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v

 Personalized health care is an emerging concept that has gained considerable 
momentum in recent years. It is a system of care that proposes shifting the 
focus of care from disease management to disease prevention and health 
management, with a greater emphasis on prevention, risk assessment, and 
preemptive intervention. The future dental practice environment will no 
doubt place much more emphasis on disease prevention and on assessing 
disease risk. New technologies will provide dentists with greater capabilities 
to predict early disease onset and minimize disease progression and thus initi-
ate treatment earlier that it is more cost-effective. This concept of personal-
ized health care will have a transformative effect on the oral health-care 
system. If dentistry is to be part of this new health-care environment, future 
practitioners must be able to utilize the most up-to-date technologies that will 
enable risk assessment and facilitate the creation of a personalized health 
plan for their patients. 

 Many of these new technologies designed to aid in point-of-care decisions 
about disease risk or early diagnoses are evolving rapidly and refl ect techno-
logical and knowledge-driven advances in genomics, proteomics, and metab-
olomics. It will no longer be necessary for dentists to rely solely on clinical 
biomarkers to assess disease onset and progression. Rather, the identifi cation 
of patient-specifi c molecular profi les that reveal disease susceptibility or pre-
dict early disease onset will be among the principal tools used by the new 
practitioner. Genomic medicine will be a major catalyst in the implementa-
tion of personal oral health assessment and, along with new technologies 
such as salivary diagnostics, will reveal new biomarkers that will accelerate 
the evolution of personalized oral health care. 

 The driving force behind the movement to interprofessional education and 
collaborative practice is the acknowledged need to implement a holistic 
approach to health care to improve the overall quality of care. It is widely 
acknowledged that optimal patient care can only be achieved through the 
application of evidence-based practice, with a focus on quality improvement 
and through the participation of health professionals working in interdisci-
plinary teams that utilize the most up-to-date technology. The impetus for 
changing the culture of health professional education and care delivery is 
multifactorial, including not only safety issues but also fragmentation of 
health-care delivery, rising health-care costs, inadequate technological infra-
structure for sharing information electronically, the movement to patient- 
centered health-care homes, and impending health reform. 

  Pref ace   
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 With this background we have attempted to provide the reader with an 
overview of this emerging fi eld of personalized oral health care. The topics 
chosen begin with a description by Dr. Harold Slavkin of what personalized 
health care will look like in a contemporary health-care environment. It con-
tinues with a description by Dr. Alex Vieira of how genomic technology will 
be applied to disease diagnosis and prevention, and Dr. Lynn Johnson 
describes how information technology will provide a platform for integrating 
patient information across the health disciplines. Dr. Nisha D’Silva discusses 
how discovery science has revealed important new biomarkers for oral cancer 
diagnosis and therapy. Dr. Will Giannobile describes the potential use of 
companion diagnostics and genetic testing in the dental offi ce. Dr. Yvonne 
Kapila discusses how the fi eld of metabolomics is being used as a “physio-
logical fi ngerprint” of patients and thus is used to reveal important insights 
into a variety of diseases and patient responses to therapy. The application of 
genetic testing to risk assessment of two of the most common chronic oral 
diseases, dental caries and periodontal disease, is discussed by Dr. Tim 
Wright and Dr. Carlos Garaicoa-Pazmino et al., respectively. As we gain 
more insight into the genetic basis of chronic orofacial pain, Dr. Alex DaSilva 
provides a concise overview of how this information is being used to develop 
new strategies to diagnose and treat chronic orofacial pain. The last three 
chapters address the curricular changes that need to occur in dental education 
to prepare future practitioners for a personalized oral health-care environ-
ment (Dr. Peter Polverini), how personalized oral health care will impact 
health-care policy (Dr. Burton Edelstein), and what some of the opportunities 
and challenges are that will shape the future personalized oral health-care 
environment (Dr. Peter Polverini). 

 We hope this book stimulates broad discussion of this topic and stimulates 
additional research into the biological, social, and economic implications of 
this emerging approach to health care.  

    Ann Arbor ,  MI ,  USA      Peter     J.     Polverini       
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      Personalized Oral Medicine 
and the Contemporary Health 
Care Environment                     

     Harold     C.     Slavkin    

    Abstract  

  There are major drivers required to realize the “tipping point” for person-
alized oral medicine—the scientifi c foundation, proof of principle to pre-
cede implementation, and a cultural and economic environment that 
celebrates innovation and emphasizes quality and cost-effective health 
prevention. In Malcolm Gladwell’s acclaimed book  The Tipping Point , he 
argues that success, such as emergence of Social Security legislation in the 
mid-1930s, Medicare and Civil Rights legislation in the 1960s, the recently 
enacted Affordable Health Care Act, and even personalized oral medicine, 
is dependent on people with social gifts at a specifi c time and place in his-
tory. We are about to reach the “tipping point” when society, patients, 
health policy and governments, industry, and health professionals embrace 
personalized diagnosis, treatment plans, therapeutics, and procedures that 
optimize comprehensive and cost-effective health care with predictable 
outcomes for all people. The completion of the Human Genome Project 
(HGP), recent cost-effective and rapid whole genome-wide sequencing 
methods, and instrumentation, along with bioinformatics to handle and 
annotate data collections, enable clinicians to formulate decisions based 
upon the patient’s genotype and phenotype. Despite challenges, now is the 
time for health professionals to prepare for personalized oral medicine 
through pre- and postgraduate education programs.  

