. Files are then de-barcoded with a 
single-cell MATLAB debarcoding tool [11]. Files are uploaded to CellEngine for 
two-dimensional gating based on abundance of measured isotopes.

�Preparation of Tissue Samples for Imaging Mass 
Cytometry Analysis

Fresh tissue samples from patients are obtained and fixed in optimal cutting tem-
perature compound (OCT compound) for frozen samples or 10% formalin solution 
overnight and then transferred to a 70% ethanol in 4 degrees until tissue processing 
for FFPE samples.

Sample IDs
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Fig. 5.2  Palladium isotope combination for barcoding in suspension mass cytometry

5  The Role of Mass Cytometry in Early Detection, Diagnosis, and Treatment of Head…



130

�IMC Processing

FFPE tissue sections are dewaxed in xylene, hydrated in ethanol, and incubated in 
antigen retrieval (AR) buffer. The tissue sample is blocked with 3% bovine serum 
albumin (BSA) to decrease nonspecific antibody binding. Tissues are incubated 
with metal-conjugated antibodies and then stained with an iridium intercalator stain. 
Similarly, fresh frozen tissue can also be processed for analysis. Detailed methods 
are outlined by Ijsselsteijin et al. [28]. It is important to note a hematoxylin and 
eosin (H&E) section can be prepared in addition to the metal-conjugated antibody-
labeled section to help with co-registration and setting of fiducials. These sections 
should be consecutive.

�IMC Run

Machine optimization is performed using a three-element tuning slide to standard-
ize data analysis across experimental days (Fluidigm). The H&E section can be 
used to identify regions of interest (ROIs) in the consecutive IMC slide. Alternatively, 
the IMC slide itself can be used for co-registration. As each tissue type has its own 
optimal laser power for ablation, in each study, the appropriate laser power is deter-
mined by ablating six adjacent ROIs (dimensions 50–50 μm; 0-1-2-3-4-5 dB). The 
set laser power will be used for all tissue slides in that set of runs. Upon optimizing 
the machine, samples can be analyzed without direct supervision, which is benefi-
cial in the event of large tissue sections or prolonged runs. Tissue samples are 
ablated with a UV laser at 1 μm resolution at a speed of 1 mm2 every 2 hours. Each 
μm2 unit of tissue is aerosolized, atomized, and ionized before entering a time-of-
flight mass spectrometer for the measurement of isotype abundance. The isotype 
abundance is used to build a high-resolution image of the tissue sample, akin to 
immunohistochemistry stains.

�Cell Segmentation

IMC raw data are converted files compatible with further analysis using open-source 
Python scripts or MCD viewer (v.1.0.560, Fluidigm). CellProfiler [32] then removes 
outlier pixels, denoises the data, and crops the images to reduce the file size for 
ilastik [33], a pixel classifier that can be used to perform cell segmentation. 
Segmentation is completed based on the abundance of measured isotopes, generat-
ing a probability map of chosen cellular organelles, such as nuclei, cytoplasm, and 
background compartments. Obtained probability masks are imported back to 
CellProfiler to generate cell segmentation masks. HistoCAT [34] is used to anno-
tate, or phenotypically classify, each cell type, either manually via marker 
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expression or with PhenoGraph clustering [35]. Frequency and median values are 
exported, and a neighborhood analysis can be performed to identify cellular rela-
tionships and microenvironments.

�Bioinformatics Methods to Identify Predictive Biomarkers

�Goals of the Analysis

Clearly defined study or clinical goals must be established prior to any panel design 
or sample acquisition with the computational methods in mind from the beginning. 
Depending on the objective, analyses usually focus on identifying differences 
between phenotypes in a classic differential expression analysis or using statistical 
learning framework. Examples of research goals for applying these mass cytometry 
methods to the study of HNC may be to identify tumor features predicting tumor 
activity, host immune features predicting tumor prognosis or spread, or tumor or 
host features predicting favorable response to chemotherapy or immunotherapy. 
Depending on the goals of the study, each framework offers elements of biological 
interpretation on a wide range of intracellular pathways at the single-cell level of 
granularity. However, for the statistical analysis, the precision of the technique 
brings a limitation from the number of information obtained per sample. In order to 
achieve both statistical and model trainings, the data must be processed into robust 
features that represent the data extensively in a summarized manner.

�Feature Extraction from Single-Cell Raw Data

In order to translate the single-cell data gained from mass cytometry analysis into a 
usable set of features for the analysis, the first step is to identify each cell and group 
them into cell types in a meaningful way. Two ways to do this include manual gating 
and unsupervised clustering algorithms. Gates are manually created by using the 
expression of phenotypic and functional markers to identify cell types in a literature 
evidence-based setting. An example of a gating strategy can be seen in Fig. 5.3. 
Unsupervised clustering uses unbiased algorithms to identifying populations that 
cluster together with algorithms such as k-means clustering or k-nearest neighbor.

While a predefined list of cell types is traditionally characterized from human 
blood and tissue samples, the single-cell informational content gained from detec-
tion of surface proteins and intracellular signaling states allows for agnostic identi-
fication of phenotypically and functionally distinct cell subtypes. For example, in 
the human monocyte system, three cell types are traditionally described including 
classical monocytes (CD14+CD16−), non-classical monocytes (CD14−CD16+), and 
intermediate monocytes (CD14+CD16+). However, in a study using mass cytometry 
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analysis of patient blood before and after surgery, eight distinct monocyte subsets 
were detectable [36]. Several powerful unsupervised methods have been developed 
that allow agnostic identification of immune cell subset without the need for a priori 
biological knowledge. These can be broadly categorized into clustering algorithms 
or dimension reduction algorithms. One clustering algorithm, spanning-tree pro-
gression analysis of density-normalized events (SPADE) [37], automatically groups 
cells obtained from flow or mass cytometry into populations and projects them into 
a tree as shown in Fig. 5.4. Alternatively, t-distributed stochastic neighbor embed-
ding (t-SNE) is a nonlinear dimension reduction technique for high-dimensional 
data that allows for determining the relationship between datapoints on a two- or 
three-dimensional map [38].

Fig. 5.3  Example of a traditional manual gating strategy

A. S. Tsai et al.



133

�Creating a Predictive Model

Single-cell methods measuring multiple parameters per cell generate datasets with 
an overwhelming number of features compared to the number of samples, which tax 
the limits of traditional statistical tools. Therefore, a number of statistical learning 
algorithms have been developed to deal with the complexity of high-dimensional 
datasets. In particular, algorithms featuring the sparsity properties of the L1 regular-
ization such as the lasso (least absolute shrinkage and selection operator) and the 
elastic net have been successful in creating models that are able to classify disease 
status and clinical outcomes, such as surgical outcomes and chronic periodontal 
disease. Classical analyses use manually gated cell populations from which fre-
quency and medians of the intracellular markers of individual cell types are 
extracted. Alternatively, algorithms like SPADE (Spanning-tree Progression 
Analysis of Density-normalized Events) (Fig. 5.4) and Citrus (cluster identification, 
characterization, and regression) have been developed to allow for autonomic clus-
tering and feature extraction.
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Fig. 5.4  Example of SPADE tree with cells clustered by phenotype based on surface CD14 
expression. (Reproduced with copy right permission from [39])
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The simultaneous analysis provided by mass cytometry allows for analysis of 
each parameter as well as analysis of the dynamics of how multiple parameters 
evolve together during the progression of the disease. A predictive model generated 
using the above methods has high value in cancer research involving biomarker iden-
tification or monitoring of immunotherapy. However, a lower-cost, efficient, focused 
assay would improve the translation of these techniques to be used at the bedside. For 
this reason, model reduction strategies can be used to determine the simplest model 
that would include key features that still give high predictive or diagnostic value [40].

�Limitations and Future Directions

Mass cytometry is subject to some caveats. For one, cells must be ionized, meaning 
that not only are a high volume of cells required but also the cells cannot be recov-
ered after analysis, as they can be in FACS. The throughput of mass cytometry is 
also significantly lower than flow cytometry, and metal reporters often have lower 
sensitivity than fluorophores, precluding the study of cellular markers that are 
extremely low in number.

As with flow cytometry, mass cytometry uses predetermined reporters that 
require investigators to consider markers prior to data collection; thus, novel fea-
tures may have been excluded. Regardless, the ability to uncover novel dynamics of 
cellular cross talk is a strength that mass cytometry offers.

The application of suspension mass cytometry and MCI in HNC has been lim-
ited, leaving room for future studies to expand our knowledge of tumor biology and 
its interaction with the host’s biology and therapeutic interventions, both conven-
tional and novel. By combining these methods with proteomics and metabolomics 
methods, a high level of content can be obtained to allow for system-level under-
standing of tumor activity and treatment susceptibility, which eventually can be 
adapted with the methods outlined in section “Bioinformatics Methods to Identify 
Predictive Biomarkers” of this chapter to focus on the most biologically relevant 
targets in the development of future HNC therapeutic strategies.
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Chapter 6
Deep Learning-Based Cancer Region 
Segmentation from H&E Slides  
for HPV-Related Oropharyngeal 
Squamous Cell Carcinomas

Cheng Lu, Can Koyuncu, Andrew Janowczyk, Christopher C. Griffith, 
Deborah J. Chute, James S. Lewis Jr, and Anant Madabhushi

�Introduction

Human papillomavirus-related (p16-positive) oropharyngeal squamous cell carci-
noma (OPSCC) patients are usually cured with some combination of surgery, radia-
tion, and chemotherapy, but approximately 10–20% of these patients will develop 
recurrent disease. Patients who are cured, however, may have major comorbidity 
from radiation and chemotherapy. Consequently, identifying those patients with 
aggressive versus indolent tumors is critical. Biomarkers, which separate less from 
more aggressive cancers, could aid in identifying the appropriate patients for de-
intensification of therapy [1].

Tissue-based morphologic data is plentiful and carries with it large amounts of 
valuable information about tumor biology and behavior across myriad histologic 
types [2–5]. Classically, tumor morphology is visually assessed by pathologists 
using established staging and grading criteria [6]. However, for many cancers, the 
visual assessment of nuclear morphology may not directly correlate with disease 
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prognosis and patient outcome. Even though some of the traditional clinical and 
staging parameters have been shown to have prognostic value [7, 8], there continues 
to be a need for better assessment of tumor morphology quantitatively for better 
prognosticating disease outcome. The computational interrogation of histologic 
image primitives and their corresponding morphology measurements (e.g., nuclear 
shape, diversity, arrangement) have been shown to be associated with disease out-
come and treatment response [3, 9–14].

In previous work of oropharyngeal cancer, our group has shown that the com-
plexity of clusters of proximally located nuclei can reflect disease aggressiveness 
and potentially help in improved risk stratification of patients to appropriately man-
age their therapeutic strategies [15]. However, an important prerequisite for these 
approaches is the definition of the tumor region on whole slide images. Unfortunately, 
manually annotating tumor regions is both time-consuming and tedious due to the 
vast size of whole-mount tissue images. Therefore, development of algorithms for 
automated tumor detection is a critical first step in this process.

While this is an area that has been investigated by a number of groups [5, 16–18] 
including ours [19–22], little work specifically in the context of oropharyngeal can-
cers has been done for automated tumor delineation. Deep learning models have 
been successfully applied in a wide range of medical image analysis tasks [5, 23]. 
The convolutional neural network (CNN) [24] stacks the input image with several 
convolutional layers, which extract and learn the underlying abstract patterns from 
the image to perform the detection, classification, and segmentation tasks. In the 
context of breast cancer, Cruz-Roa et al. [25] proposed a CNN method to detect the 
invasive ductal carcinoma regions from hematoxylin and eosin (H&E)-stained 
whole slide image with an accuracy of 84%. Wang et al. [18] utilized deep learning 
system to localize the tumor regions on metastatic breast cancer slides with an area 
under the receiver operating curve (AUC) of 0.71. There are other successful exam-
ples of utilizing deep learning models for tumor detection in the context of skin 
cancer [26–28] and a non-deep learning-based approach for prostate cancer [5] 
from whole slide pathology images.

In this book chapter, we present an automated deep learning tumor segmentation 
model for automated tumor extent delineation in whole slide tissue images of 
p16-positive oropharyngeal squamous cell carcinomas. A total of 248 digital whole 
slide images (WSIs) from 248 patients were used in this study. To ease annotation 
burden, coarse annotations (i.e., polygon-style bounding box annotations) were 
employed, thereby reducing the total amount of effort needed for creating training 
exemplars for the deep learning model. To further reduce the workload for the anno-
tators, the training images were intentionally non-exhaustively annotated. One of 
the key things we sought to demonstrate in this study was that satisfactory segmen-
tation results could be achieved even when using non-exhaustive tumor annotations 
for training the model.

The remainder of this book chapter is organized as follows. We first introduce the 
patient selection, annotation, and deep learning model in Method and Materials. We 
then present the results of the model and discuss our findings.
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�Method and Materials

�Patient Selection

With approval from the Human Research Protection Offices of Washington 
University in St. Louis, Johns Hopkins University, and Case Western Reserve 
University, primary tumor specimens from 248 consecutive patients with newly 
diagnosed, p16-positive OPSCC from February 2009 to April 2013 were identified. 
The tumor’s p16 status was determined via immunohistochemistry, using the cur-
rently recommended threshold of ≥70% of tumor cells positive with nuclear and 
cytoplasmic staining at a strong (3+) staining level. All cases from each institution 
were reviewed to confirm the diagnosis of SCC by the respective study pathologists 
at each institution, and then one representative H&E-stained slide was selected from 
each case. Whole slides were digitally scanned on a Philips Ultra-Fast Digital 
Scanner (Philips North America Corporation, Andover, MD; serial no. FMT0099) 
at 40× magnification (0.25 μm/pixel resolution).

�Tumor/Non-tumor Annotations

All digitized whole slide tissue images were hosted on an institutional web-based 
server, named Bisque [29], and were annotated for tumor-containing regions by one 
study pathologist (JSL). Figure 6.1 shows the annotated tumor regions overlaid on 
H&E-stained images. Note that a polygon-style annotation approach was taken by 
the pathology readers to provide an approximate delineation of the tumor confined 
region. None of the tumors were exhaustively annotated for all foci of disease. The 
preparation of negative training samples proceeded similarly, with 30 whole slide 
tissue images being annotated for regions absent of tumor. To provide an accurate 
assessment of our approach, the test set consisted of five held-out whole slide images 
which were exhaustively annotated for tumor presence with precise pixel-level 
boundary markings.

�Deep Learning Model for Tumor Detection

The architecture chosen for this work was a popular 34-layer patch-wise residual 
convolutional neural network [30] termed ResNet (see Table 6.1 for layout). Each 
residual block contained two convolutional layers of kernel size (3, 3) with a ReLu 
activation function and batch normalization [31] between them. Taken together, this 
architecture resulted in a total of 26 trainable layers with 646,353 trainable param-
eters. The Adam optimization algorithm with binary cross-entropy loss from Keras 
[32], with a TensorFlow backend, was used for training.
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In this study, all the WSIs were scanned at 40× magnification, and the associated 
annotations were made at 40× magnification. Considering the computational effi-
ciency and model accuracy, we down-sampled the images to 20× (0.5 μm/pixel) and 
extracted image patches of size 128 by 128 pixels of the annotated tumor and non-
tumor regions for training the model. Image patches that contained white back-
ground, or insufficient tissue (patches containing less than 50% of tissue area), were 
excluded.

Image data augmentation is an efficient way to reduce overfitting on models by 
increasing the amount and diversity of the training data [32, 33]. During the training 
process, patches were augmented via random left-right flipping and rotation by 90° 

a b

c

Fig. 6.1   (a) and (b) Two exemplary annotated tumor regions (red) and non-tumor regions (blue), 
overlaid on H&E-stained images. (c) Example of tumor and non-tumor patches extracted from 
(red) and (green) regions, which were used for training the model
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as histology images do not have a canonical orientation. To compensate for possible 
stain differences during the slide preparation process, patches were additionally 
augmented by perturbing their brightness and contrast.

The image brightness of a patch was adjusted by a random factor between [−0.5, 
0.5], in which negative/positive factors make the image darker/lighter, respectively. 
Contrast adjustment similarly proceeded with a random factor between [0.3, 2], in 
which higher values result in higher contrast between the lightest and darkest por-
tions of an image.

�Tumor/Non-tumor Annotations

A flowchart depicting the construction and evaluation of our tumor detection model 
is shown in Fig. 6.2. A cohort of 243 WSIs with tumor annotations was used to train 
and validate the model to recognize the tumor region in the image. This cohort was 

Table 6.1  Description of the 
tumor detection model 
(ResNet). It is a 34-layer 
cascaded CNN model. Each 
residual block contains two 
convolutional layers of kernel 
size (3, 3) with a ReLu 
activation function and batch 
normalization between them. 
Max pooling layer down-
sampled the input 
representation to obtain an 
abstraction of the underlying 
image. The dropout (32) is 
used to prevent overfitting by 
randomly ignoring a certain 
portion of parameters to 
be updated

Layer no. Layer description

1 Input layer
2–3 Residual block of 16 feature maps
4–5 Residual block of 16 feature maps
6 Max pooling layer of size (2, 2)

Dropout 10%
7–8 Residual block of 32 feature maps
9–10 Residual block of 32 feature maps
11 Max pooling layer of size (2, 2)

Dropout 10%
12–13 Residual block of 64 feature maps
14–15 Residual block of 64 feature maps
16 Max pooling layer of size (2, 2)

Dropout 10%
17–18 Residual block of 64 feature maps
19–20 Residual block of 64 feature maps
21 Max pooling layer of size (2, 2)

Dropout 10%
22–23 Residual block of 64 feature maps
24–25 Residual block of 64 feature maps
26 Max pooling layer of size (2, 2)

Dropout 10%
27–28 Residual block of 64 feature maps
29–30 Residual block of 64 feature maps
31 Max pooling layer of size (2, 2)

Flattening layer converting the tensor to a vector
32 Dense layer of 64 nodes with ReLu activation
33 Dense layer of one node with sigmoid activation
34 Output layer
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divided into 80% (n = 194) training and 20% (n = 49) validation sets. The annotated 
regions in the WSIs were cropped and subsequently split into non-overlapping 
image patches of 128 × 128 pixels resulting in 1,894,928 training patches and 
210,737 validation patches. The model was then trained for 100 epochs with the 
validation set being employed at the end of each epoch to track model convergence. 
The final model was selected in a way to minimize the error on the validation set 
(epoch number 78) and was subsequently locked down. The model was then evalu-
ated using sensitivity, specificity, and accuracy as metrics on the five held-out WSI 
test images. These test images were exhaustively annotated for all tumors.

�Results and Discussion

On the validation set (n = 49), the model yielded an 88.53% sensitivity, a 91.56% 
specificity, and a 90.04% accuracy. These performance metrics reflect the pixel-
level detection accuracy with respect to the manually delineated ground-truth can-
cer masks from the pathologist. On the held-out testing set (n = 5), the model yielded 
an 81.36% sensitivity, a 95.14% specificity, and an 88.25% accuracy. Three repre-
sentative test images are shown in Fig.  6.3 where the first column displays the 
patch-wise probability of tumor presence (note: only probabilities >0.5 were shown) 
of the ResNet classifier and the second column shows the corresponding manually 
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Fig. 6.2  The overall flowchart of the tumor detection model construction and evaluation. A set of 
243 WSIs were used for training and validation purpose, in which the tumor and non-tumor patches 
were extracted from the annotated regions and fed into the ResNet model. In the testing phase, five 
independent WSIs were used to evaluate the tumor segmentation performance
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produced ground truth of tumor extent. Most of the tumor regions appear to have 
been successfully delineated by the model, as evidenced both visually and quantita-
tively. A few regions appeared to be false-positive regions (green arrows in Fig. 6.3). 
We checked the “false-positive” regions generated by the deep learning model and 
found that a portion of these regions appear to be normal epithelium tissue which is 

Deep learning Manual

high

low

high

low

high

low

a b

c d

e f

Fig. 6.3  Qualitative comparison between the patch-wise tumor detection model output (left col-
umn) and the manual annotation (right column) on the testing images. The tumor heat maps are 
overlaid on top of the image (note: only probabilities >0.5 were shown). Most of the tumor regions 
appear to be successfully delineated by the model; green arrows indicate the false-positive regions 
compared to the manually annotated tumor regions
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similar in appearance to the cancer region. Additionally, more than half of these 
“false-positive” regions were indeed genuine tumor regions that were unintention-
ally missed by the annotator. In other words, most of these were “false-negative” 
ground-truthing errors by the expert reader.