         Introduction 

 What’s missing in primary health care? Among 
all of the complex issues required to optimize 
health care in the United States, we need to align 
and integrate mental, vision, and oral care into 
primary health care for all people at all stages of 
the lifespan—from conception through hospice 

        H.  C.   Slavkin     
  Division of Biomedical Sciences ,  Center for 
Craniofacial Molecular Biology, Herman Ostrow 
School of Dentistry, University of Southern 
California ,   Los Angeles ,  CA ,  USA   
 e-mail: Slavkin@usc.edu; hslavk@gmail.com  
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care. First, we must coordinate understanding of 
our patients’ phenotype with their unique geno-
type [ 1 ]. Enter personalized oral medicine. Three 
signifi cant steps must be recognized and com-
pleted to establish personalized oral medicine. 
First, complete the Human Genome Project 
(HGP) costing 1–2 % of the National Institutes of 
Health (NIH) budget from 1988 to October 2004. 
Second, accelerate scientifi c discoveries, infor-
matics, and their translation to clinical practice in 
the post-genomic era (2004 through 2014 and 
beyond). Third, analyze and diffuse information, 
knowledge, and technology to educate health care 
policy makers, to recruit health professionals 
(medicine, dentistry, pharmacy, nursing and allied 
health professions) into personalized oral medi-
cine, and to educate the larger society as to the 
value of their personal and unique medical and 
dental history, family history, human and micro-
bial genomics, pharmacogenomics, and the cost-
effective benefi ts derived from prospective health 
care. The fi rst two steps have been completed! 

 Let’s revisit the fi rst point. Just 15 years ago, 
June 26, 2000, President Bill Clinton and UK 
Prime Minister Tony Blair received the “95 % 
working draft” of the human genome from the 
publically funded, international HGP led by 
Francis Collins of the NIH, and the private, for- 
profi t company Celera Genomics led by Chief 
Scientist Craig Venter [ 2 – 4 ]. “Without a doubt, 
this is the most important and most wondrous 
map ever produced by mankind,” announced 
President Clinton as he began his remarks [ 2 ]. In 
attendance were the teams of scientists and the 
scientifi c leadership of various federal agencies 
at the East Room of the White House (this author 
was in attendance as Director, National Institute 
of Dental and Craniofacial Research–NIDCR). 
The US federal consortium for the HGP led by 
Francis Collins included National Institutes of 
Health (NIH); Centers for Disease Control and 
Prevention (CDC); the Department of Energy; 
the Food and Drug Administration (FDA); Health 
and Human Services (HHS) Secretary’s Advisory 
Committee on Genetics, Health, and Society; 
Health Resources and Services Administration 
(HRSA); National Science Foundation (NSF); 
and the US Department of Agriculture (USDA). 

The US federal program-sponsored sequencing 
was performed in 20 universities and research 
centers in the US, United Kingdom, Japan, 
France, Germany, and China. The cost from 1988 
to 2003 was $3 billion appropriated by the US 
Congress. The competing Craig Venter private 
Celera Genomics venture was initiated in 1998 
and cost $300 million. 

 The HGP is the most ambitious biological 
research program ever undertaken by either gov-
ernments or the private sector. The mission is to 
map all the genes in the entire three-billion-letter 
genetic code embodied within DNA in each of 
the ten trillion of human somatic cells in one per-
son. The six feet in length of DNA within each 
cell nucleus contains 23 pairs of chromosomes 
containing functional genes (genes that encode 
enzymes, regulation of cell processes, and struc-
tural genes such as collagens, keratins, and 
beyond) and (nonfunctioning) pseudo-genes. In 
addition, we possess additional functional genes 
in the maternally inherited mitochondrial DNA 
and, of course, the unique DNA found within 
each of the 100 trillions of microorganisms that 
comprise the human microbiome (oral cavity 
included). Conceptually, the nuclear, mitochon-
drial, and microbial sources of DNA have become 
“the human genome.” 

 Thereafter, the complete human nuclear 
genome sequence, including 21,000 functional 
and 19,000 nonfunctional or pseudo-genes, was 
published in April 2003 and fi nalized in 2004 [ 5 ]. 
This treasure trove of information was rapidly 
used to identify countless genes involved in 
health and disease in humans, primates, mice, 
chickens, fi sh, roundworms, and fruit fl ies. In 
tandem, numerous studies explored the biologi-
cal function(s) of genes and investigated chroma-
tin (histone and non-histone chromosomal 
proteins) and epigenetics, and small RNAs as 
regulatory elements. These and related studies 
were launched and catalogued by the National 
Human Genome Research Institute (NHGRI) as 
Encyclopedia of DNA Elements (ENCODE) [ 6 ]. 
This remarkable effort focused on how genes are 
regulated vis-à-vis alternative splicing (one gene 
generates multiple and different mRNA 
 transcripts), gene–gene interactions, epigenetics 
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(e.g., acetylation, methylation), as well as an 
array of gene mutations operant during embry-
onic development as well as postnatal life. 

 The year 2000 was also the year in which 
Malcolm Gladwell published his fi rst book  The 
Tipping Point  [ 7 ]. According to Gladwell, 
“Specifi c types of people are responsible for bring-
ing about large levels of change” [ 7 ]. Arguably, 
“the biological revolution,” in the words of Sir 
Francis Crick, offers personalized health care as a 
tipping point for this time in history—from the 
discovery of the structure and suggested functions 
of DNA and the clinical applications from genom-
ics and pharmacogenomics to the realization of 
tissue and organ regeneration. 

 We now live in an era of molecular dentistry 
and medicine, an era that is delivering innovative 
ways to prevent, diagnose, treat, and even cure 
the diseases and disorders that infl ict mortality 
and morbidity upon the human condition [ 8 – 30 ]. 
As we ponder the near future, we need to recog-
nize that complex human diseases or multifacto-
rial genetic diseases are the most common forms 
of human genetic disease (e.g., non-Mendelian 
craniofacial birth defects, tooth decay, periodon-
tal diseases, head and neck cancers, chronic cra-
niofacial–oral–dental pain conditions); these do 
not present well-delineated Mendelian patterns 
of inheritance but tend to be expressed within 
families. Meanwhile, the emerging opportunity 
for prospective health care will shift the emphasis 
from disease treatment and management to pre-
vention and wellness management [ 29 ]. 

 The second point needs some clarifi cation. In 
the decade following the completion of the HGP 
in 2004 (2004–2014), standing upon the shoul-
ders of the previous 60 years of accomplishments 
derived from “the biological revolution”, is 
termed the post-genomic decade. This decade 
contained spectacular advances in science—nota-
bly the International HapMap Project, ENCODE, 
numerous advances in nucleic acid sequencing 
technology, bioinformatics for large and complex 
genetic data, the completion with annotation of 
two dozen published individual human genomes 
including that of James Watson and the complete 
sequence of Craig Venter [ 30 – 33 ], and instrumen-
tation and associated technologies that signifi -

cantly reduced costs, increased accuracy, and 
increased speed for complete individual human 
genome-wide sequencing [ 33 – 36 ]. Today a com-
plete human genome can be sequenced within 
12 h for a cost of $1000 per patient [ 35 ,  36 ]. 

 Finally, the third remaining point needs some 
explanation. Using Gladwell’s terms, numerous 
connectors, mavens, and salesmen lectured and 
wrote peer-reviewed journal articles about the 
expanding foundation for personalized oral med-
icine with enormous implications, opportunities, 
and challenges for health professionals. These 
efforts continue, and many recommendations are 
now found in the most recent NIDCR Strategic 
Plan (2014–2019) [ 37 ]. Included within this stra-
tegic plan is a call to expand the foundation for 
personalized or precision oral medicine [ 38 ]. 

 In Gladwell’s defi nition, “a tipping point is the 
moment of critical mass, the threshold, the boil-
ing point” [ 7 ]. In his analysis, the tipping point is 
reached as a result of “The law of the few”; the 
men and women cited above would be consid-
ered “connectors” or people in a community who 
know large numbers of people and who are used 
to making introductions; they facilitate change 
through large social networks [ 7 ]. In addition, 
and often not heralded, are another group of peo-
ple who function as “information specialists” or 
“mavens”; they propagate “word-of-mouth epi-
demics.” Finally, again based on Gladwell’s 
model, there are “salesmen” or persuaders who 
are often charismatic people with highly effective 
negotiation skills such as news anchors Walter 
Cronkite (CBS) and Peter Jennings (ABC). Of 
course, for the social or cultural epidemic to 
fl ourish, it requires the nexus formed by 
Gladwell’s “The Law of the Few” (connectors, 
mavens, and salesmen), “The Stickiness Factor” 
(based on the specifi c content of a message), and 
always “The Power of Context,” meaning within 
a specifi c time and place in human history [ 7 ].  

    Purpose of This Chapter 

 This chapter provides background, challenges, 
and opportunities to enable the reader to cele-
brate and champion personalized oral medicine 
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as an integral to primary health care [ 1 ,  8 – 14 ,  16 , 
 17 ,  25 – 27 ,  29 ,  37 ,  38 ]. Arguably,  the  grand chal-
lenge remaining of the post-genomic era is to 
gain a detailed understanding of the heritable 
variation within the human genome [ 19 ,  20 ,  23 –
 27 ,  33 – 36 ]. Characterization of this genetic vari-
ation among individuals, and within families, 
communities, and populations will illuminate the 
essential clinical understanding of differential 
susceptibility to disease, differential response to 
therapeutics (pharmacogenomics), and the com-
plex interaction of genetic and environmental 
factors that result in specifi c phenotypes 
[ 30 – 36 ]. 