In this study, two kinds of annotations were prepared: one involved non-
exhaustive polygon shape annotation which requires less time to obtain and the 
second set of annotations were more exhaustive and labor intensive and yielded 
more precise tumor delineation. Based on the experimental results, the non-
exhaustive polygon shape-based annotation appears to be reasonable for training a 
deep learning model for disease detection on WSIs. However, when it comes to 
model evaluation, the performance of the model is inevitably underestimated on 
account of the lack of sufficient granularity associated with the ground-truth annota-
tion on a per-pixel basis.

Since we have a fairly large number of patches for training a model, nearly 
2,000,000 patches at 20× magnification (not accounting for the augmentation 
patches), we chose a popular network architecture, ResNet [30]. This model at 
median size comprises 646,353 trainable parameters. The rationale behind the 
choice of ResNet was that we wanted to use a relatively deep model, compared to 
the traditional AlexNet [24] which contains five convolutional layers [19, 24], to 
learn complexity tumor pattern of oropharyngeal cancer and also to account for the 
stain variations. However, as the network goes deeper, the training becomes harder 
due to the vanishing gradient problem [30]. ResNet solves this problem and makes 
the training more efficient.

We chose 20× magnification as the image resolution for training the model since 
our goal was to learn patterns of the tumor in detail and thus reduce computational 
complexity. We found that the performance of a model trained at 40× magnification 
was comparable to that trained at 20× magnification and achieved better results 
compared to corresponding models trained at 10× magnification and below. The 
WSIs were collected from two different sites; thus stain variation was present. In 
order to avoid the influence of stain variation, we applied brightness and contrast 
augmentation [34] for all image patches. This encourages the model to pay less 
attention to color-specific information in the slide images. Instead it encourages the 
model to focus on learning patterns which can better discriminate tumor from non-
tumor regions. In fact, our model trained with color augmentation resulted in an 
accuracy of 90% compared to corresponding models trained without augmenta-
tion (86%).

This study did, however, have its limitations: (i) by employing a model to work 
at 20× magnification, the approach is still computationally expensive. One strategy 
going forward might be to adopt a multi-resolution approach where only locations 
identified as suspicious at much lower magnifications are interrogated at 20× [35]. 
(ii) The test set only comprised five WSIs. Clearly before this approach can be 
deployed in a clinical context, much larger independent multisite testing is 
warranted.
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�Perspectives and Future Directions

In this study, we presented an automated tumor detection model for p16+ oropha-
ryngeal squamous cell carcinomas using H&E-stained whole slide images. The 
tumor detection model yielded an accuracy of about 90% in both of the validation 
and test cohorts. A notable takeaway of this study is the fact that the high accuracy 
was achieved by using a training set comprised of non-exhaustive polygon shape 
annotations of the tumor. Such an accurate and efficient tumor detection model 
could be used for early detection of disease and the prediction of aggressiveness in 
OPSCC, which could improve the patients’ survival to manage their therapeutic 
strategies appropriately. One future work will entail coupling this automated tumor 
detection approach with downstream quantitative histomorphometric-based digital 
biomarker for risk stratification and prognosis prediction.
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Chapter 7
Salivary Biomarkers for Non-invasive 
Early Detection of Head and Neck Cancer

Shilpa Kusampudi and Nagarjun Konduru

�Introduction

The gold standard for tumor detection and its genetic profiling involves the use of 
tissue biopsies. The limitations associated with tissue biopsies include their invasive 
nature, patient risk, sample preparation, procedural costs, and sensitivity in detect-
ing a tumor. The accuracy of various biopsy modalities is affected by a lack of abil-
ity to cover the clinical heterogeneity spectrum [2].

Due to the inherent limitations of tissue biopsies, current research in cancer diag-
nostics is striving toward the development and use of liquid biopsies for tumor 
detection. Liquid biopsies use relatively accessible biological sources such as blood, 
urine, saliva, stool, pleural effusions, and cerebrospinal fluid [2, 3]. Tumor-derived 
genetic information for cancer diagnosis, screening, and prognosis is obtained while 
performing liquid biopsy from circulating tumor cells (CTCs), circulating tumor 
DNA (ctDNA), and exosomes [1]. Establishment of liquid biopsies would enable 
early tumor detection, monitoring, and recognition of resistance mutations.

Liquid biopsies analyze circulating tumor-derived material, which is called the 
tumor circulome. Tumor circulome includes circulating tumor proteins, ctDNA, 
CTCs, tumor-derived extracellular vehicles (EVs), and their constituents, including 
circulating tumor (ct) RNAs and tumor-educated platelets (TEPs) (Fig. 7.1). ctDNA 
provides information on mutations, deletions, gene amplification, methylation pat-
terns, and translocations. CTCs are a rich source of genomic, proteomic, transcrip-
tomic, and cytogenetic information and can be cultured ex  vivo. EVs provide a 
molecular fingerprint for the tumor cells based on origin. DNA, RNA, and protein 
(both surface and intraluminal) of EVs serve as cancer biomarkers. These molecular 
constituents (nanobiopsies) of the EVs reflect the makeup of the tumor cell and 
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origin. ctRNAs include micro-(mi)RNA expression panels, long non-coding (lnc) 
RNA expression, and circulating RNA associated with EV. They provide quantita-
tive biomarker information such as tumor-specific alternative splicing and gene 
fusions. TEPs contain tumor-derived RNAs and tumor-induced, alternatively spliced 
transcripts and, hence, act as a source of biomarker information [2].

The first significant milestone in this field was reached with the US Food and 
Drug Administration (FDA) approval for ctDNA and CTCs [2]. Lung cancer diag-
nosis through liquid biopsy using ctDNA was approved in 2016 by the US FDA [4]. 
The main drawback with CTCs, however, is the need for extremely sensitive and 
specific approaches for their detection and analyses [5]. In head and neck oncology, 
development of non-invasive diagnostic tools is a challenge. Circulating tumor 
derivatives such as ctDNA, CTC, and exosomes in a patient’s blood are explored for 
analysis [6–8]. Research on biological activity and molecular function of EVs has 
been scant in head and neck cancers (HNCs) [9]. Therefore, this chapter would 
discuss the role of EVs in the diagnosis of HNC.

TUMOR CIRCULOME

Circulating tumor
DNA

Circulating tumor
Proteins

Circulating
tumor cells

Tumor-derived
extracellular vesicles

Circulating
tumor RNAs

Tumor-educated
platelets

Fig. 7.1  Components of tumor circulome
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Patients with HNC are often diagnosed at an advanced stage of the disease. The 
HNC burden is measured through sophisticated imaging and clinical examination, 
but there is a dearth of available biomarkers. Implementation of a liquid biopsy 
through serial blood sampling has the potential to detect metastatic events at the 
earliest stages in HNC and, therefore, would enable monitoring of ongoing treat-
ments and residual disease posttreatment [8, 10].

�Extracellular Vesicles

EVs include different vesicles based on their biogenesis and release pathway, such 
as exosomes, microvesicles (MVs) (deciduous MVs, particles, ectosomes), shed-
ding MVs, apoptotic blebs, virus particles, virus-like particles, and oncosomes [9, 
11]. EVs have a diameter ranging between 30 and 1000 nm [12]. They are known to 
carry mRNA, miRNA, DNA, protein, lipids, membrane lipids, membrane proteins, 
cytoskeletal proteins, protein chaperones, and virus miRNA [9]. EVs are easy to 
isolate from plasma [13], urine [14], cerebrospinal fluid [15], amniotic membrane 
fluid [16], bronchoalveolar lavage fluid [17], synovial fluid [18], malignant ascites 
[19], breast milk [20], and saliva [21].

EVs are involved in various cellular processes such as intercellular communica-
tion, cellular homeostasis, coagulation, and waste management and have special-
ized functions [22]. These vesicles have also been reported to influence recombination 
of the extracellular matrix as well as angiopoiesis. They also create a microenviron-
ment that helps in transformation and transferring of tumor cells, leading to cancer 
drug resistance and metastasis [9, 23]. The potential of EVs as a novel source for 
biomarkers in diagnosis, prognosis, and therapy in modern preventive and precision 
medicine has been discussed by several researchers [9, 24, 25]. The properties and 
functional mechanisms of some EVs, such as exosomes, deciduous MVs, ecto-
somes, particles, virus particles, virus-like particles, and oncosomes, are not entirely 
elucidated [9].

Two main types of EVs include exosomes and MVs. Both vesicle types are mem-
branous high-density vesicles which exhibit similarity in cytoskeletal proteins, 
membrane lipids, and external phosphatidylserine composition, but the vesicular 
structures exhibit differences in morphology, shape, size, density, and their biogen-
esis [9, 26].

�Exosomes

These small lipid bilayer membrane vesicles with diameters ranging from 40 to 
150 nm [27, 28] exhibit an enriched surface of proteins, including components of 
the endosomal sorting complexes required for transport complexes (ESCRT com-
plexes); fusion and transport proteins (Rab GTPases, annexins, and flotillin), some 
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of which are involved in multivesicular endosome (MVE) biogenesis (e.g., Alix and 
Tsg101); integrins; tetraspanins (CD9, CD63, CD81, CD82); and heat shock pro-
teins (HSP70, HSP90) [28–30]. The presence of exosomes in the tumor microenvi-
ronment suggests their importance in tumorigenesis, tumor invasion, and metastasis 
since they can act as promoters of tumor progression or possess an anti-tumor func-
tion [28, 31]. Based on the mode of biogenesis, cell type, and physiological condi-
tions, exosomes are a source of numerous types of cell-derived biological molecules, 
such as proteins, lipids, mRNAs, miRNAs, lncRNAs, genomic DNA, cDNA, and 
mitochondrial DNA (mtDNA) [32] (Table 7.1). Exosomes can be released abun-
dantly by different types of cells into the body fluids, such as amniotic fluid, ascites, 
bile, blood, breast milk, cerebrospinal fluid, lymph, semen, saliva, tears, and urine, 
in both healthy and diseased conditions [33]. Exosomes form when MVEs fuse with 
the cytomembrane after inward budding of MVEs via regulation of various signal 
molecules (Fig. 7.2). Exosome protein components vary from cell tissues to a large 
extent, and they share some standard essential components consistent with the cel-
lular tissues from which they are mostly derived. Exosomes recognize and fuse with 
recipient cells specifically, transport autologous substances into them, and lead to 
changes in biological function [9].

�Microvesicles

MVs form as cytomembrane blisters outward [34] through changes in the intracel-
lular calcium ion concentration and cytoskeletal reconstitution. They have diame-
ters ranging between 100 and 1000 nm [9, 34]. The formation of MVs depends on 

Table 7.1  Differences between exosomes and microvesicles

Exosomes Microvesicles

Origin Endocytic pathway Plasma membrane
Formation Exosomes form when 

multivesicular endosomes 
(MVEs) fuse with the 
cytomembrane after inward 
budding of MVEs via regulation 
of various signal molecules

Microvesicle (MV) formation depends on the 
activation of cell surface receptors, and 
cytomembrane blisters outward to form MVs 
through changes in the intracellular calcium 
ion concentration and cytoskeletal 
reconstitution

Size 40–150 nm 100–1000 nm
Markers ESCRT complexes; Rab 

GTPases, annexins, and flotillin; 
Alix and Tsg101; integrins; 
CD9, CD63, CD81, and CD82; 
and HSP70 and HSP90

Phosphatidylserines, integrins, selectins, and 
CD40 ligands

Differential 
centrifugation

100,000 g 10,000 g
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the activation of cell surface receptors, and their dynamic molecular organizations 
depend on the cell type and its activated state. Phosphatidylserines, integrins, selec-
tins, and CD40 ligands are the surface markers distinguishing them based on cell 
origin [9, 29] (Table 7.1 and Fig. 7.2).

The significance of human tumor-derived vesicles (TDVs) in the diagnosis of 
several types of cancers, including breast, lung, ovarian, prostate, colon, and gastric 
cancer, has been reported [9]. However, based on the source of the extracted body 
fluids, TDVs have different properties, such as their complexity, range, and viscos-
ity. They include exosomes and MVs secreted via different kinds of cells, including 
malignant cells, healthy cells, and immune cells.

Differential centrifugation is the most common method for extraction of exo-
somes and MVs. The initial step involves removal of cell debris and contaminants 
followed by either 10,000 g or 100,000 g high-speed centrifugation to obtain MVs 
or exosomes, respectively [29, 35]. The body fluids and cell culture supernatants are 
generally contaminated by other apoptotic vesicles, cell debris, and protein aggre-
gates; hence, additional filtering steps post centrifugation or density gradient cen-
trifugation are performed [9, 36]. As MVs also have 100  nm size range which 
overlaps with the size range of exosomes (40–150 nm) [29, 37], confirmatory tests 
need to be performed [38]. The identification of biomarkers specific for exosomes 
and MVs has allowed efficient differentiation and purification of the two EVs. The 
identity of the isolated EV type is further confirmed through immunoblotting, mass 
spectrometry, and imaging techniques. Recent advances in technology also allow 
separation and quantification of exosomes and MVs via high-throughput analysis of 
immunolabeled vesicles using a high-resolution flow cytometry-based method, 
which was not possible using the conventional flow cytometers, as they could sepa-
rate only vesicles smaller than 300 nm [29].

Golgi complex
Multivesicular
Body

Endosome
Nucleus

RNA Protein

Release

Microvesicles
Phosphatidylserines,
Integrins, Selectins,

CD40 ligands

Exosomes
ESCRT complexes, Rab

GTPases, Annexins,
Flotillin, Alix and Tsg101,

Integrins, CD9, CD63,
CD81, CD82, HSP70

HSP90

Endoplasmic
Reticulum

Degradation

Lysosome

Fig. 7.2  Biogenesis of exosomes and microvesicles
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�Diagnosis of Head and Neck Cancers

Cancers of the head and neck are among the top 10 cancers occurring globally based 
on the 2018 GLOBOCAN data, and their incidences are increasing every year. The 
term HNC refers to many anatomical sites of occurrence, such as the lip, oral cavity, 
salivary glands, oropharynx, nasopharynx, hypopharynx, paranasal sinus, and lar-
ynx. The two most common HNCs are oral cavity squamous cell carcinoma (SCC) 
and oropharyngeal carcinoma [9]. Though lifestyle factors are a common cause of 
HNC, viral infections can also cause these cancers [9], with human papillomavirus 
(HPV) commonly causing oropharyngeal carcinoma and Epstein-Barr virus (EBV) 
causing nasopharyngeal carcinoma. Exosomes are used by cancer cells and virus-
infected cells to regulate the microenvironment, and viruses possibly use exosomes 
to spread infection and escape acquired immunity [9].

HNCs are mostly diagnosed at an advanced stage due to the lack of awareness 
about the early symptoms, which are often confused with benign disorders lead-
ing to delayed diagnosis and higher mortality rates. Contemplating the challenge 
associated with diagnosis of HNC, there is a strong rationale to consider exo-
somes as potential diagnostic markers for HNC.  Protocols need to be further 
optimized to isolate and purify exosomes via non-invasive methods. As liquid 
biopsy samples are mostly viscous, depletion of albumin from urine or serum 
samples and dilution of viscous specimens, such as plasma and saliva, are con-
sidered [39]. The source of the exosomes and their role in HNC is outlined in 
Table 7.2.

Table 7.2  Source of exosome

Sample source of 
EVs EV markers Cancer Reference

Serum FasL+ microvesicles OCSS [40]
Serum LMP1 EBV-infected nasopharynx cancer [41]
Plasma of patients Galectin-9 Nasopharynx cancers [42]
Blood, plasma BART miRNA Nasopharynx cancer cells [43]
Serum CD63 Laryngeal carcinomas [44]
Serum miR-21 and HOTAIR Laryngeal carcinoma lymph node 

metastasis
[44]

Saliva PD-L1 Oral cancers [45]
Serum miR-24-3p Nasopharyngeal carcinoma [46]
Plasma MMP13-containing 

exosomes
Nasopharyngeal carcinoma [47]

Saliva miR-196a/b HNSCC [48]
Peripheral blood Viral BART miRNAs Nasopharyngeal carcinoma [43]
Plasma PD-L1 HNC [49]
Blood miR-21, miR-205, and 

miR-148b
Hypoxic oral cavity SCC [50]

Saliva CD63 Oral cancer [51]
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�Micro-RNAs

miRNAs are small non-coding RNA of 18–24 base pairs and are the most common 
genetic material in exosomes. Cancer researchers consider miRNA as a new prom-
ising class of potential diagnostic biomarkers due to their association with almost 
all kinds of cancers [9, 52, 53]. miRNA is regarded as an essential regulator of 
mRNA and protein expression, and it is actively secreted into the extracellular envi-
ronment and within exosomes [54]. miRNAs are produced by apoptotic and necrotic 
cells at times. They are thought to play an important role in cell-to-cell communica-
tion. miRNAs exhibit tumor suppression and affect oncogenes [55]. For example, 
miR-21 is one of the most common miRNAs in human cancers; it can suppress 
apoptosis genes and PTEN, thus increasing the survival rates of cells [9].

Upon exposure to salivary ribonucleases, endogenous salivary miRNA degrades 
at a slower rate in comparison to non-salivary miRNA [56, 57], as miRNAs are 
packed in exosomes, which protect miRNAs against degradation [58, 59].

Protection of circulatory miRNA against degradation is proposed by forming 
ribonucleoprotein complexes (i.e., with AGO2 or HDL proteins) or by being incor-
porated into extracellular vesicles, such as apoptotic bodies, shedding vesicles, and 
exosomes [60]. Also, circulating miRNAs encapsulated in MVs are protected 
against the activity of the RNases present in the blood, representing a more reliable 
method for evaluating circulating tumor miRNA signatures [33, 61].

�Saliva as a Source of Biomarkers for Diagnosis of HNC

In cancer biomarker research, it is essential to use standardized methods that allow 
for multiple collections with minimum variability and fluctuations, thereby facilitat-
ing early diagnosis, monitoring of disease progression, or treatment response [62]. 
The methods of sample collection also influence the proteomic screening for bio-
markers [39].