 As we approach the tipping point, transforma-
tional changes in health care are clearly in view, 
driven by advances in science and technology, 
with convergence of information and knowledge 
spanning diverse fi elds of inquiry. One formida-
ble factor is that national health care spending 
reached $2.5 trillion in 2009. The economic 
recession and rising unemployment in many sec-
tors, plus the changing demographics and baby 
boomers aging into Medicare, predict signifi cant 
infl uences on health care spending from 2009 to 
2019 to reach $4.5 trillion [ 39 ]. As a result, fed-
eral and state government spending will account 
for more than half of all US health care spending 
by 2019 [ 39 ]. 

 In part, the tipping point will materialize from 
social pressures and the economics of health 
care. In tandem, we will gain a deeper under-
standing of signaling pathways, molecular inter-
actions, and increasing numbers of novel 
biomarkers that indicate health and wellness as 
well as the diagnosis and progression of disease 
[ 6 ,  15 ,  17 ,  19 – 28 ,  34 ,  38 ]. Further, the craniofa-
cial–oral–dental complex provides many oppor-
tunities to assess risk, stratify patients as to 
relative risk or susceptibility, prevent and diag-
nose diseases and disorders, and inform and 
guide therapeutics (pharmacogenomics) and 
other treatments [ 37 ,  40 ]. 

 Health professionals know that the craniofa-
cial–oral–dental complex can be readily accessed 
and repeatedly sampled for tooth decay (dental 
caries) development and progression; periodontal 
diseases; saliva as an informative body fl uid; 

biofi lm- associated microorganisms on tooth, 
prostheses, and mucosal surfaces; and oral muco-
sal tissue lesions, with minimal diffi culty or 
patient discomfort [ 1 ,  10 ,  40 – 46 ]. We are on the 
threshold of interprofessional primary health care 
that includes mental, vision, and oral health pro-
fessionals. Now is the time for health profession-
als to prepare for the arrival of personalized oral 
medicine [ 1 ,  8 – 14 ,  16 ,  17 ,  23 ,  25 ,  27 ,  29 ,  37 ,  38 ].  

    Agents of Change (Connectors, 
Mavens, and Salesmen): 
The Essential Scientifi c Foundation 
and Proof of Principle 

 Prior to, during, and following World War II, a 
series of “little things” can easily be identifi ed 
that make a big difference. The realization and 
organization of these “little things” can eventu-
ally reach a critical mass, the threshold, the boil-
ing point, and be named “The Tipping Point” [ 7 ]. 
In no small measure, progress in the biological 
and related health sciences has been and contin-
ues to be the result of people with unique talents 
as described as “connectors, mavens, and sales-
men” using the terms of Gladwell [ 7 ]. What fol-
lows here are a few examples that eventually will 
result in the tipping point for personalized oral 
health. 

    Phenotype vs. Genotype 

 Although the study of genetics began before 
Johann Gregor Mendel, his innovations using 
phenotypic characteristics of pea plants (e.g., 
color, shape, texture) in the 1860s resulted in a 
theory of inheritance based upon three profound 
principles: (1) an organism’s phenotype (what it 
looks like, how it functions, how it behaves) can-
not be used as a basis for determining the organ-
ism’s genotype (the organism’s genomics); (2) 
the law of segregation states that genes retain 
their individuality and do not combine to form a 
new blended trait; and (3) the law of independent 
assortment states that every gene has both domi-
nant and recessive forms, which explains in part 
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why traits can skip generations. Mendel’s work 
was not initially recognized and remained 
obscure until the twentieth century when it was 
recognized in the “fl y room” at Columbia 
University in New York [ 47 ,  48 ].  

    The First Pieces of the DNA Puzzle 

 The year 1869 was the landmark year in genetic 
research when Friedrich Miescher fi rst identifi ed 
what he called “nuclein” within the nucleus of 
white blood cells (the term “nuclein”) soon 
became “nucleic acid” and then “deoxyribonu-
cleic acid” (DNA) [ 49 ]. Thereafter, discrete stud-
ies by Phoebus Levene and Erwin Chargaff 
independently contributed critical details of the 
DNA molecule [ 50 ]. 

    Chromosomes Carry Genes 
 Walter Sutton and Theodor Boveri demonstrated 
in 1902 that chromosomes carry genetic material 
as critically analyzed by Victor McKusick [ 51 ]. 
Thomas Hunt Morgan and colleagues deduced 
that the gene for color blindness must lie on the X 
chromosome because of its distinctive pattern of 
inheritance—fathers did not pass it on to sons, 
and it was rare among women. Morgan’s team, 
working at Columbia University, conducted a 
series of additional experiments on the fruit fl y to 
determine how a mutation would be inherited. 
From these studies, they concluded that specifi c 
mutated genes are carried on specifi c chromo-
somes. This series of discoveries and the elegant 
analyses of the evidence formed the foundation 
for their classic treatise  The Mechanism of 
Mendelian Heredity  published in 1915 [ 52 ].  