Saliva is preferred for biomarker studies due to its ease of collection [63], and 
detection of secreted molecules directly from the saliva of patients with HNC pro-
vides opportunities toward the development of non-invasive diagnostics. However, 
using saliva for diagnosis has its limitations. The concentration of biomarkers and 
the composition of saliva may be influenced by circadian fluctuations [64], or it may 
vary based on the method of saliva collection [65]. The oral microenvironment and 
patient conditions mostly influence the protein composition of whole saliva. These 
hurdles limit the use of saliva in the circumstances requiring multiple sample collec-
tions for disease monitoring. Therefore, sample collection from individual salivary 
glands would provide specific information for the examination of particular gland 
diseases. In the case of the salivary exosome, viscosity and cellular contamination 
of the whole saliva (WS) versus glandular saliva make it a less than ideal medium 
for exosomal isolation [39].
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Saliva is a biological fluid that originates from three pairs of major salivary 
glands located near the upper posterior teeth (parotid), under the tongue (sublingual, 
SL), and on the floor of the mouth (submandibular, SM) [66]. Saliva is a complex 
mixture consisting of 99% water and less than 1% proteins (i.e., immunoglobulins, 
hydrolases, mucins), lipids, carbohydrates, electrolytes, and other low-molecular-
weight components (e.g., urea and ammonia) [67].

WS is a combination of secretions produced from the parotids and SM and SL 
glands. The parotids produce serous secretions, whereas the SM and SL glands 
produce mixed secretions that are both serous and mucinous. Of the proteins found 
in saliva, 65% are synthesized from the SM glands [68], and 20–30% are trans-
ported from blood capillaries into the saliva [69]. WS consists of proteins such as 
amylase, mucins, histatins, and cystatins, microorganisms, cellular debris, gingival 
crevicular fluid (GCF), and serum components [39, 70].

Saliva collection is a relatively simple and non-invasive procedure and can be 
performed in two different ways: unstimulated WS (UWS) and stimulated WS 
(SWS). UWS is collected by spitting, suction, drool, or swab, whereas the SWS is 
obtained using a stimulant, such as citric acid, or with the reflex masticatory 
response of a standardized bolus (e.g., paraffin or a gum base) [70]. The yield of 
SWS is threefold higher in volume compared to UWS [71]. The two methods of 
saliva collection (UWS and SWS) exhibit differences in protein ratios, ions, and 
water content that might give rise to the discovery of different biomarker subsets 
[39]. UWS is used majorly for diagnostic biomarker studies. The main advantage of 
UWS is that it is less influenced by salivary gland function and provides a more 
precise reflection of an equilibrated state with the systemic clinical condition [39]. 
In contrast, SWS is less suitable for diagnostic applications due to the use of a 
stimulant agent which changes salivary composition (i.e., pH) and might dilute the 
biomarker concentration as a result of increased water production in the saliva [72]. 
However, the use of SWS for diagnosis is suggested to allow biomarker detection, 
and this field is still evolving [39, 73].

Investigation of saliva as an alternative biological matrix remains a potentially 
useful paradigm in oral cavity SCC due to the direct contact with the diseased tis-
sue. Early diagnosis of HNC would improve survival; hence, the use of salivary 
biomarkers may help in early-stage tumor detection. Because of the ready availabil-
ity of saliva and ease in processing, a saliva-based diagnostic approach would be 
advantageous in understanding the molecular basis of oral diseases [39].

�Salivary Markers in HNC

Mass spectrometry-based salivary proteomic analyses have been applied to HNC 
[74], and so far more than 3000 proteins have been identified in saliva [39, 72, 75].

•	 It has been observed that during HNC, alpha-1-B glycoprotein and complement 
factor B were found to be present in patients, but not in healthy controls [62].
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•	 Salivary endothelin levels [76] and fibrin, S100 calcium-binding protein, trans-
ferrin, Ig heavy chain constant region, and cofilin-1 levels increased in saliva of 
patients with head and neck (HN) SCC in comparison to the control group [77]. 
The differences in protein expression are associated with tumor progression and 
metastasis, making it a potential tool in monitoring patients at risk for oral neo-
plasms [39].

•	 Soluble CD44 is the most promising candidate in the detection of HNSCC and 
can differentiate between malignant and benign lesions [78].

•	 Cytokeratin 19 fragment (Cyfra21-1), tissue polypeptide-specific antigen (TPS), 
and cancer antigen 125 (CA-125) levels increase by fourfold in the saliva of 
patients with oral cavity SCC [39, 79].

Saliva is a compound fluid containing several proteins (amylase ∼60%) [80], 
proline-rich proteins (acidic, basic, and glycosylated), statherins, and histatins 
[81]. These abundant proteins may mask the important biomarkers present at rela-
tively low concentrations [39, 77]. Salivary exosomes are believed to overcome 
this problem in oral tumors. The exosome/MV subfraction reduces the complexity 
of the whole fluid and also enriches the cancer-specific antigen concentration. 
Saliva is expected to be enriched with tumor-secreted biomarkers as a result of 
direct contact with both premalignant and malignant oral neoplasms. Moreover, 
tumor cells shed salivary vesicles containing oncogenic surface molecules such as 
CD44 and CD95L, which are even soluble in saliva and serve as HNC biomark-
ers [39].

Zlotogorski-Hurvitz et al. (2019) conducted a study to determine the Fourier-
transform infrared (FTIR) spectra of salivary exosomes from patients with oral can-
cer and healthy individuals (HI) as infrared (IR) spectroscopy is a non-destructive 
method that can investigate solid tissues, fluids, and cells [82]. It acts on the prin-
ciple of vibrating molecular bonds, and the resulting absorption wavelengths, which 
depend on the involved atoms and the strength of intermolecular interactions, deter-
mine the chemical profile of a specific material. FTIR spectroscopy coupled with 
computational methods can provide fingerprint spectra of benign tissues and their 
counterpart malignant tumors with a high rate of accuracy [83–85]. Oral cancer sali-
vary exosomes display a specific IR spectral signature, which is distinguished from 
HI exosomes based on subtle changes in the conformations of biomolecules such as 
proteins, lipids, and nucleic acids. This non-invasive method should be further 
investigated for the diagnosis of oral cancer at its very early stages or in oral lesions 
with potential for malignant transformation [82].

�Characterization of MVs and Exosomes in Saliva

As stated above, saliva is said to be an ideal fluid for oral cancer diagnostics [86]. 
Exosome isolation from saliva has been optimized [87, 88], and this small fraction 
reduces the overall complexity of oral fluid caused due to local and systemic sources 
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[89]. Non-neoplastic epithelial cells from salivary glands release exosomes [90], 
and constitutive exosome production has also been reported in cultures of various 
neoplastic cells [27].

Due to the versatile and dynamic nature of the exosomes, pathological condi-
tions have been found to influence the exosome composition. Saliva-derived vesi-
cles of oral cancer show variation in size, density, and CD63 expression in 
comparison to the saliva of individuals without cancer. Exosomes from individuals 
with HNSCC range from 20 to 400 nm in size. They exhibit aggregation and display 
an increased expression of the CD63 membrane marker [51].

Unlike exosomes isolated from urine or blood, large datasets of cancer-derived 
exosomes from saliva are not available. Proteomic analysis of exosomes derived 
from saliva reduces the complexity in comparison to WS [91]. Exosomes would be 
specific in a study involving certain salivary gland disorders, whereas WS would 
be more informative for oral cancer detection [92]. Fractionation of human WS 
using gel exclusion chromatography [93] exposed the presence of exosome I and 
exosome II. Both exosomes display protein markers like CD63, Alix, Tsg101, and 
HSP70 but differ in size, density, and protein content, reflecting the heterogeneity 
of salivary exosomes. Ogawa et al. (2011) found exosome I to have an electron-
dense structure with larger size in comparison to exosome II [93]. Exosome II has 
size and shape similar to the exosomes from other sources [93]. These differences 
in salivary exosomes may imply origin of exosomes from different salivary glands 
which might be the reason for the variance in the two salivary exosomes [93]. The 
differences and commonalities of exosome I and II are discussed in Table  7.3. 
Characterization of salivary vesicles needs to be improved in order to define the 
function of these vesicles in the oral cavity. Low concentrations of exosomes in 
saliva stand as a limitation for functional studies with translational applications; 
on the other hand, the protein yield from MVs is eight times greater than that of 
exosomes, and both are collected from an equal volume of WS [39, 94].

Though there is a significant overlap of both salivary exosomes and MV proteins, 
salivary MVs contain specific proteins, which may perhaps be potentially informa-
tive for early detection of various oral diseases. Therefore, the identification of 
promising markers in salivary exosomes or MVs will possibly provide a valid 
screening tool for early disease onset in oral cancer [39].

As oral cancer is a complex disease, several factors should be considered 
when investigating oral cancer exosomes in saliva. The tumor site may have a 
profound impact on the route of entry for cancer exosomes. For example, among 
tumors on the tonsils, buccal mucosa, and tongue, tonsillar tumor exosomes may 
not be detectable in the patient’s saliva in comparison to tumors on the buccal 
mucosa or the tongue. Due to the anatomical complexity of the oral compart-
ment, cancer exosomes found in very low abundance at early stages of tumor 
development pose a challenge to the researchers [95]. Identification of specific 
early cancer-specific exosomal markers may offer a solution for early cancer 
detection.
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�Treatment of Cancers Using Exosomes

Exosome-Based Immunotherapy  Exosomes of dendritic cell origin have been 
developed as immunotherapeutic anticancer agents [96].

Exosome Removal for Cancer Therapy  Inhibition of exosome formation has been 
observed using a drug named amiloride [97].

Exosomes as Anticancer Drug Delivery Vehicles  Due to the excellent biodistribu-
tion and biocompatibility of exosomes, their use as nucleic acid or drug delivery 

Table 7.3  Differences and commonalities in exosome I and exosome II

Exosome I Exosome II Reference

Average 
diameter

83.5 nm 40.5 nm [110]

Exosomal 
biomarkers

Alix, tumor susceptibility gene 
101 (TSG101), and heat shock 
protein (HSP) 7, immunoglobulin 
(Ig) A and the polymeric Ig 
receptor (pIgR), CD63

Alix, tumor susceptibility 
gene 101 (TSG101), and heat 
shock protein (HSP) 7, 
immunoglobulin (Ig) A and 
the polymeric Ig receptor 
(pIgR)

[93]

Number of 
proteins 
identified

101 154 [93, 110]

Proteins highly 
expressed

Ezrin, moesin, radixin, Rab GDP 
dissociation inhibitor β, 
α-enolase, guanine nucleotide-
binding protein Gi/Gs/Gt subunit 
β-1, and annexins, mucin 5B

DPP IV, carbonic anhydrase 
6, cystatin family proteins, 
IgG, Fc-binding protein, and 
galectin-3-binding protein

[93, 110]

Moesin 
expression

Yes No [93]

Properties Proteomic properties Proteomic properties, exhibit 
better immunogenicity, 
metabolically active in 
cleaving chemokines 
(CXCL11 and CXCL12), 
degradation of polypeptides

[93, 110]

Possible origin Ductal, acinar, or both cell types; 
sublingual gland, B cells

Ductal, acinar, or both cell 
types; parotid gland and 
submandibular glands

[93]

Commonality Contain cell surface and cytoskeletal proteins; Alix, tumor 
susceptibility gene 101 (TSG101), and HSP70, 
immunoglobulin (Ig) A and the polymeric Ig receptor (pIgR), 
GW182, CD63, actin, DPP IV, and galectin-3
Alpha-amylase and proline-rich proteins were detected in small 
amount or not detected at all
68 proteins overlap

[93, 110]
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vehicles has gained interest [98]. Exosomes can be utilized as capable vehicles for 
drug delivery and have been tested to deliver active drugs such as paclitaxel 
[99, 100].

Exosome-Mediated Delivery of Therapeutic Short Interfering (si) RNA  Delivery 
of siRNA to the target cells induces cell death in recipient cancer cells via effective 
posttranscriptional gene silencing [101, 102].

�A Novel Therapeutic Strategy

siRNA  Liquid biopsies provide information about the biomarker mRNAs as cancer 
cells exhibit increased expression of specific mRNAs. These mRNAs can be blocked 
by a chosen exosomal siRNA-based targeted therapy [103].

miRNA  This highly conserved class of small (18–22 nucleotide) non-coding RNA 
molecules controls all gene expression through the targeted suppression of mRNA 
translation [104]. Inhibiting cancer-specific miRNAs with anti-sense oligonucle-
otides, or mimicking miRNAs with tumor suppressor function, has therefore long 
been muted as a potential therapeutic strategy in cancer [103].

lncRNA  This class of regulatory non-coding RNA that exceeds 200 nucleotides in 
length acts simultaneously with DNA-binding proteins and other elements to epige-
netically regulate DNA transcription [105]. The lncRNAs have been found to par-
ticipate in crucial biological processes of both physiology and disease, and during 
malignant transformation, lncRNA expression is found to be dysregulated [106]. 
Exosomes have been found to contain lncRNAs [107]. Cellular sorting of lncRNAs 
into exosomes is a highly regulated process, which is disrupted as a response to 
paracrine signals from the tumor microenvironment [103].

�Research Perspective

We are far from fully understanding the fundamental biology of salivary biomark-
ers; some achievements have been made aiming at developing a device for specific 
salivary biomarker detection [60]. Protein polymorphisms in saliva and degradation 
due to protein instability in stored samples have made saliva a difficult source for 
biomarker research [108], due to low concentrations of saliva substrate (thousand-
fold less than those in the blood) [109]. Further research is required to translate sali-
vary diagnostics into routine clinical practice to improve cancer diagnosis and 
reduce mortality [60].

Identification of biomarkers that predict the onset of HNC or response to therapy 
is of clinical importance. Exosomal ncRNAs provide relevant biological 
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information on cancer, which would aid in the development of therapies specific to 
varied types of cancers. Further large-scale and randomized studies are required to 
better define the potential role of exosomes as diagnostic or prognostic markers for 
cancer [103]. Salivary exosome would prove to be a perfect source for finding a 
biomarker that can aid in early detection of oral cancer through a simple saliva test.
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Chapter 8
Surgical Ablative Treatment  
of Head and Neck Cancers

Robin T. Wu, Vasu Divi, and Karl C. Bruckman

�Introduction

Head and neck anatomy centers on function and aesthetics. Structures such as the 
mandible and the larynx, while millimeters in separation, serve vastly disparate 
occupations. As such, tumor extirpation can be particularly morbid.

Transoral excision of superficial tumors in the oral cavity was reported as early 
as the fifth century. In the 1800s, Billroth and Von Langenbeck described the lower 
lip split and mandibulotomy for access to elaborate tumors [1]. Kocher then pio-
neered the submandibular resection, allowing proximal vascular control and reduced 
need for mandibulotomy. A great advancement in surgical visualization came when 
Garcia refined the indirect laryngoscopy by experimenting on his own larynx. In 
1873, Billroth initiated the first laryngectomy for cancer, albeit with profound mor-
tality rates due to aspiration and sepsis [2].

The forefather of modern head and neck surgery was George Crile, who pub-
lished his extensive experience in the early 1900s. After reviewing his cases from 
1899 to 1906, Crile advocated for en bloc resection of neck lymphatics, improving 
survival rates from 19% to 75% [3, 4]. Martin added the level I–V modified radical 
neck dissection for metastatic neck disease.

Towards the late twentieth century, new technological advances have allowed for 
decreased morbidity. In rapid succession, Jako and Kleinsasser developed microlar-
yngoscopy [5], Polanyi invented the CO2 laser [6], and Jako and Strong reported 
using the two in combination [7].

R. T. Wu · K. C. Bruckman (*) 
Division of Plastic & Reconstructive Surgery, Department of Surgery, Stanford University 
School of Medicine, Stanford, CA, USA
e-mail: Bruckman@stanford.edu

V. Divi
Division of Head & Neck Surgery, Department of Otolaryngology, Stanford University 
School of Medicine, Stanford, CA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69859-1_8&domain=pdf
https://doi.org/10.1007/978-3-030-69859-1_8#DOI
mailto:Bruckman@stanford.edu


168

While techniques have flourished, the principles are steadfast. Tumor ablation is 
the primary modality to prevent progression and metastasis. Resection with clean 
margins must weigh multi-functional morbidities of the head and neck. Perhaps 
paramount of which is lengthy discussion with the patient regarding individual 
goals. Ninety percent of head and neck cancers are squamous cell carcinomas (SCC) 
[8]; thus the focus of this chapter will be the ablative management of head and neck 
SCC, upon which resection of other malignancies are often mirrored.

�General Principles

�Elective Tracheostomy

Aspiration and airway edema, risking loss of airway, are serious sequelae of head 
and neck cancer resection. Guidelines for elective tracheotomies are controversial. 
Grading systems exist such as the clinical assessment scoring system for tracheos-
tomy (CASST) including a variety of surgical and patient factors (Table 8.1) [9].

Generally, those with increased secretions such as patients with chronic aspira-
tion, patients with posterior tongue tumors with potential of tongue fall, and those 
with a free or pedicle flaps for airway reconstruction will require prolonged airway 
control with a tracheotomy. Those with large tumors encroaching on the airway will 
often need an urgent tracheotomy or urgent surgical resection with elective trache-
otomy in anticipation of postoperative swelling. Generally speaking, the most com-
mon indication for tracheostomy is in patients diagnosed with laryngeal cancer [10].

Tracheotomies are performed prior to tumor resection. An open tracheotomy is 
performed, and an endotracheal tube is advanced for ventilation during the 

Table 8.1  Gupta et al. developed the CASST grading system to predict the need for tracheostomy 
with a sensitivity of 95.5% and a negative predictive value of 99.3% [9]

Major criteria Points
Previous radiation in same region of surgery 2
Resection of two more sub-site of oral cavity or oropharynx 2
Bilateral neck dissection 2
Extended hemi- or central-arch mandibulectomy 2
Bulky flap used for reconstruction 2
Flap causing compression (e.g., use of a reconstruction plate, 
intact mandibular rim)

2

Minor criteria
Age > 65 years 1
Previously operation at the same site 1
Trismus 1
Pathological CT chest findings (e.g., COPD, emphysema) 1
Total score < 6 No need for tracheostomy
Total score > 7 Likely need for tracheostomy
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procedure. Decannulation rates are high, studies reporting up to 88.5%, and should 
be carried out when secretions are controlled and mechanical ventilation is no lon-
ger required [11].

�Feeding

High rates of dysphagia exist after head and neck cancer surgery, further com-
pounded by treatment- and disease-related cachexia. Malnutrition complicates cura-
tive goals and increases morbidity with each treatment step. Thus, many clinicians 
opt for prophylactic feeding tube placement at the time of surgical resection or at the 
onset of swallowing compromise [12].

One review from Moffitt Cancer Center identifies body mass index below 25, 
tumor stage three or greater, and a cumulative cisplatin dose great than 200 mg/m2 
as the factors most associated with percutaneous endoscopic gastrostomy tube 
placement [13]. As high as 60% of patients undergoing chemoradiation for head and 
neck cancer undergo feeding tube placement which remain for a median of 9 
months. However, most studies fail to find significant improvements in morbidity or 
survival with feeding tube placement [14–19].

There is little consensus among institutions regarding practices for prophylactic 
feeding tube placement. At this juncture, authors do not recommend prophylactic 
placement without identified patient comorbidities. National Comprehensive 
Cancer Network (NCCN) guidelines currently identify (i) severe weight loss, (ii) 
symptomatic patients, (iii) risk for aspiration, and (iv) high-dose radiation as strong 
considerations for percutaneous endoscopic gastrostomy (PEG) placement 
(Table 8.2). The ease of modern endoscopic placement allows swift enteric feeding 
once malnutrition is identified. Likewise, open discussion should ensue prior to 
surgical resection to determine patient preference for feeding.

�Reconstruction

Head and neck reconstruction principles are complex and beyond the scope of this 
chapter, and it is been covered in the subsequent chapter in this volume. In general, 
surgical principles follow the reconstructive ladder. Small defects in the alveolar 
arch or hard palate can be allowed to granulate by secondary intention as scar con-
tracture is negligible. On the opposite spectrum, the free fibula flap has arisen as the 
work horse of mandibular reconstruction, with excellent aesthetic results and mini-
mal donor site morbidity.

A plastic surgery team should be involved early in surgical planning. Aesthetic 
and functional goals must be discussed thoroughly as final reconstruction may take 
years to complete.
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�Neck Dissection

Neck dissections are either comprehensive (radical and modified radical) or selec-
tive. The radical neck dissection is characterized by unilateral removal of lymph 
nodes in regions I–V, sacrifice of the spinal accessory nerve, internal jugular vein, 
and sternocleidomastoid, and is rarely used today.

In patients without palpable neck disease or concerning findings on imaging, 
elective treatment of the neck is pursued based on the probability of occult meta-
static disease. In general, if the risk of metastases is greater than 20%, treatment is 
considered [20, 21]. In particular, patients with nasopharyngeal, pyriform sinus, and 
base of tongue lesions with propensity for early lymphatic spread should be consid-
ered for elective neck treatment [22, 23]. The neck is managed by surgery or radia-
tion depending on the primary tumor management. Glottic tumors T1-2 are generally 
safe to defer any neck treatment; however, patients with advanced T3-4 tumors are 
recommended to undergo neck dissections or radiotherapy. Oropharyngeal, hypo-
pharyngeal, or supraglottic laryngeal tumors T2-4 often spread to the neck without 
palpable signs and should receive lateral neck dissections or radiation.

Patients with clinically positive neck disease are recommended to undergo com-
prehensive dissection. Those without adenopathy in level V can be considered for 
selective neck dissection as level V involvement is often rare. If extracapsular 
extension is present, adjuvant radiotherapy is delivered concurrently with chemo-
therapy. Individualized neck management will be discussed for each tumor type 
separately.

Table 8.2  Taken from the NCCN guidelines for head and neck cancer. With a copyright 
permission, the content adopted from [125]

Global nutrition recommendations for patients receiving (chemo)radiotherapy
Utilize oral intake as much as possible when maintaining safety
Monitor for the lifetime of the patient even well after therapy
Factors predicting limited enteral 
feeding requirement

Factors suggesting strong consideration of 
prophylactic PEG

Very good performance status as measured 
by the Eastern Cooperative Oncology 
Group (ECOG/WHO/Zubrod) score
No significant
Pretreatment weight loss
5% past 1 month
10% past 6 months
Airway obstruction
Dysphagia

Severe weight loss prior to treatment
5% past 1 month
10% past 6 months
Symptoms includes
Ongoing dehydration
Severe dysphagia
Anorexia
Odynophagia interfering with oral intake
Significant comorbidities requiring good oral intake 
for health maintenance
Severe aspiration in any patient
Any aspiration in an elderly patient or patients with 
compromised cardiopulmonary function
Patients anticipating high-dose radiation
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�Cutaneous Malignancies

�Basal Cell Carcinoma (BCC)

Low-risk BCC are categorized by primary tumors of nodular or superficial subtype, 
less than 10 mm on the cheek, forehead, scalp, or neck, without perineural invasion, 
and without history of radiation [24–26]. Resection involves 4 mm margins and 
Mohs micrographic salvage for positive margins. Curettage and electrodesiccation 
is an in-office alternative, but cannot evaluate for histologic margins.

High-risk BCC are of the morpheaform, basosquamous, sclerosing, mixed infil-
trative, or micronodular subtype, are greater than or equal to 10 mm, and involve the 
periorbita, eyebrows, nose, lips, chin, mandible, peri-auricular region, or temple and 
recurrent or history of immunosuppression/radiation. High-risk disease is managed 
upfront with Mohs surgery, which boasts lower recurrence rates and increased tis-
sue sparing than traditional resection.

�Squamous Cell Carcinoma (SCC)

SCC arise from premalignant actinic keratosis and are further stratified into low- and 
high-risk categories [27]. Low-risk SCC is a primary disease; less than 10 mm diam-
eter on the cheek, forehead, scalp, or neck; less than 2 mm in depth; and is Clark 
levels I–III, with well-defined border, without structural invasion, and in patients 
without prior radiation. Actinic keratosis and SCC in situ can be treated with in-
office cryotherapy, topical 5-FU, imiquimod, and other topicals. Lesions with a 
diagnosis of low-risk SCC is generally recommended for surgial excision with 
4–6 mm margins, with Mohs micrographic surgery reserved for positive margins.

A diagnosis of high-risk SCC includes lesions that are recurrent, are poorly 
defined, have more than 2mm in depth, Clark levels IV-V, demonstrate rapid growth, 
show structural invasion, involve the periorbita, eyebrows, nose, lips, chin, mandi-
ble, peri-auricular region, or temple, and are histologically aggressive. High-risk 
SCC is initially treated with Mohs surgery or can receive standard surgical excision.

�Melanoma

Following standard punch or incisional biopsies, head and neck melanomas are 
managed standardly with wide local excision [24, 25]. These include 1 cm margins 
for tumors with Breslow depth less than 1 mm, 1–2 cm margin for lesions 1–2 mm 
thick, and 2 cm margins for tumors more than 2 mm thick.

Special considerations exist based on anatomic location. In general, melanomas 
of the face are resected to the facial muscles, barring invasion of muscle and 
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underlying bone. Melanomas of the ear are considered for partial or total auriculec-
tomy, while those of the ear canal may require resection of temporal bone. Scalp 
melanomas are resected to the periosteum, and those that abut the periosteum may 
indicate outer table resection.

�Neck Dissection

BCC has very low rates of neck metastases and dissection is reserved for positive 
nodal disease [25–27]. SCC, on the other hand, can be considered for sentinel node 
biopsy in high-risk disease. Lesions that (i) are larger than 2 cm, (ii) have a depth 
greater than 4 mm, (iii) are on the lip or ear, (iv) have presence of perineural inva-
sion or poor differentiation, or (v) are in immunosuppressed patients have an 
increased risk of metastasis. Palpable disease warrants therapeutic neck dissection. 
Posterior scalp and neck SCC warrants posteriolateral neck dissection, involving 
suboccipital and retroauricular nodes.

Melanomas are relatively more complex to manage [24]. Patients with T2-3 
tumor, Clark levels IV–V, or ulcerative melanomas are treated with a sentinel node 
biopsy. Therapeutic neck dissection is indicated for palpable neck disease or posi-
tive sentinel nodes. Anterior scalp, temple, ear, and facial melanomas with positive 
sentinel nodes indicate superficial parotidectomy, as disease commonly metasta-
sizes to the parotid nodes. Posterior scalp and retroauricular melanomas also indi-
cate suboccipital and retroauricular dissection.

�Oral Cavity

Surgery is the primary modality of oral cancer ablation. Adjuvant radiation or 
chemoradiation supplements resection of advanced tumors. Early-stage oral tumors 
T1-2 often undergo transoral resection. Access to advanced or posterior tumors gen-
erally can be performed through a combined transcervical and transoral approach 
and is rarely facilitated by mandibulotomy.

�Lip

While basal cell carcinomas are most prevalent in the lip, SCC comprise 30% [28, 
29]. The lip is the most common site for cancer of the oral cavity. Lip resection 
poses an obvious cosmetic challenge, and concurrent reconstruction is always 
required.

In situ lesions are managed more conservatively with shave excision, topical 
5-fluorouracil, or imiquimod. Invasive lesions generally require formal excision, 
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with exception to select early stage commissure lesions that may be managed with 
radiation only, due to the complexity of reconstructing the oral commissure. All 
lesions should be assessed for mandibular or mental nerve involvement prior to 
excision. Neck metastases are rare (10%) and elective neck dissections for node 
negative disease are generally not recommended in T1-2 tumors; however should be 
considered in T3-4 disease [30].

�Tongue

Cancers of the tongue are not limited by anatomical barriers and are often more 
invasive, requiring comprehensive resection with 1 cm margins [31]. T1-2 lesions 
can be ablated with transverse wedge excisions or wide local excision with frozen 
sections [32, 33]. Large T2 lesions and posterior lesions classically mandated pull-
through or mandibulotomy, particularly for segmental resections. Extensive local 
disease mandates near-total or total glossectomy.

Resections limited to the oral tongue that encompass less than one quarter of the 
tongue volume can be closed primarily or skin grafted [34]. When more than one 
third of the tongue is resected, fasciocutaneous free flap reconstruction should be 
considered to restore tongue bulk and maintain mobility and is considered manda-
tory for patients with >50% tongue resection. Reconstruction is also dependent on 
the degree of floor of mouth involvement which can cause significant tongue tether-
ing. Unfortunately for large T3-4 lesions, even with reconstruction, total glossecto-
mies are complicated by chronic aspiration and breathing difficulties, and 
laryngectomy is occasionally indicated.

�Mandible

SCC can invade directly from the oral cavity into the mandible. Tumors extending 
to the superficial gingiva are resected with periosteum only. Those with periosteal 
invasion require at least a marginal mandibulectomy [35, 36]. Generally, if a 
tumor extends from the alveolar ridge below the level of the mandibular canal, a 
segmental mandibulectomy is required over a marginal mandibulectomy. 
Discussion of mandibular resection will be elaborated for each type of tumor later 
in this chapter.

The mandible, even uninvolved, inhibits proper tumor access and may rarely 
mandate mandibulotomy. Current guidelines are moving towards more mandibular 
sparing, particularly with the popularity of the pull-through technique for tumors 
that do not grossly involve the mandible. In general, mandibulotomies for access 
alone are avoided due to complications such as nonunion, temporomandibular joint 
disease, ankyloglosis, or even osteoradionecrosis [37, 38].
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�Floor of the Mouth

Proper resection of these tumors in proximity to the mandible can involve marginal 
mandibulectomy with 1 cm margins [39]. Early-stage tumors can be treated with 
transoral resection or pull-through technique [40]. Tumors that abut the mandible 
without obvious invasion past the periosteum can be limited to marginal mandibu-
lectomy. Those tumors that have radiologic cortical involvement will require com-
plete segmental mandibulectomy with bone cuts 1 cm from the malignant margins. 
Large tumors that are purely soft tissue with appropriate distance from the mandible 
can be accessed transcervically and resected en bloc with the neck dissection.

�Alveolar Ridge

Primary tumors at this site are rare and share subunit management with floor of 
mouth tumors. Cases where the tumor does not invade the periosteum, a subperios-
teal resection is possible [41, 42]. Small tumors can be addressed with marginal 
mandibulectomy or maxillectomy, while larger ones generally require segmental 
mandibulectomy or maxillectomy.

�Retromolar Trigone

Mucosa of the retromolar trigone abuts the mandible, and even early-stage malig-
nancies often involve mandible resection by L-shaped coronal marginal mandibu-
lectomy, segmental, or hemimandibulectomy [43].

�Hard Palate

Although SCC are the majority of hard palate malignancies, one third of tumors in 
this area arise from minor salivary glands. Resection involves 1 cm margins. Small 
tumors can be accessed per-orally [44]. Fortunately, the palatal periosteum bars 
tumor spread. Periosteal involvement requires removal of a portion of the bony pal-
ate with an infrastructure maxillectomy. Large tumors that extend into the pterygoid 
plates and masticator space benefit from superoanterior exposure of the nasal cavity, 
a maxillary sinus attained via a transverse-vertical Weber-Ferguson approach. In 
advanced tumors, en bloc maxillary resections may remove the inferior orbital rim. 
Thus, reconstructions must address separation of the oral and nasal cavities, replac-
ing the nasal lining, and reconstruction of the orbit. Often a dental prosthesis can 
supplement rehabilitation of speech and swallowing.
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�Buccal Mucosa

Small superficial lesions with minimal depth of invasion are excised transorally 
without muscle resection [45, 46]. However, tumor that has any palpable thickness 
should have resection of the underlying buccinator muscle. If there are concerns 
about the depth of invasion, an MRI scan can give critical information about the 
involvement of the buccinator or extension towards the external skin. Tumors that 
extend posteriorly towards to retromolar trigone should be assessed for involvement 
of the masticator space. Lip-split incisions are generally avoided with a careful 
combined transoral and transcervical approach.

�Neck Dissection

Oral cancers often metastasize to nodal basins I, II, and III [47]. Elective treatment 
of the clinical N0 neck is achieved with a supraomohyoid neck dissection including 
these three levels [48, 49]. Level IIb can generally be spared in elective neck dissec-
tions which may decrease the incidence of spinal accessory nerve weakness. Those 
with clinically apparent nodal disease undergo a comprehensive dissection followed 
by adjuvant radiation. If extracapsular extension is present in the lymph nodes, che-
motherapy is given concurrently with radiation therapy.

�Odontogenic Cysts and Tumors

Odontogenic cysts, regardless of histology, are standardly treated by enucleation; 
unilocular cysts do not require curettage, while multilocular, scalloped, or recurrent 
cysts are recommended to be curettage [50–52]. The necessity of tooth extraction is 
dependent on the histology.

Similar principles of enucleation and curettage apply to odontogenic tumors 
[20]. This strategy includes but is not limited to adenomatoid odontogenic tumors, 
ameloblastic fibromas, calcifying cystic odontogenic tumors, odontomas, and squa-
mous odontogenic tumors. Notable exception is the keratocystic odontogenic tumor 
(KCOT) with high recurrence rate and should always be curettage with careful 
removal of the entire cyst lining [53, 54]. Pindborg tumors (i.e., calcifying epithelial 
odontogenic tumors) are resected with a small margin of bone. Odontogenic myxo-
mas have a gelatinous appearance and 0.5–1 cm medullary bone should be removed 
with the specimen.

Ameloblastomas are the most aggressive benign tumor [55]. Treatment is contro-
versial, but generally ameloblastomas in the mandible are often resected with 1 cm 
bony margins including periosteum [56]. Maxillary ameloblastomas are recom-
mended to have 1–2 cm margins, and particular care should be taken intraopera-
tively with resection radiographs to ensure clean margins.
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�Oropharynx

Oropharyngeal cancers are an area of significant research and changing treatment 
paradigms due to the rapid increase in HPV-associated oropharyngeal cancer. HPV-
positive disease has dramatically better outcomes than HPV-negative disease, and 
new protocols are investigating whether de-escalation of therapy can maintain 
excellent outcomes while minimizing morbidity. In general, T1 and T2 lesions can 
be primarily managed with surgery or radiation therapy depending on their ease of 
resectability and the extent of involvement of the neck [57]. When moving into 
more advanced T3 and T4 lesions, surgical resection would leave patients with sig-
nificant morbidity and most institutions pursue upfront chemoradiotherapy.

The transoral approach is the most common surgical approach utilized. Tumors 
easily accessible with the direct transoral approach include small tumors of the soft 
palate, tonsils, and pharyngeal walls. Modifications to the transoral approach to 
reach larger tumors of the tongue base or retromolar trigone include transoral laser 
microsurgery (TLM) and transoral robotic surgery (TORS), the latter of which is 
mainly approved for T1-2 lesions [58–60]. Laser microsurgery proceeds with 
sequential piecemeal resection and is aided by frozen sections for confirmation of 
margins. TORS is currently under further development, including adaptation with 
the single port robotic novel robotic da Vinci [61], and many argue that the cost and 
difficult setup make it inferior to TLM. Research is underway to develop more flex-
ible robotic arms, allowing it to follow the nonlinear anatomic path.

If transoral access is inadequate, often in inferior lesions, a pharyngotomy is the 
next step. Multiple variations exist with the traditional being the lateral approach 
sparing the hypoglossal and superior laryngeal nerve. The transhyoid pharyngot-
omy enters the vallecula medially, with care taken to close the pharyngotomy judi-
ciously to prevent fistulae. Select extensive lesions may warrant a combined 
transoral and transcervical approach.

�Soft Palate

Stage I and II tumors can be treated with radiation and stage III and IV tumor with 
chemoradiation to limit velopharyngeal insufficiency [62, 63]. Surgery is generally 
not recommended for tumors in this location given the superior functional outcomes 
of radiation therapy [64].

�Tonsils

Tonsils and tonsillar pillars are the most common primary carcinoma site. Tonsillar 
tumors follow the typical treatment algorithm for oropharynx cancers described 
above. Anatomical access is challenging and aided by TLM or TORS for early-stage 
cancers and mandibulotomy for more extensive invasion [60, 65, 66]. Large tumors 
involving the mandible and multiple subunits mandate an en bloc resection with 
posterior mandibulectomy.
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�Tongue Base

Tongue base tumors are treated as other oropharyngeal cancers. If surgery is indi-
cated, access can be attained from least to most invasive via transoral excision, lat-
eral pharyngotomy, supra-/transhyoid pharyngotomy, lip split, or paramedian 
mandibulotomy. Small primaries T1-2 are managed with TLM or TORS [67, 68]. 
Tumors abutting or involving the mandible will be managed with marginal or seg-
mental mandibulectomy. If total glossectomy is necessary in patients at high risk of 
aspiration, laryngectomy may prevent aspiration [60].

�Posterior Wall

While early oropharyngeal wall tumors are treated with surgery or radiation, most 
late lesions should be treated with radiation with or without chemotherapy [69, 70]. 
Despite the deep location, appropriate retraction allows for resection of early tumor 
using transoral, TLM, or TORS. Lateral tumors are proximal to the internal carotid 
artery, and care must be taken to anatomic orientation particularly if performing 
micro or robotic surgery to protect it from injury. Unique to posterior wall tumors 
and soft palate, the retropharyngeal lymph nodes are most common. Dissection is 
difficult but can be reached via the transoral or transmandibular approach.

�Neck Dissection

Oropharyngeal cancers often present at an advanced stage, half of which have nodal 
involvement. Node metastasis occurs commonly along levels 2–4, with occasional 
involvement of retropharyngeal nodes [71, 72]. Of note, oropharyngeal SCC which 
arise from HPV classically present with cystic lymph nodes.

Given the likelihood of early occult metastasis (40–50% of patients without clin-
ical evidence had metastases), elective neck dissection or radiation is recommended. 
Those with extracapsular lymph node spread should receive primary chemoradia-
tion. Soft palate cancers metastasize bilaterally, and bilateral neck dissections or 
radiation should be pursued as indicated.

�Hypopharynx

Hypopharyngeal cancers report the poorest long-term survival among head and 
neck cancers, owing to high probability of distant metastases [73]. Anatomically, 
these tumors are in close proximity to the larynx, and even barring involvement, 
resection would compromise laryngeal function. While conventional management 
was total laryngopharyngectomy, recent advances involve chemoradiation in 
attempts to preserve the larynx, and transoral laser surgery. Due to the rarity of this 
disease, management guidelines are highly variable per institution (Table 8.3).
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In general, the majority treat T1 lesions and select T2 lesions with radiation 
alone or surgical resections [74, 75]. T2 lesions and above are managed with radia-
tion therapy; however if there is significant laryngeal involvement and dysfunction 
of the laryngeal structures, a radical resection followed by radiation is preferred 
[76]. Stage III/IV can be considered for chemotherapy and radiation alone to limit 
laryngeal resection with surgery as secondary salvage.

�Early-Stage Tumors

Generally, these patients are consented for a tracheotomy as pharyngeal edema 
postoperatively can cause airway compromise. Early T1/2 tumors with posterior or 
lateral extent can be considered for partial pharyngectomy with lateral pharyngot-
omy [77, 78]. More extensive tumors may necessitate a lateral transthyroid pharyn-
gotomy, and posterior tumors may be approached with an anterior transthyroid 
pharyngotomy.

Tumors of the medial piriform sinus without involvement of the piriform apex, 
extension to the postcricoid, vocal cord paralysis, or invasion of the cricopharyn-
geus can be managed with a partial laryngopharyngectomy [79]. A supracricoid 
hemilaryngopharyngectomy expands upon this to include the ipsilateral supracri-
coid hemilarynx and piriform sinus [80].