    DNA Causes Bacterial Transformation 
 Oswald Avery and his colleagues suggested in 
1944 that DNA, rather than a protein as widely 
believed at that time, may be the actual hereditary 
material of bacteria, transferred between bacte-
ria, and could be analogous to genes found in 
viruses, yeast, plants, and animals [ 53 ]. 

  A dentist isolates and purifi es the fi rst DNA 
samples used for X-ray diffraction studies by 
Rosalind Franklin that provided the essential 

 evidence from adenoviral DNA used by James 
Watson and Francis Crick.  It was Norman 
Simmons, a dental graduate of 1939 from the 
Harvard School of Dental Medicine in Boston 
and PhD in Experimental Pathology from 
Rochester University in 1950, who isolated and 
purifi ed the DNA used by Rosalind Franklin in 
the early 1950s [ 54 – 56 ]. It was Irwin Chargaff 
who discovered that A (adenosine) hybridizes to 
T (thymidine) and C (cytosine) hybridizes to G 
(guanosine) [ 50 ]—combined with the critical 
observations from X-ray crystallography work 
by Rosalind Franklin, Norman Simmons, and 
Maurice Wilkins—that contributed to Watson 
and Crick’s derivation of the three-dimensional, 
double-helical model for the DNA structure [ 57 ].   

    Post-World War II Progress 
in Many Areas  

 Political leadership and the dreadful legacy from 
the war motivated international and domestic 
economic, educational, and social changes of 
great magnitude. The creation of the United 
Nations with the World Health Organization 
(WHO), the GI Bill in the USA, the legislation 
for building land grant universities and interstate 
highways, the Marshall Plan to rebuild Europe, 
the rebuilding of Japan, and signifi cant immigra-
tion of outstanding scientists to the USA (prior to 
and following WW II), each served as discrete 
yet synergistic advances that increased support 
for biomedical, physical, chemical, and behav-
ioral sciences [ 58 – 60 ]. Vannevar Bush, director 
of the Offi ce of Science and Technology in 
Roosevelt’s administration, had a plan for the 
NIH that was eventually realized in 1948 with the 
National Institute for Dental Research (NIDR), 
the National Cancer Institute (NCI), and the 
National Heart Institute (NHI) [ 59 ,  60 ]. 

 In tandem, physics, engineering, computa-
tions, and communications were each accelerated 
through major investments from industry, gov-
ernment (Departments of Defense, Energy, and 
Agriculture as well as the National Science 
Foundation), and a number of not-for-profi t foun-
dations. These signifi cant investments rapidly 
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translated into increased numbers of engineers, 
scientists, health care professionals, and associ-
ated health care support industries (manufactur-
ing, distribution, insurance, technology support). 

  A dentist, Robert Ledley, was one of the fi rst 
to envision using computers to create a mathe-
matized biology that would enhance computer-
ized medical (and dental) diagnosis.  Professor 
Robert Stevens Ledley (a dental graduate of the 
New York University School of Dentistry of 
1948 and MS in Physics from Columbia 
University in 1950) recruited childhood friend 
Margaret Oakley Dayhoff to join him at the 
National Biomedical Research Foundation at 
Georgetown University Medical Center in 1960. 
Dayhoff was the fi rst person to establish a com-
puter-based biological database. By 1962, these 
two highly gifted individuals worked together to 
cooperate, collaborate, and develop the fi eld of 
informatics with computer programs to aid in the 
experimental determination of proteins based 
upon the genetic code for each amino acid as 
found in messenger as well as unique transfer 
RNAs [ 61 – 63 ]. Thereafter, hundreds of discrete 
discoveries with computer programs, instrumen-
tation, and high-throughput gene and protein 
sequencing resulted in biology experiencing 
many of the same changes that revolutionized 
physics and chemistry in the twentieth century 
[ 61 – 63 ]. Imagine biology, before computers, 
polymerase chain reactions (PCR) [ 64 ], rapid 
sequencing of DNA and RNA, genomics, phar-
macogenomics, bioinformatics, and the enor-
mous opportunities for government and venture 
capital funding with unlimited applications for 
improving the human condition [ 1 ,  5 ,  6 ,  18 – 20 , 
 22 – 27 ,  34 – 36 ,  61 ,  65 ].  

    Return on Investments in Oral 
Medicine 

 On June 26, 1948, President Harry Truman 
signed into law the creation of the National 
Institute for Dental Research (NIDR) [ 60 ,  66 , 
 67 ]. Along with the institutes for cancer and heart 
diseases and disorders, NIDR invested federal 
funds to address the societal needs to  understand, 

treat, manage, and eventually prevent craniofa-
cial–oral–dental diseases and disorders [ 60 ,  66 ]. 
Investments were required for building a scien-
tifi c research workforce through training grants 
and fellowships. Investments were required to 
build facilities and infrastructure within the intra-
mural as well as extramural communities [ 60 ,  66 , 
 67 ]. The fi rst major accomplishment was derived 
from chemistry and demonstrated in clinical tri-
als that fl uoride in drinking water produced a sig-
nifi cant reduction in tooth decay and, thereafter, 
became a major public health tool to improve 
public health [ 59 ,  60 ,  66 ]. 