Outside of the traditional open approaches, the management of early-stage 
tumors is moving towards tissue preserving surgeries such as transoral laser micro-
surgery (TLM). Minimized tissue resection translates to better functional swallow-
ing postoperatively. The tumor is removed piecemeal with 1 cm margins, confirmed 
with frozen sections. This technique may eliminate the need for tracheostomy and 
significantly shorter perioperative course.

�Late-Stage Tumors

In large lesions not suitable for conservation or those that fail chemoradiation, a 
traditional laryngectomy or total laryngopharyngectomy are necessary, respectively. 
These are plagued with pharyngocutaneous fistula rates as high as 40% [81, 82]. 

Table 8.3  General management guidelines of hypopharyngeal carcinomas

Procedure T Stage Reconstruction

Partial pharyngectomy 1, 2 Primary closure
Supracricoid hemilaryngectomy 1, 2, 3 Primary closure
Partial laryngopharyngectomy 1, 2, 3 Regional or free flap
Endoscopic carbon dioxide laser resection/
transoral robotic surgery

1, 2 (possibly 3 
and 4)

Secondary intention

Total laryngectomy with partial/total 
pharyngectomy

3, 4 Primary closure vs 
regional or free flap

Total pharyngolaryngoesophagectomy 4 Gastric pull-up

Adapted from Cummings Otolaryngology [20]
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Those with tumors extending into the cervical esophagus will need a total pharyn-
golaryngoesophagectomy. This procedure involves bilateral neck dissections, total 
thyroidectomy, parathyroid autotransplantation, total laryngopharyngectomy, and 
transhiatal pull-through esophagectomy with gastric pull-through reconstruc-
tion [83].

�Neck Dissection

Up to 75% of patients have palpable neck metastases upon presentation, owing to 
the abundant lymphatics in this region. The broad generalization is that elective 
neck dissections of levels II-IV should be pursued for N0 stages and therapeutic 
dissections for N+ necks [84].

�Larynx

Laryngeal cancer treatment is focused on functional preservation. The larynx is 
poised for vocal production, swallowing, and breathing. Each of these three must be 
considered individually when recommending an optimal treatment for patients. 
Treatment is divided anatomically based on the three sections of the larynx:

�Supraglottis

40% of laryngeal cancers originate in the supraglottis. Early-stage tumors are 
treated with single-modality therapy, and advanced stage disease is treated with 
multiple modalities. Smaller tumors are eligible for surgical resection [85]; how-
ever, as tumors extend to areas outside of the supraglottic region, or more deeply 
into the vocal cords, non-surgical management is preferred [86, 87]. Surgical resec-
tion can be performed by TLM which has largely replaced open partial laryngec-
tomy approaches given the lower morbidity. TORS is limited by narrow exposure 
through the oral cavity but has similarly reported similar functional and oncologic 
outcomes to TLM [88, 89].

Stage III/IV tumors can be treated differentially with total laryngectomy and 
radiation or chemoradiation alone [33]. Tumors that compromise the cartilage or 
have extralaryngeal spread are favored for resection. Surgery is always the initial 
option for salvage. Surgically, the traditional option has been total laryngectomy 
and bilateral neck dissections, which presents significant morbidity. Supracricoid 
partial laryngectomy preserves the hyoid and cricoid cartilage and resects all true 
and false vocal cords, paraglottic spaces, thyroid cartilage, and epiglottis. This is 
often closed with a cricohyoidopexy. Supracricoid partial laryngectomy is indicated 
for T3 tumors with fixation of the true vocal cords or invasion of the pre-epiglottic 
space and T4 tumors with minimal involvement of the thyroid cartilage without 
extension to the extralaryngeal space [90].
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�Glottis

59% of laryngeal cancers originate in the glottis. Glottic tumors often present early 
with persistent hoarseness, allowing for better outcomes. T1 glottic tumors have 
great control rates with surgery and radiation alone, with the former being slightly 
preferred due to voice outcomes [91–93]. T2 tumors require more extensive resec-
tion of the vocal cord, which impairs voice outcomes, and more deeply invasive 
tumors have a higher risk of recurrence. TLM is the preferred method for resecting 
tumors over open approaches when feasible [88]. Voice prognosis from early tumors 
depends directly on muscular invasion. The exception is anterior commissure 
tumors which often recur. Open surgical resection may be the best option as radia-
tion often underdoses tumors in this location and TLM has poor visualization in this 
anatomic region [94].

Stage III/IV tumors, similar to supraglottic tumors, can be treated with surgery 
and radiation or chemoradiation alone, with surgery for salvage. T3/T4 tumors were 
classically treated with total laryngectomy with adjuvant radiation; however, numer-
ous trials have demonstrated the feasibility of using concurrent chemoradiation 
therapy for organ preservation and equivalent survival outcomes. Tumors that cause 
a dysfunctional larynx prior to treatment, in particular due to destruction of the 
laryngeal cartilage or cricoid invasion, are preferentially treated with an upfront 
laryngectomy. Tumors with more than 1 cm subglottic extension or palpable thyroid 
disease warrant hemithyroidectomy for likely invasion.

�Subglottis

1% of laryngeal cancers originate in the subglottis [95]. While rare, these tumors are 
highly invasive, often spreading distally along the trachea and posteriorly towards 
the esophagus. Unfortunately, resection must be aggressive, yet survival is poor [96, 
97]. Similarly, Stage I/II tumors receive radiation alone, while Stage III/IV tumors 
are treated with surgery or possibly radiation alone in non-surgical candidates. 
Surgery for all tumors is total laryngectomy to control the spread. Tracheal involve-
ment requires low tracheal resection and manubrium removal.

�Neck Dissection

Supraglottic tumors are highly metastatic and often involve bilateral lymph nodes 
[98]. Early T1 lesions can avoid elective neck dissection. N0/1 disease is recom-
mended for bilateral selective neck dissection of levels 2–4 [99, 100]. Ipsilateral 
comprehensive neck dissection levels 1–5 and contralateral selective dissection are 
warranted for N2/3 disease.
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Glottic tumors have lower rates of nodal metastasis; thus early T1/2 glottic 
tumors can exclude elective neck dissection. Majority of T3 tumors do not neces-
sitate neck management, while T4 tumors are recommended to undergo neck man-
agement [101]. This includes dissection of paratracheal nodes levels 2–4.

Subglottic tumors often spread via abundant lymphatics to the pretracheal, para-
tracheal, inferior jugular, and mediastinal nodes. Thus, bilateral neck dissection 
with paratracheal node dissection is the standard of care.

�Nasopharynx

Nasopharyngeal tumors are heavily susceptible to chemoradiation (generally radia-
tion for stage I/II and chemoradiation for stage III/IV); thus surgery is reserved for 
local or regional disease recurrence [102, 103]. Contraindications to resection 
include internal carotid artery involvement, skull base erosion, and intracranial 
extension.

Surgical approaches can be open or endoscopic, depending on the location and 
extent of tumor. Challenging access is evident from the posterior location of the 
nasopharynx and the narrow gateway nasal vestibule, and open approaches require 
significant exposure from a transpalatal, transmaxillary, transcervical approach, 
extended osteoplastic maxillotomy, or “maxillary swing” [104]. Endoscopic and 
robotic nasopharyngectomies are becoming more popular for small central recur-
rences [105]. These approaches can resect the posterior nasal septum, roof of the 
nasopharynx, and the medial maxillary wall. Regional recurrence in the neck man-
dates a modified radical or radical neck dissection.

�Nasal Cavity

Nasal cavity tumors are generally treated surgically. Resection must take into con-
sideration involvement of the sinuses, nose, orbit, and cranial base.

�Paranasal Sinus

Paranasal sinus tumors are particularly challenging given their insidious progres-
sion and advanced disease at time of presentation. General management involves 
surgical resection and postoperative radiation or chemoradiation. Early T1/2 tumors 
localized to a single region, such as the nasal cavity, septum, or maxillary sinus, can 
be managed with surgical resection alone. Increased stage tumors are supplemented 
by postoperative radiation, and chemotherapy is reserved for unresectable tumors.
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�Surgical Techniques

The choice of open versus endoscopic resection depends upon the intrinsic tumor 
properties and surgeon training. Open resection enables comprehensive exposure 
and should be pursued for involvement of the hard palate requiring maxillectomy, 
involvement of the orbit requiring orbital exenteration, anterior involvement of the 
nasal bone, and involvement of the external skin.

The endoscopic approach provides higher definition, allowing careful dissection 
around critical structures such as the orbit, dura, and carotids while avoiding unnec-
essary bony/soft tissue ablation [106, 107]. For most sinonasal malignancies, the 
endoscopic approach is now used whenever feasible [108]. Endoscopic endonasal/
sinonasal resection occurs segmentally from the inferior nasal floor superiorly 
towards the skull base until clear margins are secured. Endoscopic partial maxil-
lectomy removes the medial maxilla with inferior tubinate, the uncinate process, 
and, if involved, the orbital lamina. Endoscopic transcribriform resection expands 
the partial maxillectomy to include the anterior cranial base. Tumors that spread 
into the pterygopalatine or infratemporal fossa can be reached with coronal plane 
extension following medial maxillectomy. Contraindications to endoscopic resec-
tion include involvement of the soft tissue of the face or forehead, frontal sinus, 
palate, dura of the lateral orbit, brain invasion greater than two centimeters, man-
dible, cavernous sinus, significant orbit involvement requiring exenteration, or 
internal carotid total encasement.

�Salivary Gland

�Benign

The focus of this chapter is on resection of head and neck malignancies; however, 
given the prevalence of benign parotid tumors and their predominant surgical man-
agement, we will discuss them briefly. The majority (85%) of benign salivary 
tumors are parotid [52, 109, 110].

The approach to the majority of benign lesions is surgical excision with a cuff of 
healthy tissue, including myoepitheliomas, canalicular adenomas, oncocytomas, 
and lipoadenoma [111]. Large tumors in the superficial lobe can be resected with a 
superficial parotidectomy. Otherwise, deep tumors indicate total parotidectomy 
with facial nerve preservation. Facial nerve involvement indicates some degree of 
nerve sacrifice. If function is preserved, nerve branches can be selectively removed 
and reconstructed. Total paralysis on presentation requires facial nerve resection.

Pleomorphic adenomas are the most common benign parotid tumor and make up 
75% of benign salivary gland tumors [112, 113]. As 90% arise superficial to the 
facial nerve, they are treated operatively with superficial or total parotidectomy 
depending on their location with dissection and sparing of the facial nerve. Transoral 
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resection or enucleation leads to unacceptably high recurrence rates. These often 
have a substantial recurrence rate of 2–7%, often as a complication of incomplete 
resection. Treatment is reoperation and adjuvant radiotherapy for multinodular 
recurrence. Repeat resection carries increased risk of facial nerve damage. Patients 
who are not good surgical candidates can achieve successful local control with neu-
tron radiotherapy.

Warthin tumors are the second most common benign parotid tumor, found almost 
exclusively within the parotid. These tumors are slow growing, often asymptomatic. 
Smoking is a notable risk factor [114], and smoking cessation often significantly 
decreases risk. Treatment is observation, with resection for symptomatic disease – 
occasionally are painful or inflamed – or cosmetically desired. Parotidectomies are 
preferred as recurrence is common with inadequate excision.

Benign submandibular gland tumors involve gland removal with preservation of 
the marginal mandibular and hypoglossal nerve. Similarly, minor salivary gland 
tumors should be excised with a cuff of normal tissue, and enucleation should be 
discouraged. Management of malignant submandibular gland tumors is dis-
cussed below.

Parapharyngeal salivary gland tumors are resected via a transcervical incision 
and exposure of the major neurovascular structures of the upper cervical region. 
Hemangiomas, similar to those of other anatomical sites, are initially treated with 
steroids or beta-blockers with surgery or laser therapy reserved or select cases.

�Malignant

Tumors that arise in the sublingual glands and minor salivary glands are most often 
malignant, while those in the parotid are more often benign. These include muco-
epidermoid carcinomas, adenoid cystic carcinomas, acinic cell carcinomas, and 
polymorphous adenocarcinoma. Pleomorphic adenomas have a 10% risk for malig-
nant transformation to carcinomas ex pleomorphic adenoma. Squamous cell carci-
noma arising in the parotid gland are assumed to arise as metastases from 
frontotemporal scalp cutaneous carcinoma. Occasionally, skip lesions occur in the 
upper neck, and treatment of these should still involve a parotidectomy for pre-
sumed occult disease. Lymphomas are one exception and are treated by chemora-
diation primarily.

�Parotid

The parotid is bordered by the masseter anteriorly, sternocleidomastoid muscle pos-
teriorly, zygomatic arch superiorly, and mandibular ramus inferiorly [115, 116]. 
While not anatomically separate, surgeons tend to refer to the deep (20%) and 
superficial lobes (80%) of the parotid which are separated by the plane of the facial 
nerve. Lymph nodes are located intra- and peri-glandular.
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Malignant parotid tumors should be managed with a parotidectomy [109, 117]. 
Current guidelines are moving towards less aggressive resections when indicated. A 
total parotidectomy is indicated for high-grade tumors with high metastatic profile, 
tumors with lymph node metastasis, or any primary deep lobe tumors. Small, encap-
sulated malignancies in the lateral lobe can be managed with a superficial parotidec-
tomy, and larger tumors can be considered for a partial deep lobe resection.

Parotidectomies are approached via the modified Blair incision, taking care to 
identify the main trunk of the facial nerve laterally, and the marginal mandibular 
branch inferiorly [118]. Deep lobe and parapharyngeal space tumors can warrant 
transcervical resection with possible mandibulotomy. If the facial nerve is involved, 
general principles apply and resection with negative margins should be pursued. 
Proximal extension may require mastoidectomy to achieve a negative margin. Facial 
nerve reconstruction can be completed by neurorrhaphy or interposition graft. 
However, if no nerve invasion is present and a plane can be surgically developed 
between the parotid tissue and nerve, preservation is important for improved 
morbidity.

Facial nerve paresis or paralysis may result from manipulation and traction dur-
ing dissection, fortunately with full recovery in most cases. Approximately 20% of 
superficial parotidectomies can result in Frey syndrome, or auriculotemporal nerve 
syndrome. This is classified by gustatory sweating as a result of sympathetic fibers 
of transected auriculotemporal nerve branches aberrantly reinnervating the parotid. 
Treatment for refractory cases can be topical scopolamine or Botox injection.

�Submandibular Gland

The submandibular gland is bordered superiorly by the mandible and inferiorly by 
the anterior and posterior bellies of the digastric muscle [119, 120]. Lymph nodes 
are all located peri-glandular.

Malignancies require gland excision in continuity with the level Ib nodes (sub-
mandibular nodes), present at the inferomedial location on the mandible [69]. Care 
should be taken to identify the marginal mandibular nerve, which should be reflected 
superiorly for preservation. The hypoglossal nerve should similarly be protected 
deep to the digastric muscles. The facial artery and vein can be ligated, and the sub-
mandibular ganglion and Wharton duct are the final structures to be sacrificed.

�Sublingual and Minor Salivary Glands

The sublingual glands are located superior to the mylohyoid muscle, opposite of the 
lingual frenulum. Malignancies must be resected via a transcervical or, more popu-
larly, a transoral approach, with a wide local excision often involving the tongue, 
mylohyoid, mandible, and possibly lingual nerve.
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Neck Dissection  Palpable or radio-apparent nodes in the neck should undergo ipsi-
lateral radical neck (Levels 1–5) dissection with adjuvant radiation [121, 122]. Such 
aggressive treatment is necessary as salivary gland cancers often metastasize to any 
of the nodal basins.

Armstrong and colleagues demonstrated that 3 out of 30 patients (10%) had 
metastases in level I, 8 of 30 (27%) in level II, 7 of 30 (23%) in level III, 6 of 30 
(20%) in level IV, and 1 of 30 (3%) in level V [123, 124]. They showed that dissec-
tion of levels I through IV would have detected all occult metastases. The one 
patient with a positive level V node also had node-positive disease in levels II 
through IV.

The guidelines for management of the clinically node-negative neck are under 
investigation. In general, elective neck dissection can be considered for high-grade 
or stage III/IV disease, extra-glandular extension, or facial nerve involvement.

�Conclusion

Head and neck surgery is a formidable field to master. Each cancer type and ana-
tomic location possesses different management algorithms and unique challenges. 
Proper comprehensive discussion would mandate a textbook for every tumor cate-
gory. The importance of an involved radiation oncology team cannot be emphasized 
enough, as management almost always extends past surgical resection alone. There 
furthermore remains much to innovate in the field of head and neck surgery. Minimal 
surgical treatment has allowed great improvements in functional morbidity, signifi-
cantly limiting the need for tracheostomies. As the field continues to grow, we antic-
ipate improved resection outcomes with decreased aesthetic and functional deficits.
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Chapter 9
Conventional Reconstructive Approaches 
Following Resection of Head and Neck 
Cancer

David Perrault and Karl C. Bruckman

�General Principles of Reconstructive Surgery

In general, reconstruction of the head and neck is challenging. Primarily because 
the head and neck anatomy is compact and highly functional. Therefore, similar to 
the hand, you can imagine that disturbing even a relatively small area of anatomy 
can have a large impact on function and overall form. Reconstructing the head and 
neck begins with defining the tissue defect. The size, composition of the tissue loss, 
and complexity of the defect are variable. On the most severe side of the spectrum, 
oncologic defects can be large, have complex topology, and involve loss of all tissue 
components, including skin, adipose, muscle, bone, vessels, and nerve. On the other 
side of the spectrum, defects can involve isolated skin loss and may just require 
primary closure of the wound. Given the complex and variable nature of reconstruc-
tion in general, the approach has been simplified into principles. Therefore, this 
chapter reviews the principles of reconstructive surgery, how they are applied, and 
provides a brief review of the many reconstructive options for the head and neck.

The goals of reconstruction at any anatomic site are restoration or maintenance 
of form, structural integrity, and function [1, 2]. In practice, this means maintaining 
a cosmetically normal appearance and preserving the many functions of the head 
and neck, such as facial animation, intelligible speech, mastication, nasal/oral 
breathing, vision, and protection of the intracranial contents. These goals are 
intended to maximize the patient’s quality of life and minimize the impact of the 
disease process and medical interventions on morbidity and mortality.

The reconstructive ladder is a principle that prioritizes the simplest reconstruc-
tive option first, then moves up the ladder of increasingly complex interventions. 
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The reconstructive ladder includes (i) healing by secondary intention, (ii) primary 
closure, (iii) negative pressure wound therapy, (iv) grafts, (v) local and regional 
flaps, (vi) tissue expansion, and (vii) free tissue transfer, also referred to as free 
flaps. This concept is valuable in conceptualizing the options for reconstruction in 
rank of complexity and risk; however, in practice it is less often employed. Rather, 
the priority is to choose the surgical option that best addresses the goals of recon-
struction as outlined above, even if a more simple option is possible [2].

�Special Considerations in Head and Neck 
Cancer Reconstruction

Reconstruction after head and neck cancer resection comes with some special con-
siderations, relating to both the anatomy and the cancer. In the head and neck spe-
cifically, larger margins often significantly affect nearby vital structures. This means 
that small resections can have a large impact on form and function. Even more so, 
defects are frequently large, involve multiple tissue types (e.g., bone, vessels, soft 
tissue, and skin), and have been exposed to radiation as a component of treatment of 
the primary cancer. Therefore, it is not uncommon to have a large complex radiated 
wound with loss of both soft tissue and bone.

Radiation therapy commonly precedes resection of head and neck tumors. 
Radiation exposure increases vessel wall fibrosis and decreases vascular smooth 
muscle density, practically, this impairs postoperative wound healing and leads to 
increased risk for wound infections, head and neck fistula formation, postoperative 
hematomas, and overall all postoperative local complications [3–7]. Moving up the 
reconstructive ladder, all modalities are negatively impacted by radiation therapy. 
However, free flaps appear to be the most resilient, since they bring healthy nonradi-
ated tissue into the radiated field [1]. As a result, free flaps offer this as a major 
benefit in head and neck reconstruction. Although the most reliable option for 
reconstruction in radiated wounds, free flaps are also negatively affected by radia-
tion. The exact effects of radiation on free flap complications has previously been 
controversial. However, a recent large metanalysis has shown that preoperative 
radiation increases the risk of flap failure by 1.82 times and increases the risk of 
wound infection [8].

Changes in nutritional status in head and neck cancer patients is also an impor-
tant consideration. These patients often have limited oral intake because of pain 
with eating or generally feeling unwell. Additionally, having cancer and undergoing 
radiation and chemotherapy further impairs adequate nutrition. For example, it has 
been shown that despite sufficient oral intake, patients with head and neck cancer 
often fail to maintain their nutritional status [9]. This malnutrition leads to decreased 
muscle and fat mass, decreased strength, poor immune function, and ultimately 
poor wound healing [10, 11].

Therefore, as previously mentioned, in head and neck cancer reconstruction 
especially, free flaps are commonly employed. They provide well-vascularized 
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tissue, can provide a large bulk of both bone and soft tissue, and bring healthy non-
radiated tissue into the defect.

�Head and Neck Reconstruction

There are many surgical options for reconstruction in the head and neck. Selecting 
the best option depends on the defect location, size, the tissues missing, functional 
goals, and history of previous surgeries or radiation. The following is an overview 
of the surgical options for reconstruction of the head and neck, organized by the 
anatomic site. Specifically, below is an overview of the reconstructive options for 
the scalp and calvarium, eyelid and periorbital region, midface/maxilla, mandible, 
and pharynx/esophagus.

�Scalp Reconstruction

The scalp includes the soft tissue that covers the cranium and its borders including 
the face and the neck [10, 11]. The scalp and calvarium physically protect the intra-
cranial contents and are an integral component of maintaining a normal appearance 
[12]. The goals of scalp and calvarial reconstruction include providing bony conti-
nuity to protect the intracranial contents and avoiding exposure of the calvarial bone 
[2]. Cosmetically, it is important to maintain the hair line and to limit hair loss. 
Scalp reconstruction typically follows the reconstructive ladder.

�Secondary Intention

Healing by secondary intention involves local wound care and leaving the wound to 
heal without surgical intervention. The advantages of secondary intent are poten-
tially avoiding a more invasive operation and a donor site. This is most efficacious 
when there is a clean wound bed, on a concave surface, and intact vascularized tis-
sue at the base of the wound, pericranium in the case of the scalp [13]. Unfortunately, 
this approach significantly delays time to a healed wound and results in alopecia at 
the wound site.

�Primary Closure

Primary closure is the simplest option to achieve a closed wound. If possible, pri-
mary closure is preferred since the wound is closed in a single stage and there is no 
donor site morbidity. Unfortunately, in the scalp, primary closure is typically only 
possible with tissue defects less than 3 cm [14].
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�Negative Pressure Wound Therapy

Negative Pressure Wound Therapy (NPWT), also referred to as wound Vacuum-
Assisted Closure (wound VAC), can be used to both temporize wounds until defini-
tive reconstruction and speedup healing by secondary intention. It functions by 
contracting the wound mechanically with suction, optimizing the wound environ-
ment by removing excess fluid, and facilitating granulation tissue formation at the 
microcellular level [15–17]. Contraindications to NPWT include a poor wound bed 
with necrotic tissue, active infection, and a malignant wound. NWPT has classically 
been discouraged in malignant wounds thinking that the same mechanism of nega-
tive pressure that promotes wound healing would also increase local malignant 
growth; however, this has been recently brought into question [18].

�Skin Grafting

Skin grafting is reliable, quick, and technically simple. The disadvantages of skin 
grafting on the scalp include contour deformity, donor site morbidity, and hair loss 
at the defect [13]. Both split-thickness and full-thickness skin grafting are possible 
in the scalp. However, split thickness tends to have better take, as with other parts of 
body. In general, for skin grafts to take, there must be a vascularized wound bed that 
is clean. In the scalp, this means that there is intact periosteum, in the case of full-
thickness defects [14]. Radiation can often complicate skin graft take; therefore, 
more recently, artificial dermal substitutes have been used to reconstruct radiated 
wounds, in conjunction with skin grafting [13, 19].

�Local Flaps

There are many local flaps that may be used for scalp reconstruction. A local flap is 
defined as utilizing the tissue directly adjacent to the defect as the donor site. Local 
flap types include advancement, rotation, and transposition flaps. These terms refer 
to how the donor tissue is moved to cover the defect. There are many named flaps 
that can be used in the scalp. Describing every example would be beyond the scope 
of this review. It is worth noting the Orticochea technique, since this was initially 
described for scalp reconstruction in particular, in 1967 [20]. This flap utilized 
either three or four large skin flaps to cover the central defect [20, 21]. The advan-
tages of local flaps include good color match and relative ease of harvest. However, 
in the case of oncologic reconstruction, using local flaps is limited since the tissue 
adjacent to the wound has often been exposed to radiation in the treatment for the 
primary cancer.
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�Regional Flaps

Regional flaps are close in proximity to the tissue defect and are transferred with an 
intact vascular pedicle. Unfortunately, regional flaps are often limited in the amount 
of tissue and the reach of the flap. Free tissue transfer is far more versatile and more 
reliable than pedicled flaps for scalp reconstruction. In head and neck reconstruc-
tion, since free tissue transfer is preferred for defects that are large enough to need 
a regional flap, regional flaps are usually limited to those who are unable to tolerate 
larger operations or are performed in the context of palliative care [14]. Options for 
regional flaps for scalp reconstruction include the trapezius flap, latissimus dorsi 
flap, and the temporoparietal fascia flap [13].

The trapezius flap (Fig. 9.1) was first described by Mathes and Nahai in 1979 
[22]. The trapezius muscle can be harvested either just as the muscle alone or with 
a skin paddle. The trapezius muscle and the overlying skin in that area receive their 
blood supply from the superficial and deep descending branches of the transverse 
cervical artery [23]. The main advantages of the trapezius flap include the reliable 
anatomy and robust perfusion [23, 24]. Unfortunately, however, this flap has limited 
reach and inset into a more distally located defect can be difficult [13].

The latissimus dorsi flap (Fig. 9.2) was first described by Tansini in 1906 for 
breast reconstruction [25]. The latissimus muscle is broad and can provide good 
muscle bulk. The muscle can be harvested alone or can be raised with an overlying 
skin paddle. The trapezius muscle receives its blood supply from the thoracodorsal 
artery. The primary advantages include the large volume of available muscle and a 
long pedicle. The main disadvantage includes the need for lateral decubitus posi-
tioning intraoperatively for flap harvest [26]. The donor site morbidity associated 
with harvesting a major muscle is also a concern. Given its reliability, this flap is 
often saved as a last resort, after free tissue transfer has failed [26].

The temporoparietal flap system (Fig. 9.3) will be described in detail below (sec-
tion “Temporalis System”), for its use in maxillary reconstruction. However, briefly, 
it is particularly useful in scalp reconstruction because of its long pedicle and the 
ability to harvest it with bone, muscle, fascia, and skin.

�Tissue Expansion

Tissue expansion is an option in scalp reconstruction, in general. It works by induc-
ing biologic and mechanical creep to increase the amount of skin available [13, 27]. 
However, there is a high rate of complications when used in the scalp, a recent large 
systematic review cited an overall complications rate of 27.3%. This high complica-
tion rate is made even worse in radiated fields or unstable wounds [28]. As a result, 
tissue expansion is not commonly used in oncologic scalp reconstruction [13].
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�Free Tissue Transfer

Free tissue transfer, or free flaps, provide a highly versatile and reliable option for 
coverage of the scalp. It has the capacity to provide a large amount of healthy tissue 
that is taken from outside the radiated field. Unfortunately, free flaps are not typi-
cally cosmetically appealing because of color mismatch, poor contour, and alopecia 
of the flap. In the scalp, the superficial temporal artery is the workhorse recipient 
vessel. The choice of flap depends on the defect characteristics and surgeon’s pref-
erence. Some of the most commonly used flaps for scalp reconstruction include 
latissimus dorsi, anterolateral thigh, radial forearm, and rectus abdominus [13, 
29, 30].

The anterolateral thigh flap (Fig. 9.4) was first described by Song et al. in 
1984 [31]. It provides skin, fascia, and adipose tissue. Furthermore, this flap 
can be harvested with the vastus lateralis muscle, if greater soft tissue bulk is 
required [29]. The ALT flap receives is blood supply from of the descending 
branch of the lateral circumflex femoral artery. The main advantages include 
good soft tissue bulk, versatility in practice, and a low donor site morbidity 
[32]. The main disadvantages are that the ALT is a relatively thick flap com-
pared to muscle flaps, resulting in a poor cosmetic appearance of the recon-
struction [32].

The latissimus dorsi flap can also be harvested as a free flap. This greatly 
increases its versatility. The latissimus dorsi flap was reviewed above as a pedicled/
regional flap in section “Regional Flaps”.

The radial forearm flap is a thin, pliable, and reliable free flap for head and neck 
reconstruction. It will be reviewed in section “Radial Forearm Free Flap”.

The rectus abdominus flap provides substantial soft tissue bulk and affords reli-
able anatomy. This flap has been reviewed in section “Rectus Abdominis 
Free Flap”.

�Calvarial Reconstruction

The calvarium protects the intracranial contents and provides an esthetically pleas-
ing contour. Options for calvarial reconstruction include both alloplastic and autolo-
gous materials. Alloplastic options, include titanium mesh, methyl methacrylate, 
calcium hydroxyapatite, and polyether ether ketone [33]. Alloplastic materials tend 
to be easy to manipulate, structurally strong, do not resorb, and have the added ben-
efit of avoiding a donor site [34]. The disadvantage of these materials is the risk for 
infection and exposure of the implant [33, 34]. Autologous options include split 
calvarial grafts, rib grafts, and iliac bone graft [35, 36]. Autologous bone osteointe-
grates into the apposed bone and revascularizes, and hence provides durable cover-
age with a low chance of infection and graft loss [33]. The disadvantage of 
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autologous bone are the obligate donor site and the relatively small amount of bone 
available. In general, autologous reconstruction is preferred over alloplastic recon-
struction, for the reasons listed above.

�Eyelid and Periorbital Reconstruction

The upper and lower eyelids are exceptionally delicate structures. The goals of eye-
lid reconstruction are to cover the globe, preserve the tear film, maintain an unob-
structed visual field, maintain good closing mechanics, and to restore a normal 
appearing eye [37]. Therefore, using donor skin of adequate size, similar color and 
pliability, and minimal donor site morbidity is even more important. Eyelid and 
periorbital reconstruction tend to follow the reconstructive ladder, with some 
caveats.

Secondary intention is best for small superficial lesions that located near the 
medial canthus. The nearby nasal bones resist scar contracture. In contrast, central 
and lateral eyelid defects carry a high risk of cicatricial ectropion with healing by 
secondary intent [38]. Moreover, healing by secondary intention in the periorbital 
area is very rarely done, since significant contour deformity and contracture often 
result [39].

Primary closure can be attempted for small lesions that do not involve the eyelid 
margin. Both upper and lower lid defects that involve less than 25–30% of the eyelid 
margin can be directly closed [37].

Skin grafting is possible for both the upper and lower eyelid. In particular, this is 
suited for defects of anterior lamella [37]. First choice of donor site is full-thickness 
graft taken from the contralateral upper eyelid [40]. Full-thickness skin grafts are 
preferred, to limit contracture.

Full-thickness defects larger than one-third the eyelid margin are repaired with 
rotation flaps, semicircular flaps, or pedicled flaps [38]. Flap choice is determined 
by the lid component tissue missing and these reconstructions are truly elegant. 
Full-thickness defects of the upper lid can be repaired with a modified Tenzel semi-
circular flap or a Cutler-Beard procedure [38]. Both these options rely on moving 
components of the lower lid to fill defects in the upper lid. The paramedian forehead 
flap can also be used for very severe defects. For the lower lid, the Tripier flap uses 
pedicled skin from the upper lid to reconstruct lower lid defects [37]. The Hughes 
flap (tarsoconjunctival pedicle flap) takes pedicled conjunctiva, tarsus, and skin 
from the upper lid to fill large full-thickness lower lid defects [38]. Notably, though, 
the Hughes flap requires division of the conjunctival pedicle at a later date [41]. The 
Mustarde flap is a large rotation flap that moves skin from the cheek to cover the 
lower lid [42].

Generally, free flaps are not used for eyelid reconstruction, since the eyelids are 
relatively small structures and the priority is good tissue match, which is best 
obtained from the local anatomy [37, 38].
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�Midface, Maxilla, and Mandibular Reconstruction

The midface is the central third of the face and includes the maxilla, which is struc-
turally integral to the entire face. In fact, the maxilla is often referred as “keystone” 
of the midface [43]. It provides the occlusal plane, houses the maxillary dentition, 
supports the skull base, supports the orbital contents, and serves as the attachment 
for muscles of mastication and facial expression [44, 45]. There are a number of 
maxillary defect classification systems, but no unified system is routinely used [46–
49]. The lack of a unified classification is likely a result of the complexity of maxil-
lary reconstruction [50]. Although, different classification systems can be employed 
to direct maxillary reconstruction, the same general principles of reconstruction can 
be applied. Including replacing like-with-like, restoring structural support, and 
maintaining a cosmetic appearance. The goals of maxillary reconstruction, in par-
ticular, are to achieve separation of the oral and nasal cavities, support the orbital 
contents, provide functional dentition, and maintain facial contour [44, 45]. With 
any oncologic reconstruction, but with maxillary defects in particular, there is con-
cern that the reconstruction may interfere with surveillance for recurrent disease. 
The maxilla especially so, since the defect can be deep, and the margin of resection 
would be obscured by the reconstruction. However, it appears that free flap and 
bone reconstruction are not independently associated with worse outcomes in head 
and neck reconstruction in general [51].

Historically, large maxillary defects were treated with prosthetic devices. The 
advent of free tissue transfer greatly decreased the use of prosthetics, since free tis-
sue transfer has resulted in better satisfaction scores than prosthetic devices [52, 
53]. Prosthetic obturation remains a good option for those who cannot tolerate or 
have a contraindication to a reconstructive procedure [54].

Midface and maxillary oncologic resections will result in loss of soft tissue, 
bone, or both. Loss of soft tissue and bone can be replaced with local, regional, and 
free flaps. The reconstructive ladder in maxillary reconstruction can be applied, but 
is in general less helpful. Specifically, because maxillary defects are not amenable 
to healing by secondary intent, primary closure, and skin grafting is less of a viable 
option given the concern for contracture at the recipient site [50]. Therefore, the 
reconstructive ladder in maxillary reconstruction usually starts with local flaps. 
Loss of bone specifically, can be replaced with bone grafts or free vascularized bone 
flaps. Small bone defects that do not compromise the structural architecture of the 
midface can be obliterated with soft tissue. However, if the structural support of the 
midface is compromised (e.g., resection of the orbital floor, nasal sidewall, or a 
tooth bearing segment of the maxilla), rigid reconstruction is needed to provide 
structural support and bone stock for osteointegrated dental implants [50]. 
Additionally, if multiple components are missing, composite flaps can be used.

The goals of mandibular reconstruction include (i) providing structural support 
of the soft tissues of the oral cavity and lower face, (ii) achieve proper occlusion, 
(iii) supply bone stock for dental implants, (iv) restore sensation when able, and (v) 
achieve tongue palate contact for swallowing and speech [55]. Mandibular defects 
are classified based on location, size, and degree of soft tissue loss. Mandibular 
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reconstruction is distinct from maxillary reconstruction in that prosthetics are never 
an option [55]. Additionally, although nonvascularized bone grafts have been used 
in mandibular reconstruction, in a radiated field there is a greater risk of reabsorp-
tion of the graft and nonunion [56]. As a result, vascularized bone free flaps have 
become the standard of care in mandibular reconstruction [55]. The most commonly 
used donor sites for mandibular reconstruction include the fibula, iliac crest, and the 
scapula [57].

A review of the options for reconstruction of the midface, maxilla, and mandible 
follows.

�Local Flaps

Local flaps can be used for small defects that do not require bone reconstruction.

Buccal Fat Pad

The buccal fat pad (Fig. 9.5) was first described for head and neck reconstruction by 
Egyedi in 1977, where he used to tissue to close oral-antral and oro-nasal fistulae 
[58]. It provides specialized fat that is located between the buccinator muscle and 

Temporalis muscle

Temporal extension

Body of buccal fat pad

Parotid duct
Buccal branch of facial
nerve
Pterygoid extension

Buccal extension

Facial artery and vein

Fig. 9.5  Buccal fat pad. (Reprinted by copyright permissions from [100])
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the mandibular ramus [59]. The fat pad is easily accessed and has a rich blood sup-
ply from the branches from the maxillary artery, superficial temporal artery, and 
facial artery [60]. It can be harvested as a pedicled flap to cover small oral defects. 
In general, it can be used to fill palatal defects up to 4 cm in diameter [60]. However, 
the size of the buccal fat pad is highly variable and changes with age [59]. Because 
of the limited reach of the flap, it is best suited for small maxillary defects that do 
not pass midline [60]. Buccal fat can also be used in combination with other recon-
structive techniques to provide extra tissue volume.

Palatal Mucoperiosteal Island Flap

The palatal mucoperiosteal island flap was first described for reconstruction of 
intra-oral defects by Gullane and Arena in 1977 [61]. It utilizes the soft tissue over 
the hard palate, raised on a pedicle, and can then be rotated to cover adjacent defects. 
The blood supply is robust, and includes supplying vessels from the greater and 
lesser palatine arteries, ascending branch of the facial artery, and palatine branch of 
the ascending pharyngeal artery [61]. The main advantage of this flap is the large 
amount of soft tissue available from a local flap, which is approximately 15 cm2 
[62]. The main disadvantages are the short reach of the tissue, limiting the extent of 
the defects that it can fill, and the lack of bony tissue availability for osseus recon-
struction. Notably, in contrast to most flaps, the donor site defect is typically left 
open, to heal by secondary intention/granulation [62].

�Regional Flaps

There are a limited number of regional flaps available for maxillary reconstruction. 
These include the submental island flap, temporalis flap, and vascularized calvarial 
bone flap. Unfortunately, regional flaps in the head and neck are often limited by the 
length of the vascular pedicle and can be insufficient in reconstructing complex and 
broad defects [50]. For example, deltopectoral, latissimus dorsi, sternomastoid, and 
trapezius pedicled muscle flaps have been described; however, these were either 
unreliable, did not provide significant reach, or were too bulky for most defects 
[43]. Additionally, in oncologic reconstruction, many of these flaps will likely be 
radiated as part of the treatment for the primary tumor.