 Numerous investments followed, such as the 
creation of the very fi rst Intramural Genetics 
Branch within the NIH Campus in 1957 to 
address genetic diseases of the craniofacial–
oral–dental complex, led by Carl Witkop [ 60 ,  66 , 
 67 ]. Witkop received his DDS from the 
University of Michigan in 1949 and MS in Oral 
Pathology in 1950. His interests focused primar-
ily on hereditary abnormalities of the teeth, pig-
ment metabolism abnormalities, and oral 
manifestations of hereditary dermatological con-
ditions. In tandem, federal funding also sup-
ported research, translational and clinical, 
related to periodontal disease, congenital and 
acquired craniofacial malformations, autoim-
mune diseases, tooth and bone diseases, infec-
tious diseases and disorders, acute and chronic 
pain, and human behavior, as well as basic 
research investigations of neoplastic diseases, 
cell migrations, extracellular matrix molecules, 
mechanisms of invertebrate as well as vertebrate 
biomineralization, genetic mechanisms that con-
trol growth and development, oral mucosal 
immunology, oral microbiology (viruses, bacte-
ria, yeast), genomics of specifi c pathogens, the 
oral microbiome, FaceBase, and much more 
[ 58 – 60 ,  66 – 74 ]. 

 More recently, investments were made in gene 
therapy associated with the production of saliva 
[ 10 ], biomimetics studies for tooth and root regen-
eration, and much more. Collectively, the return on 
investments has profoundly improved the oral 
health of the American people (and beyond), and 
there is much yet to be  accomplished looking to the 
future [ 1 ,  8 – 14 ,  16 ,  17 ,  25 – 27 ,  29 ,  34 ,  37 – 39 ,  46 , 
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 67 ]. In particular, current efforts are focused to 
reduce or eliminate craniofacial–oral–dental 
health disparities; to reduce or eliminate tooth 
decay, oral cancers, periodontal diseases, tem-
poromandibular joint diseases, Sjogren’s diseases, 
and neurological diseases and disorders (e.g., 
Bell’s palsy, trigeminal neuralgia, chronic facial 
neuropathies); and to improve the management of 
chronic facial pain (Table  1.1 )

      Examples from Genomic Applications 
for Congenital and Acquired 
Craniofacial–Oral–Dental Diseases 
and Disorders 
 The following highlights a few selected examples 
from applications derived from the HGP in the 
post-genomic era (2004–2014). Genetic factors 
are at the root cause of numerous diseases and 
disorders, including congenital non-syndromic 
(e.g., cleft lip and cleft palate) and syndromic 
craniofacial anomalies (e.g., craniosynostosis, 
ectodermal dysplasia), dental anomalies (e.g., 
number, shape, timing of eruption and tooth 
replacement, amelogenesis imperfecta, and 
molecular biology of enamel gene products), 
periodontal diseases (i.e., inherited Mendelian as 
well as complex human multigene, gene–envi-
ronment, diseases), tooth decay (dental caries), 
and oropharyngeal cancer [ 1 ,  8 – 14 ,  16 ,  17 ,  25 –
 27 ,  29 ,  37 ,  38 ,  47 ,  52 ,  60 – 81 ]. Genome-derived 
information has been shown to enable a more 
comprehensive understanding of disease etiology 
and permits earlier diagnosis, allowing for pre-
ventive measures prior to disease onset and pro-
gression [ 1 ,  8 ,  9 ,  13 ,  14 ,  81 – 84 ]. As a generality, 
genetic mutations in polarizing signals (e.g., Shh, 
BMPs, Wnt5a, Smad2-4), growth factors and 
their cognate receptors (Egf and Egfr, Fgfs and 
Fgfrs), transcriptional factors (Dlx, Hox, Pitx2, 
Tbx22), cell cycle regulation factors (e.g., p53), 
cell adhesion molecules (E-cadherin, con-
nexin43), and extracellular matrix molecules 
(e.g., Col2A1, Mmp2, Timp1-3, laminins, fi bro-
nectins) are implicated in the genetic variances 
that cause diseases and disorders. These exam-
ples provide “proof of principle” for personalized 
oral medicine and provide rapid determination of 
risk and precise personal diagnostics [ 1 ,  9 ,  11 , 
 21 ,  22 ,  24 ,  28 ,  30 ,  33 ,  83 ]. 