Temporalis System

The temporalis muscle flap was described as early as 1961, for reconstruction of a 
radical mastoidectomy [63]. Since then the flap has been widely applied and further 
described to include more than just the muscle. This flap system includes the tem-
poralis muscle, temporoparietal galea, coronoid process, and underlying calvarial 
bone [64, 65]. Flaps using these structures are based of the superficial temporal 
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artery. It can be taken as a pedicled or free flap and as a muscle, fascial, or compos-
ite flap. The temporalperietal galea or muscle flap can be used to obliterate oral and 
orbital defects, reconstruct the upper lip, and in the case of maxillary reconstruction 
needing bone stock for dental implants, the temporoparietal system can be har-
vested with calvarial bone as a vascularized bone flap [64]. Advantages of this flap 
system include reliable anatomy, tissue bulk, and the ability to take vascularized 
bone [64, 66]. Disadvantages include an unsightly donor site and possible involve-
ment in the radiated field.

Submental Island Flap

The submental island flap was first described by Martin et al. in 1991 for orofacial 
defects, as an alternative to previously used cervical flaps [67]. The blood supply is 
the submental artery. Advantages include good color match to the face and a large 
amount of soft tissue available, originally described as 7 × 18 cm of tissue [67]. As 
such, it has been used for coverage of range of midface and lower face defects. 
Unfortunately, if level I lymph nodes are involved, this is a relative contraindication 
to using this flap [50].

�Free Tissue Transfer

There are many options for maxillary reconstruction with free tissue transfer. As 
mentioned, if appropriate, free tissue transfer is an excellent option. Free tissue 
transfer enables bringing healthy nonradiated tissue into a poorly healing, likely 
radiated field. Additionally, it can provide reconstruction for complex defects miss-
ing multiple tissue types, and usually be performed in a single stage. Additionally, 
free flap reconstruction after oral and oropharyngeal cancer can improve patients’ 
quality of life, in part by restoring their ability to speak and swallow [68].

Radial Forearm Free Flap

The radial forearm free flap (Fig. 9.6) was developed Goufan, Baoqui, and Yuzhi in 
1978 [69]. It provides a large amount of soft tissue from the forearm. If bone recon-
struction is needed, a segment of vascularized radius can also be harvested. 
Alternatively, autologous bone can be taken as a graft from the iliac crest, calvar-
ium, or rib, which would save the radius as a donor site [46]. The blood supply is the 
radial artery. Since its development, because of its reliability, it has become widely 
used in head and neck reconstruction, to the point of being known as a workhorse 
flap [70]. The advantages of the forearm flap include a thin pliable flap with a long 
vascular pedicle. Disadvantages include a poorly appearing donor site, which may 
require a skin graft to close if a large amount of tissue is harvested [71].
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Rectus Abdominis Free Flap

The rectus abdominus free flap (Fig. 9.7) was first described by Pennington et al. in 
1980 [72]. It provides a large amount of muscle and can be taken with an overlying 
skin paddle. If bone graft is needed, it can be taken from the rib or calvarium [46, 
73, 74]. It is based off the inferior epigastric artery. Advantages include a long vas-
cular pedicle and large amount of soft tissue [50]. Disadvantages include abdominal 
wall donor site and the risk of an abdominal bulge or a hernia [75].
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Latissimus Dorsi and the Scapular Free-Flap System

The scapular free flap was first described by dos Santos et al. in 1984 [76]. It can 
provide vascularized bone, the overlying muscle, and a skin paddle. It is based off 
either the angular branch from the thoracodorsal artery or the cutaneous scapular 
artery [76, 77]. The scapular osteocutaneous free flap can also be raised as a biped-
icled flap [77]. Meaning that the flap is harvested with two pedicles that allow for 
two independent vascularized bone segments, which could be useful in special 
cases. In the case of a total maxillectomy, which requires a large amount of tissue to 
obliterate the defect, the scapula can be harvested in combination with latissimus 
dorsi muscle off the same vascular pedicle, providing a customizable flap with a 
large bulk of muscle and bone [78]. Those who routinely use this flap find it to be 
highly versatile, have consistent anatomy, and good quality bone and soft tissue for 
head and neck reconstruction [79]. Disadvantages include difficult intraoperative 
positioning to harvest the flap for head and neck reconstruction.

Iliac Crest Free Flap

The iliac crest free flap (Fig. 9.8) was first described both experimentally and in a 
clinic setting by Taylor et al. in 1979 [80, 81]. The flap can be raised with iliac crest 
as bone stock, the attached internal oblique, and an overlying skin paddle [79]. The 
blood supply is based off the deep circumflex iliac artery (DCIA). The composite 
iliac crest internal oblique osteomusculocutaneous free flap is particularly suited to 
extensive maxillary defects. Advantages include providing a large amount of bone 
stock that can address the vertical component of the maxillary defect and support 
placement of osteointegrated implants [82]. Disadvantages include a short vascular 
pedicle, donor site morbidity, and limited soft tissue pliability [83].

Fibula Free Flap

The free fibula flap (Fig. 9.9) was first described by Taylor et al. in 1975, for lower 
extremity reconstruction [84]. The free fibula is a highly versatile flap that provides 
bone and soft tissue. It can be taken with or without a skin paddle. The blood supply 
is the peroneal artery. Advantages include a generous supply of bone stock that can 
support dental implants, the option to raise multiple skin paddles, and reliable anat-
omy [85]. The primary disadvantage of this flap is a relatively short pedicle and the 
added level of complexity in attempting to change a straight bone into a rigid curved 
structure [85].
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�Pharyngoesophageal Reconstruction

The pharynx and esophagus are essential components of the aerodigestive system. 
Dysfunction in these structures impairs speech, ventilation, and oral nutrition intake. 
Therefore, the goals of pharyngoesophageal reconstruction include restoring 
speech, normal swallowing, and protecting the airway [86]. Reconstruction of near 
circumferential or total circumferential defects of the pharynx and esophagus 
require reconstruction. Pedicled flap options include pectoralis major, supraclavicu-
lar artery island, latissimus dorsi, and trapezius pedicled flaps [87]. Free flap options 
are numerous, such as the anterolateral thigh and radial forearm flap. Additionally, 
enteric flaps are an option, most commonly the free jejunum flap. Other enteric flaps 
have been used for pharyngoesophageal reconstruction, but less commonly and 
typically in special cases.

�Pedicled Flaps

Pedicled flaps in pharyngoesophageal reconstruction tend to be reserved as a back-
up option after free tissue transfer. The pectoralis major flap in particular is highly 
reliable and considered a workhorse flap for both initial pharyngoesophageal recon-
struction and for correcting pharyngocutaneous fistula after reconstruction [87]. 
The supraclavicular artery island, latissimus dorsi, and trapezius pedicled flaps are 
also good options; however, these flaps are not nearly as commonly utilized as the 
pectoralis flap.

Pectoralis Flap

The pectoralis flap (Fig. 9.10) was described as early as 1917 and has been used in 
head in neck reconstruction since the 1920s [88]. The pectoralis flap can be taken 
with muscle, rib, and skin. The blood supply originates from the thoracoacromial 
artery and the perforating branches of the internal mammary artery [88]. Advantages 
include a single stage reconstruction, reliable pedicle, and providing healthy muscle 
for radiated and contaminated wounds [89]. Disadvantages include a relatively 
short reach and a large muscle bulk which can limit ease of creating a tube from of 
the flap [89, 90].

The trapezius flap and latissimus dorsi flap are already reviewed in this chapter. 
In pharyngoesophageal reconstruction in particular, the latissimus is a reliable 
option but tends to provide more tissue thickness than required and tends to be chal-
lenging to make into a tube [87].
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�Free Tissue Transfer

Using jejunum as a pedicled flap (Fig. 9.11) for esophageal reconstruction was first 
reported in the early 1900s [89]. Its use as a free flap was first reported by Seidenbert 
et al. in 1959, specifically for pharyngoesophageal reconstruction [91]. The jejunal 
blood supply originates from the superior mesenteric artery. This flap is unique in 
the types of flaps reported in this chapter, in that it provides small bowel tissue. All 
other flaps reported here provide a combination of skin, adipose, fascia, muscle, 
and/or bone. This makes it particularly suited for pharyngoesophageal reconstruc-
tion, since you are transferring a functional tubular structure. Other advantages 
include a lower rate of fistula formation compared to cutaneous reconstruction of 
the pharynx/esophagus [92]. As a result, the free jejunum has become the first-line 

a b

Fig. 9.11  Jejunum as a pedicled flap. (a) For esophageal reconstruction, a distance jejunum is 
better for a pedicled flap. (b) To retain the length for supercharging, the third jejunal artery is 
ligated and divided close to its origin from the superior mesenteric artery. (Reprinted by copyright 
permissions from [99])
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workhorse flap for circumferential pharyngoesophageal reconstruction for many 
surgeons [92, 93]. Notably, however, there is evidence suggesting that pharyngo-
esophageal reconstruction with cutaneous flaps, specifically the anterolateral thigh 
flap, offers better speech and swallowing function [94]. Disadvantages of free jeju-
nal transfer include the need for a laparotomy, abdominal complications, and the 
relatively high risk of ischemia from the high metabolic demand of jejunum [92].

The radial forearm flap and anterolateral thigh flap have been reviewed else-
where in this chapter. Notably, in pharyngoesophageal reconstruction, both of these 
flaps need to be formed into tubes to provide a pharyngoesophageal conduit. 
Unfortunately, this means that the conduit will involve an additional suture line 
along the length of the entire conduit. Exposure of a greater length of suture line to 
saliva presumably is one of the reasons these flaps tend to have higher rates of fis-
tula formation and stricture compared to free Jejunal flaps [89, 95]. It should be 
noted, however, that there are few studies directly comparing outcomes of free 
jejunal transfer, anterolateral thigh flap, and radial free forearm flap use for pharyn-
goesophageal reconstruction [96]. Choice of flap is typically surgeon- and 
institution-dependent.

�Conclusion and Future Prospective

Head and neck reconstruction has progressed significantly. Improvement in out-
comes has been largely affected by advancements in cancer therapy as well as the 
advent of microsurgery and the subsequent capacity for free tissue transfer. Another 
relatively recent advancement in head and neck reconstruction is the use of virtual 
surgical planning and rapid prototype modeling. Virtual surgical planning relies on 
3D imaging data obtained from computed tomography scans to build models of the 
relevant anatomy for intraoperative use, surgical cutting guides to direct tumor 
extirpation as well as the bony reconstruction, and even mold or 3D print custom 
hardware [97]. Virtual surgical planning as a tool offers improved precision and reli-
ability in head and neck reconstruction. It will likely become more widely used as 
acquisition costs and logistic challenges are limited [98]. The most immediate 
future advancements in head and neck reconstruction will likely be based in the 
application of virtual surgical planning.
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Chapter 10
Rehabilitation of Oral Cancer Patients 
using Dental Implants and Maxillofacial 
Prosthetics

Rafiullah Bashiri, Maryam Khalili, and Saul Weiner

�Introduction

Dental implantology has revolutionized the practice of dentistry. This technology 
has provided an opportunity to replace teeth that are “worn out” biomechanically, or 
lack osseous support, with structures that are mechanically sound and anchored in 
the bone. Implants provide support for prostheses that restore functional activities, 
such as mastication and speech. One of the significant positive aspects of dental 
implants is that dental caries, one of the primary oral diseases, is not a consider-
ation [1].

Dental implantology is today a far cry from the early days when this treatment, 
driven by clinicians, had little scientific background. Professor Branemark, one of 
the pioneers of the scientific era for dental implantology, included orthopedic surgi-
cal techniques in the treatment protocol for dental implantology [2]. One of the 
important changes which he instituted was the use of slow speed and water irriga-
tion during preparation of the osteotomy for insertion of the implant. This reduced 
the damage to the bone and allowed formation of a bony interface adjacent to the 
implant. Previously when ultraspeed was employed for creating the osteotomy, the 
interface of the implant with the bone was unpredictable and often composed of 
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connective tissue which frequently did not allow sufficient stability during func-
tional activities [3].

Continuing research over the past 50 years has significantly improved the bio-
logical stability of the implant and biomechanical designs of both the implant and 
the associated prosthodontic reconstructions. A current development, in parallel 
with advances in biomaterials, is the introduction of zirconia implants [4]. It has 
been suggested that this material is more biocompatible and may have a reduced 
potential for immunological rejection. Other improvements in surface treatments 
and technology are currently under development as well. What follows is an over-
view of the current scientific and clinical applications of dental implants to a group 
of people who have suffered much from the ravages of a debilitating and disfiguring 
disease. Their use has allowed the development of new strategies in maxillofacial 
rehabilitation. The reader is encouraged to consult the periodical literature for more 
detailed information.

�Osseointegration

Osseointegration has been defined as the firm anchoring of a surgical implant by the 
growth of bone around it without fibrous tissue formation at the interface [5]. It has 
been extensively studied. The process involves initial mechanical stability of the 
implant in the osseous bed and, secondarily, bone remodeling and apposition along 
the implant surface. Mechanical stability is initially achieved as the implant is 
slightly wider in diameter (0.5–1.0 mm) than the diameter of the drill that creates 
the osteotomy. The implant threads are generally self-cutting as the implant advances 
into the osteotomy during insertion [6]. The remodeling process begins almost 
immediately after insertion. It is critical that fibrin and platelets adhere to the 
implant surface in the first 72 hours post-insertion. This allows the precursor pre-
osteoblast cells and cytokines released from the platelets to begin forming a bone on 
the external surface of the implant. Although implants can support a prosthesis 
immediately after insertion, particularly if splinted to other adjacent implants or 
teeth, the remodeling process is generally considered to be completed in 2–3 
months. However, once the prosthesis is inserted onto the implants and a functional 
occlusion exists, some further remodeling of the peri-implant bone continues for 
some months. The remodeling process requires an adequate blood supply as it is 
cell-mediated. Specifically stem cells and monocytes differentiate into osteoblasts 
and osteocytes. Osteoclasts and inflammatory cells, such as polymorphonuclear 
cells (PMNs) and macrophages, remove the debris from the drilling of the bone and 
allow new bone apposition. These cells and platelets release cytokines that mediate 
cell differentiation, matrix formation, and calcification of the newly formed colla-
gen matrix of the bone to provide support for the implant. A number of cytokines 
are associated with the process of osseointegration. These include platelet-derived 
growth factor (PDGF), vascular endothelial growth factor (VEGF), fibroblast 
growth factor (FGF), bone morphogenic protein 6 (BMP 6), osteopontin, and 
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osteocalcin. This process requires an adequate blood supply since these cytokines 
are cell and platelet derived [7].

�Cancer Treatment

One of the most powerful aspects of implant-based rehabilitation is the possible 
creative strategy in both implant placement and prosthesis design. This is demon-
strated clearly in individuals with a significant deficit in the dentition, jaws, or asso-
ciated maxillofacial structures either congenitally or as a result of accident or 
disease. The designs of fixed and removable prostheses take advantage of the avail-
able dentition and remaining skeletal structures for stability of the prosthesis. This 
is nowhere truer than in the case of patients with cancer diseases of the head and 
neck, where treatment includes ablative surgery of soft and bony tissues, radiation, 
and chemotherapy. These treatments often result in loss of soft and bony anatomic 
structures, reduction in blood supply and salivary output, and mucositis of the intra-
oral soft tissues. The management of these patients presents unique challenges [8].

As a result of cancer therapy, the blood supply to the treated region is frequently 
compromised. Head and neck dissections during ablation of the tumor remove vas-
cular and lymphatic vessels and reduce the blood supply through the mandible, 
maxilla, and walls of the maxillary sinus. Radiation to bone causes sclerosis of the 
capillary bed of Haversian systems that supply the osteocytes encased in canaliculi. 
The overall blood supply to the trabecular bone and the marrow space is reduced as 
well [9].

Administration of chemotherapeutic agents for treatment has significant second-
ary effects on connective tissue and bone metabolism which often results in a 
decrease in bone density post-chemotherapy. A well-recognized class of drugs that 
cause disruption of bone metabolism are the bisphosphonates [10]. These drugs 
(e.g., Zometa, Boniva, Fosamax) interrupt the secondary remodeling of the bone by 
preventing osteoclastic activity. Tumor cells release the polypeptide receptor activa-
tor for nuclear factor κ B ligand (RANKL) that interact with receptor activator of 
nuclear factor κ B (RANK) receptors on the cell membrane of the osteoclast, which 
trigger excessive activation of osteoclasts. Increased osteoclastic activity allows 
expansion of the tumor. Bisphosphonates are taken up by progenitor cells and block 
the formation of multinucleated osteoclasts, as well as inhibiting their function, 
which results in osteoclastic apoptosis. These drugs have long-lasting effects since 
their half-life is approximately 10 years. However, a new generation of chemothera-
peutic drugs, the monoclonal antibodies, such as Denosumab (Xgeva) have a much 
shorter half-life (i.e., 6 months) allowing a return of normal bone metabolism [11]. 
Xgeva targets the RANKL polypeptide and by binding to it prevents the activation 
of RANK receptors on the osteoclast cells, which in turn prevents the formation, 
survival, and function of the osteoclast. However, patients with exposure to any of 
these medications (e.g., Zometa or Xgeva) are at risk for development of osteone-
crosis; thus extreme caution needs to be employed in patient management [12].

10  Rehabilitation of Oral Cancer Patients using Dental Implants and Maxillofacial...



226

�Intraoral Cancers and Implant-Supported Prostheses

These prostheses are an important modality in the rehabilitation of the oral cancer 
patient. Implants can serve as replacements for portions of the resected skeleton and 
can provide stability for intraoral and extraoral prostheses by allowing secure 
attachment to the underlying skeleton. Previously, these prostheses, as for example, 
complete dentures, relied solely on adhesives to stabilize them in place. Today the 
option of mechanical attachment of the prosthesis to the implant provides greater 
security and functional stability. Options exist for the prosthesis to be securely 
attached to the implant such that it can only be removed by the clinician. The patient 
is required to utilize oral physiotherapy devices in addition to tooth brush and dental 
floss to daily remove food debris and accumulated biofilm. Other options allow the 
patient to remove the prosthesis and more readily remove food debris and oral bio-
film accumulation [13].

However, as discussed above, the integration of dental implants in the head and 
neck skeleton requires an adequate blood supply to allow the metabolic activity 
associated with bone modeling and remodeling for the implants for osseointegra-
tion. The treatment for the cancer often involves ablative surgery, radiation, and/or 
chemotherapy, all of which affect the bone and soft tissues of the orofacial skeleton. 
Debate exists among maxillofacial surgeons and prosthodontists as to the time of 
implant placement relative to the cancer therapy. The general consensus today 
appears that dental implant treatment can be predictable (i.e., the implants achieved 
osseointegration) if inserted before the initiation of radiation and/or chemotherapy. 
An organized treatment plan must be in place so that maxillofacial rehabilitation 
can be appropriately sequenced [14].

As described previously in the section on Osseointegration, healing requires for-
mation of de novo bone in apposition to the implant surface particularly within the 
threads as these provides a configuration and increased surface area for stability and 
retention of the implant during functional activities as speech, mastication, and 
swallowing. The healing time until a clinical acceptable plateau for function is gen-
erally several months. The term plateau is used as it is possible to measure the sta-
bility of the implant. Studies are available to correlate the required stability of the 
implant with the magnitude of functional loads. The analysis that is most often 
employed is resonance frequency analysis (RFA) [15]. In this test, a vibratory force 
is applied to the implant and the resultant movement of the implant is measured. 
The order of magnitude of movement observed is in the micron and submicron range.

These considerations are of significance for the cancer patient. Timing is very 
important in patient management and initiation of the treatment plan for manage-
ment of cancer treatment. The routine 2–3-month waiting period for the implant to 
heal is not practical for these patients. Frequently surgical placement of the implants 
is followed by initiation of chemotherapy or radiation within 1–3 weeks [16]. In 
these circumstances, implants with accelerated healing times as measured by RFA 
are preferred. Currently, in parallel, there is significant research underway to facili-
tate more rapid osseointegration. These activities have focused on modifications to 
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the implant surface. One of those that is most widely accepted is to increase the 
surface roughness of the implant [17]. This allows increased numbers of platelets 
and proteins to attach to the implant surface. Another approach is to spray the sur-
face with calcium phosphate or fluoride during manufacture combined together 
with modification of surface roughness. This has been demonstrated as allowing 
more rapid mineralization of the de novo bone [18]. A third approach that has met 
with considerable success is depositing a positive charge on the implant surface that 
will attract greater quantities of proteins to the implant surface [18]. Using these 
strategies, the RFA values have been reported to plateau at functional levels within 
4–6 weeks after insertion [19]. Other strategies not as yet well validated are also 
being researched. Generally, the effects of the cancer therapies, radiation, and che-
motherapy, on the bone, take 2–4 weeks to have maximum effect. Thus much of the 
osseointegration process can be completed before the effects of the cancer therapies 
reach maximum. A number of cancer centers have reported successful osseointe-
grated implants using a similar protocol [20].

The most common type of cancer occurring in the oral and maxillofacial regions 
is squamous cell carcinoma. The lip and buccal mucosa are the most frequent sites. 
Resection of the lesion and repair of the oral soft tissues, if identified early, is self-
limited. In more advanced cases, the use of intraoral and extraoral pedicle flaps is 
required. These generally do not affect implant placement as they do not involve 
bone. However, the use of these flaps frequently results in scar tissue that can limit 
the mobility of the mandible and reduce the buccal vestibule. Management of the 
prosthesis in these cases, particularly if there is a lack of attached gingiva, is more 
problematical and complex [21]. Although controversial, the literature suggests that 
implants surrounded by attached gingiva seem to have less soft tissue inflammation 
[22]. A lack of buccal vestibule limits the denture flange allowing food accumula-
tion during meals [21].

Squamous cell carcinoma also occurs in the gingiva and soft tissues of the floor 
of the mouth, alveolar processes, and palate. Spread to the bone from these soft tis-
sue locations is more likely. Once the tumor has invaded, the bone more complex 
surgical and prosthodontic management is required. Resection and stabilization of 
the fragments to restore mandibular continuity and allow implant placement in the 
mandible are important to restore the patient’s quality of life [23].

In the maxilla, often the alveolar ridge and the palate are involved. Invasion of 
these structures by the tumor will require resection of portions of the palate and 
exposure of the maxillary sinus. An obturator prosthesis is required to wall off the 
sinus and nose. The obturator prevents food from entering the nose and sinuses as 
well as facilitates intelligible speech. This process is carried out in three distinct 
phases. The first phase is performed on the day of tumor resection during which a 
surgical obturator is wired onto the remaining teeth or screwed into place to provide 
stability and retention. The main goal of using a surgical obturator is to act as a 
bandage for the resection site and allow healing of the soft tissue. Patients’ comfort 
and rehabilitation becomes more convenient with the use of a surgical obturator. 
The second phase is initiated 21  days post-surgery. The surgical obturator is 
removed, and an interim or transitional obturator is placed. This prosthesis is 
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designed differently from the surgical obturator as it is not wired around teeth, and 
it has wrought wire clasps and denture teeth to provide the patient with some means 
of speech and chewing efficiency as well as aesthetics. Placement of implants in the 
available portions of the maxilla, the pterygoid complex, or, as a last resort, the 
zygoma will stabilize the prosthesis and allow an effective seal between the maxilla 
and the maxillary sinus. As noted previously, this seal is critical for speech and 
retention. In the third phase, a definitive prosthesis is provided to the patient that 
follows a similar design to the interim prosthesis, but considerations of esthetics and 
durability are applied [24].

Mucoepidermoid carcinoma associated with major salivary glands frequently 
metastasizes to bone and is considered more invasive. As such it usually requires a 
wider resection, which challenges the creativity of the prosthodontist to design a pros-
thesis which is stable in the remaining oral and maxillofacial structures for patient 
comfort and function. Other rare cancers with a lower incidence (1–4%), such as 
sarcomas and melanomas, require similar surgical and prosthodontic protocols [25].

�Maxillofacial Prostheses

Rehabilitation of cancer patients using maxillofacial prosthetics follows classical 
principles of prosthodontics that are secondarily modified due to structural and mor-
phological changes as a result of treatment of the disease [26]. The support is 
achieved by modifying the prosthesis, especially in cases where some of the reten-
tive anatomic structures are missing. The use of implants to provide stability for the 
prosthesis, aid in retention to avoid dislodgement, and allow functional activities, 
such as speech and mastication, is a major step forward in post-treatment rehabilita-
tion of patients with cancer. In addition, for removable maxillofacial prostheses, it is 
important to achieve good soft tissue support. In the maxilla, the palate is important 
for stabilizing the maxillary prosthesis. Therefore, any loss of the palate creates a 
significant problem. Palatal resection is associated with exposure of the maxillary 
sinus. Functionally, the palate must be sealed from the oral cavity for speech and 
swallowing. The surgeon can create a lateral band (scar band) of connective tissue 
on the resected side within the cheek to provide an undercut to stabilize the prosthe-
sis and create a seal [27]. The prosthesis is then designed to extend above the lateral 
band to obtain the seal. The contralateral side of the maxilla serves to support the 
prosthesis by resting on the remaining palate and alveolar ridge. Implants placed 
strategically can improve the stability of the prosthesis. At times, splints of teeth 
and/or implants are employed. Prostheses are often designed in creative ways to take 
advantage of the remaining osseous structures. Angling and placing the implants in 
atypical positions with the use of attachments (such as snaps or clip attachments 
with bar frames) can be considered to provide stability and retention for prostheses, 
Fig. 10.1. Remote regions, such as the pterygoid complex and the zygoma, can be 
utilized as sites for implants to stabilize intraoral and extraoral prostheses. Special 
implant-supported prosthesis designs are available for use in these situations.
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a b

c d

Fig. 10.1  Maxillary obturators. (a, b) Maxillary pharyngeal obturator supported by two anterior 
locator attachments supported by implants and one unilateral wrought wire clasp supported by a 
contralateral molar are utilized. The posterior bulb, sealing the palatal defect, is hollowed to reduce 
weight and increase the retention of the prosthesis. (c) Dental implant-retained maxillary obturator 
fabricated for a patient with fibula reconstruction of the palatal defect. The prosthesis is supported 
by locator attachments supported by bilateral dental implants that had been inserted in the fibula 
graft. (d) Conventional maxillary obturator with wrought wire clasps around natural teeth for 
retention on one side and a lateral scar band as previously described on the contralateral side

Methods of plate fabrication of surgical reconstruction

Traditional hand bending Full CAD-CAM
Advantages Disadvantages Advantages Disadvantages

Inexpensive
Minimal 
preplanning

�Increased surgical 
time
�Risk of non-bony 
union
Metal weakening

�Reduced surgical 
time
�Reduced 
complications
�Surgical cutting 
guides
�Rate of bony union
�Strength of metal

Expensive
�Extensive planning and 
coordination
�Manufacturing and 
turnaround
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In the mandible, resection of part of the jaw is commonly done in treatment of 
squamous cell carcinoma that has invaded the bone [28]. The remaining segments 
can be stabilized in several ways [29]. First, a stock bar can be contoured to match 
the defect and screwed to the remaining segments for stability of the mandible 
(Fig. 10.2). This is usually performed in the operating room. Today more sophisti-
cated approaches are available in which the resection is planned digitally prior to the 
surgery, and a custom bar is fabricated (Fig. 10.3). In this case, a surgical guide is 
prepared for the resection to properly position the implants and, subsequently, to 
screw the custom stabilizing bar to the remaining mandibular segments. In this 
approach, implants are placed in the segments adjacent to the resection. In a more 
advanced protocol, a vascularized fibula graft is inserted between the remaining 
mandibular segments and attached to the stabilizing bar (Fig. 10.4). In this protocol, 
a computer-aided design (CAD) is used to plan the resection of the diseased section 
of the mandible, called the fibula-harvesting guide. A second guide is used to plan 
the location of the implants and the custom titanium supporting bar that will support 
both the mandibular segments and the fibula graft in position. Upon completion and 
approval of the design, the two guides and supporting bar are CAM fabricated. On 
the day of the surgery the fibula bone is exposed, the three-dimensional (3D) 

a b

Fig. 10.2  Conventional mandibular reconstruction plates. (a) The notches between the holes are 
predefined bending points that allow the plates to be bent as required. This photo represents the 
external surface of a 2.5 mm Synthes Matrix Mandible Reconstruction plate. (b) Bending pliers are 
used to bend the plate at a notch between two-screw holes
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custom-fabricated fibular resection guide is placed and stabilized using surgical 
screws. Once the cuts are made on the fibula bone as desired through the cutting 
guide slots, the osteotomies are prepared and the implants inserted. The implants are 
either placed fully guided through the same fibula-harvesting guide, or they are 
inserted freehand once the guide is removed and the surgeon orients and places the 
titanium-milled mandibular supporting bar stabilized with surgical screws. At this 
point, the fibula bone is ready to be harvested, and the blood supply is terminated. 
Virtual technology allows for planning and design of (i) the quantity of bone 
required for grafting and, (ii) more importantly, the design of the prosthesis to 
restore the continuity of the dental occlusion (Fig. 10.5).

�Soft Tissue Management

The soft tissue used to cover the surgical defect is either a mucosal or a skin graft, 
neither of which is ideal to support a prosthesis [30]. It is important that the prosthe-
sis should not rest on these tissues. This can be prevented by utilizing the teeth or 
implants for prosthesis support. In the case of a removable prosthesis, one of the 
design strategies is to utilize support only from soft tissues that are not affected by 
radiation or chemotherapy. The denture should rest on the non-irritated mucosa with 
or without support from the reconstructed area. Occlusal contacts should be 
restricted to areas overlying stable, non-reconstructed sites. To gain support from 
the reconstructed area, a cantilevered bar attached to the remaining teeth or implants 
can be utilized without loading the soft tissue. This approach has the advantage of 

a b

Fig. 10.3  Computer-aided planning of a patient-specific mandibular reconstruction plate. (a) The 
plate was virtually contoured to the virtually planned model of the patient’s jaw. The digital image 
of the jaw was obtained from a cone beam radiographic image. The number, position, and angle of 
each screw were determined as well. (b) A patient-specific mandibular reconstruction plate milled 
from titanium
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a b

c d

e

Fig. 10.4  The digital CAD CAM protocol associated with a fibula replacement of the body of the 
mandible following resection of an intraosseous squamous cell carcinoma. (a) The three-
dimensional (3D) custom-fabricated fibular resection and implant placement guide. (b) An outline 
on the leg of the incision and flap design for retrieval of the fibula graft. (c) The flap reflected, the 
guide attached, and the implants placed prior to removal of the fibula graft from the leg and wound 
closure. (d) The fibula graft has been cut, retrieved and segments attached to the patient-specific 
mandibular reconstruction plate. Note the implants positioned in the right, central and left seg-
ments of the bone graft. (e) Insertion of the fibula graft-reconstruction plate unit and stabilization 
to the distal mandibular segments (rami) with surgical screws
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permitting the patient to remove the prosthesis. For many of these patients, remov-
able prostheses are preferred as it is easier to clean and maintain implants, teeth, and 
prostheses free of biofilm and debris. This becomes very important especially at 
annual or quarterly follow-ups of patients with their head and neck surgical oncolo-
gists or plastic surgeons. These patients require evaluation of the surgical sites for 
recurrence of disease. Removable prostheses allow ready access for these examina-
tions [31].

�Mucositis

In addition to the surgical issues discussed above, radiation and chemotherapy treat-
ments result in inflammation of the oropharyngeal soft tissues (Fig.  10.6) [32]. 
More recently, mucositis associated with immunotherapy has been reported [33]. 
Mucositis is a problem that can interfere with the use of prostheses that have exten-
sive soft tissue support. These tissues are often friable with little tolerance for load-
ing with removable prostheses. For these patients, it is often preferable to support 
the prosthesis with implants, taking the pressure off of the mucosa [32]. In the case 
of radiation therapy, the determinants of the severity of mucositis are the (i) total 
radiation dose, (ii) fractionation size and scheme, (iii) total volume of tissue that is 
irradiated, and (iv) type of ionizing radiation that is administered. There are strate-
gies that can reduce the degree of mucositis without loss of therapeutic effect. 
Intensity-modulated proton therapy (IMPT, also known as proton therapy) reduces 
the dose to specific sites and structures thereby lessening the incidence of mucositis 
and adverse events compared to previous generations of radiation therapy, such as 
intensity-modulated radiotherapy (IMRT) [34].

a b

Fig. 10.5  Example of a fibula graft attached to a reconstruction plate. (a) Six fibula segments were 
harvested using a cutting guide and attached to the reconstruction plate. (b) Completion of the 
mandibular reconstruction with a fibula flap and a patient-specific reconstruction plate
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The pathogenesis of mucositis has been well characterized. Initially, radiation 
and/or chemotherapy induce damage to the epithelial cell layers (Fig. 10.7). In par-
ticular, damage to the basal layers reduces the thickness of the epithelium resulting 
in a lessened resistance to physical stress as from a prosthesis pressing on soft tissue 
as well as bacterial invasion from the oral microbiota. The breakdown of reactive 

Fig. 10.6  A clinical 
presentation of oral 
mucositis with mixed 
ulceration and 
pseudomembrane 
formation

Fig. 10.7  Pathobiology of oral mucositis. This is a five-stage model, which incorporates a com-
plex interaction that includes primary damage to basal epithelial cells from cancer treatment and 
secondary insult to surrounding tissues as a result of proinflammatory mediators. (Figure repro-
duced with permission from Ref. [36].)
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oxygen species and free radicals from intracellular proteins by radiation and/che-
motherapy is also believed to be important in the initiation of mucosal injury. These 
small, highly reactive molecules are by-products of oxygen metabolism and can 
cause significant intracellular damage. Second messengers that transmit signals 
from receptors on the cellular surface to the inside of the cell are also important fac-
tors in mucositis. The second messengers IP3 and DAG are cleaved by phospholi-
pase 3 intracellularly in the PMNs that are part of the inflammatory response. These, 
in turn, upregulate release of inflammatory cytokines including TNF-α and sub-
stance P. These inflammatory cytokines are important in the pathogenesis of muco-
sitis. In addition as noted before, weakening of the epithelial barrier allows the 
infiltration of the oral microbiota into the epithelium. The metabolic products of 
these bacteria are significant in the maintenance of oral mucositis [35].

The steps in the development of oral mucositis. Generation of reactive oxygen 
species (ROS) triggers release of inflammatory cytokines and transcription factors 
leading to mucosal cell death, ulceration, and pseudomembrane formation [36].

Clinically, the development of mucositis varies between patients. In the initial 
stage, the oral mucositis presents as erythema of the oral mucosa, which then often 
progresses to erosion and ulceration. Typically, the ulcerations are covered by a 
white pseudomembrane. It takes approximately 2–4 weeks for the healing to occur 
after the last dose of chemotherapy or radiation therapy. The length of time of the 
radiation or chemotherapy treatment and amount of time after completion of the 
treatment for the stem cells to mature are important factors in the healing process. 
In chemotherapy-induced oral mucositis, lesions are usually limited to non-
keratinized surfaces (i.e., lateral and ventral surfaces of the tongue, buccal mucosa, 
and soft palate) [37].

The clinical signs and symptoms of oral mucositis can exacerbate with infection 
from the local flora, particularly in immunosuppressed patients. Viral infections 
with herpes simplex virus (HSV) or fungal infections, such as candidiasis, can 
superimpose on the oral mucositis lesion and complicate the process of diagnosis 
and treatment of such lesions [35].

To date, the management process of oral mucositis is largely palliative. The 
Multinational Association for Supportive Care in Cancer and the International 
Society of Oral Oncology (MASCC/ISOO) have developed clinical practice guide-
lines for the management of oral mucositis [38].

	A.	 Nutritional support: Severe pain and altered taste sensation compromise the 
patients’ intake of nutrients and liquids. Patients should be monitored by a dieti-
cian or professional caregiver to prevent any weight loss. Although it varies 
from center to center, prophylactic feeding gastrostomy tubes are placed for 
patients with severe mucositis.

	B.	 Pain control: Oral pain resulting from mucositis significantly affects patients’ 
nutritional intake, quality of life, and ability to practice oral care. Each cancer 
center has its own strategy to manage oral mucositis. The table below presents a 
wide range of modalities that are available according to the need of patients 
(Table 10.1). Viscous 2% lidocaine local anesthetic is used commonly to reduce 
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pain from oral mucositis. Mixtures of lidocaine with diphenhydramine and a 
soothing covering agent, such as Maalox (Novartis Consumer Health, Inc., 
Fremont, MI) or Kaopectate (Chattem, Inc., Chattanooga, TN), in equal vol-
umes provide a longer-lasting analgesic effect. Sucralfate is the most common 
topical agent that is used as a mucosal bioadhering agent to provide a longer-
lasting analgesic effect.

	C.	 Oral decontamination: Microbial colonization of oral mucositis lesions compli-
cates the management of the mucositis, exacerbating the pain. A decontamina-
tion regime provides a significant positive outcome helping to reduce the 
progression of the mucositis and reduces the time for healing.

	D.	 Palliation of dry mouth: A side effect of cancer treatment is a thickening of the 
saliva resulting from a decrease in the serous component. Temporary or perma-
nent xerostomia can further aggravate the inflamed tissue in these patients and 
increases the risk of fungal, viral, and bacterial superinfection upon the mucosi-
tis resulting from radiation or chemotherapy. Dry mouth also makes mastication 
and swallowing difficult. Patients should be counseled and made aware of the 
likelihood of these problems as well as the importance of keeping their mouth 
moist and free of food debris.

The following measures can be taken for palliation of a dry mouth [39], 
Table 10.1:

Table 10.1  Common oral 
mucositis rinses

Bland rinse
Magic ,mouthwash
0.9% saline
Sodium bicarbonate solution
Topical anesthetic: Sprays, ointment, gel, and rinse
Lidocaine or benzocaine
Dicyclomine
Capsaicin
Mucosal protectant
Gelclair (EKR therapeutics)
Cellulose
Kaolin
Sucralfate (Carafate, Axcan Pharma)
Aluminum hydroxide
Analgesics
Benzydamine rinse (not available in United States)
Opioids (nonsteroidal anti-inflammatory drugs 
contraindicated)
Others
Baking soda salt rinses
Pentoxifylline
Chlorhexidine mouthwash
Allopurinol rinse
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•	 Carry a bottle of water and sip water as needed to alleviate mouth dryness. In 
addition, artificial saliva or other supportive agents that keep the mouth moist 
during the day are available over-the-counter at pharmacies.

•	 Rinse with a solution of ½ teaspoon baking soda (and/or ¼ or ½ teaspoon of 
table salt) in a cup of warm water, several times per day to clean and lubricate the 
oral tissues and to buffer the oral environment.

•	 Chew sugarless gum to stimulate salivary flow.
•	 Use cholinergic agents as necessary.

�Conclusion

Dental implants are becoming an increasingly important modality in maxillofacial 
rehabilitation of the head and neck cancer patient. They serve to stabilize prostheses 
that replace portions of the dentition, the maxilla and mandible that are removed as 
part of the patient’s treatment for the disease. The technologies illustrated in this 
chapter that are being currently employed continue to improve. They are allowing 
the cancer patient to live and function with an improved quality of life. New devel-
opments and research particularly in the field of tissue engineering hold promise to 
continue to improve the delivery of much needed health care to patients recovering 
from debilitating maxillofacial disease.
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