  The most common diseases affecting the US 
population are complex disorders that result from 
defects in multiple genetically controlled systems 
in response to environmental challenges.  Human 
diseases such as childhood obesity, periodontal 
diseases, tooth decay, head and neck cancers, 
 cardiovascular diseases, cerebrovascular dis-
eases, type 2 diabetes, chronic obstructive pul-
monary disorders, schizophrenia, and dementias 

   Table 1.1    Discrete step toward “tipping point” for per-
sonalized oral medicine   

 Date  Accomplishment 

 1861  Principles of Inheritance (JG Mendel) 
 1944  DNA and Bacterial Transformation 

(Avery) 
 1950s  Preparation of DNA for crystallography 

(Simmons/Franklin) 
 1953  Structure/Function DNA (Watson and 

Crick) 
 1964  Genetic Code, mRNA, tRNAs, 

transcription (Nirenberg team and others) 
 1970s  Recombinant DNA technology (Boyer, 

Rutter, and others) 
 1988–
2004 

 Human Genome Project (HGP) (Collins’ 
team and Venter’s team) 

 1980s–
Present 

 Candidate genes for diseases and gene 
therapy translational medicine/dentistry 

 1990s–
Present 

 Head and Neck Cancer Genome (NIDCR 
and NCI, Hosts) 

 2000–
Present 

 Single nucleotide polymorphisms (SNPs) 

 2000–
Present 

 Mendelian versus complex human diseases 
and disorders, gene–gene and gene–
environment interactions, epigenetics, and 
major chronic diseases 

 2008–
Present 

 Genome-wide association scans (GWAS) 
for craniofacial–oral–dental diseases and 
disorders (e.g., tooth decay, periodontal 
diseases, craniofacial pain, head and neck 
cancers) 

 2010–
Present 

 Personalized oral medicine 

 2011  Exome sequencing of solid tumors from 
head and neck squamous cell carcinoma 

 2013  FDA approval for rapid genome 
sequencing from Illumina ($1000 genome 
in 12 h) 

 2014  Toward the “tipping point” for 
personalized health care 

 2015  U.S. Federal support for precision or 
personalized medicine and dentistry 
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(including Alzheimer’s disease) each demon-
strate complex genetic inheritance that will 
require sophisticated analysis. For example, met-
abolic syndrome diseases (MetS) are a global 
pandemic of enormous health, economic, and 
social concern that affects a signifi cant portion of 
the world’s population [ 83 ]. MetS includes 
abdominal obesity, hyperglycemia, hypertriglyc-
eridemia, low high-density lipoprotein choles-
terol, hypertension, periodontal disease, and type 
2 diabetes mellitus, based upon European studies 
[ 84 ]. However, geography and ethnicity provide 
further variations within African, Hispanic, and/
or Asian populations. For example, type 2 diabe-
tes has a unique gene mutation found in Hispanic 
people [ 85 ].   

    Exploring the Genomics 
of Periodontal Diseases 

 Periodontal diseases represent complex human 
diseases of the oral cavity. They are character-
ized by infl ammatory responses associated with 
hard as well as soft tissues within the periodon-
tium in response to commensal and pathogenic 
oral microorganisms (oral microbiome). These 
conditions are associated with a number of sys-
temic associations along with macro- and micro-
environmental factors (e.g., age, gender, 
ethnicity, family health history, obesity, cardio-
vascular disease, type 2 diabetes, pregnancy, 
smoking, diet, hygiene habits) [ 66 ,  69 ,  83 – 91 ]. 
In addition to the cardinal signs of infl ammation, 
periodontal diseases present other phenotypes 
including gingival pocket formation, clinical 
attachment loss (measured in millimeters), 
bleeding upon probing examination, and loss of 
tooth-supporting alveolar bone as assessed by 
radiographic examination and tooth mobility 
[ 86 – 88 ]. As the disease progresses, tooth mobil-
ity and chronic destruction of soft and hard tis-
sue are readily apparent. Periodontal diseases 
are presented in 40 % of the adult US population 
and are considered to be the primary cause of 
tooth loss among adults [ 86 ,  87 ]. 

 The author is using “diseases” advisedly and 
offers that critical observations, documentations, 
and assessments of clinical phenotypes are pro-
foundly important toward correlation of pheno-
type with genotype (e.g., phenomics) [ 1 ,  92 ]. 
This is particularly important when considering 
periodontal disease(s) as related to age, gender, 
ethnicity, composition of biofi lms, and systemic 
diseases (e.g., type 2 diabetes, insulin levels, 
gonadotrophic hormone levels, puberty, preg-
nancy, obesity) [ 11 ,  12 ,  69 ,  83 – 91 ]. For example, 
epidemiologic studies indicate that biofi lm- 
induced gingival infl ammation is universal in 
children and adolescents without any evidence of 
gingival tissue or alveolar bone destruction. This 
condition is typically called gingivitis (without 
periodontal disease). However, children and ado-
lescents can present the signs and symptoms of 
chronic destructive periodontal disease with soft 
tissue and bone loss. These children and adoles-
cents present with rapid, destructive bone loss 
localized to permanent incisors and fi rst molar 
teeth. This is termed localized aggressive peri-
odontitis (LAgP). Another observation is found 
in children and adolescents with more teeth asso-
ciated with destructive bone loss, and this is 
termed generalized aggressive periodontitis 
(GAgP). 

 Each example demonstrates an association 
with age, gender, and ethnicity, as well as with 
systemic disease associations and hormonal lev-
els associated with puberty. Each would be con-
sidered non-Mendelian inheritance (single gene 
mutation) but rather as a complex human disease 
(multiple gene variances with gene–environment 
interactions). A number of signifi cant research 
opportunities arise with respect to genome-wide 
association studies (GWAS) to identify multiple 
gene variances correlated with specifi c clinical 
phenotypes [ 82 – 91 ]. 

 Meanwhile, Papillon–Lefevre syndrome 
(PLS) is an autosomal recessive disorder charac-
terized by palmoplantar hyperkeratosis and 
severe early onset generalized aggressive peri-
odontitis that results in premature loss of the pri-
mary and secondary dentitions. A major gene 
locus for PLS is mapped to a 2.8-centaMorgan 
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interval on chromosome 11q14. This region con-
tains six known genes including the lysosomal 
protease cathepsin C gene (CTSC) [ 14 ,  82 ]. A 
number of signifi cant research opportunities arise 
related to understanding the functions of CTSC 
as related to periodontal disease susceptibility 
within complex diseases. What regulates tissue- 
specifi c gene expression of cathepsin C [ 82 ]? In 
addition to the cardinal features of PLS, PLS 
patients are reported to present increased suscep-
tibility to infection, and this may refl ect addi-
tional effects of specifi c cathepsin C mutations or 
the epigenetic effects from other gene loci. 
Further complications arise in that all PLS 
patients do not show CTSC mutations, yet their 
phenotype aligns well with ectodermal 
dysplasias. 

 In these examples the reader should appreciate 
that genotyping is critically dependent upon 
astute clinical observations that enable under-
standing of how gene variance results correlate 
with phenotype in health or disease. The reader 
should realize that genome GWAS identify hun-
dreds of genetic variants associated with complex 
human diseases and traits. However, most genetic 
variants so far confer small increments in risk 
and explain a small portion of familial clustering. 
This inevitably leads questions as to how to 
explain “missing” heritability [ 91 – 93 ]. 

 A number of recent studies demonstrate that 
45 % of genetic variance can be explained by 
considering all SNPs simultaneously [ 19 ,  23 – 25 , 
 92 – 94 ]. The emerging approach to complex 
human diseases is to consider incomplete link-
age disequilibrium between causal variants and 
genotyped SNPs and to employ stringent signifi -
cance tests to large data sets. This was employed 
to demonstrate that common SNPs explain a 
large proportion of the heritability for human 
height [ 92 ].  

    Exploring the Genomics 
of Tooth Decay  

 The number one chronic disease of children and 
adults is tooth decay or “dental caries.” Available 

information demonstrates that tooth decay is a 
chronic disease that is caused by discrete bacteria 
found within the oral microbiome, excessive car-
bohydrates derived from the diet, host genomics 
as well as microbial genomics, and environmen-
tal factors. The heritability of dental caries has 
been estimates to be from 30 to 60 % [ 95 – 97 ]. 
This condition is a classical example of a com-
plex human disease refl ecting gene–gene and 
gene–environment interactions. Genome-wide 
association scans (GWAS) identifi ed a number of 
genes associated with risk for tooth decay in chil-
dren as well as adults [ 97 ].  

    Exploring the Genomics of Head 
and Neck Cancers 

 Relatively common head and neck cancer pheno-
types include melanoma, basal cell carcinoma, 
and squamous cell carcinoma. Oral squamous 
cell carcinoma (OSCC) is a major cause of mor-
bidity and mortality worldwide, with presenta-
tion of more than 275,000 new cases reported 
each year and over 120,000 deaths every year 
[ 98 ]. OSCC is the sixth most common neoplastic 
disease in the developed world. OSCC-associated 
morbidity and mortality remain high and have 
not improved in over four decades [ 25 ,  40 ,  46 , 
 58 ,  59 ]. One explanation for the lack of improve-
ment indicates that tumor size and lymph node 
involvement and stage (I to IV) do not provide 
guidance for clinical outcome. Apart from 
tobacco, alcohol, and direct sunlight, human pap-
illomavirus (HPV) infection is another known 
risk factor for OSCC. 

 OSCC results from progressive genetic 
changes leading to malignancy in a multistep 
process. Current progress in the discovery of 
genetic biomarkers is rapidly advancing. At this 
point in the journey, it is clear that one bio-
marker for head and neck cancers will not mate-
rialize. Rather, multiple gene-based markers 
associated with specifi c causes within specifi c 
ethnic groups will eventually become the foun-
dation for diagnosis and therapeutics, as shown 
in the list here: 
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    Progress in Genomics of Head 
and Neck Squamous Cell Carcinoma 
(HNSCC) Tumors Using Whole-Exome 
Sequencing 1  ,   2  [ 99 ] 

•     TP53 is the most common gene in HNSCC, a 
gene that encodes p53 protein known to regu-
late the cell cycle, programmed cell death, 
DNA repair, and transcriptional control.  

•   NOTCH1 is the second most common gene 
mutation in HNSCC and also functions in 
blood cancer acute lymphoblastic leukemia.  

•   CDKN2A, PIK3CA, HRAS, and FBXW7 are 
other gene mutations found in HNSCC tumors 
and represent part of the neoplastic signature.      

    Exploring the Genomics of Chronic 
Craniofacial–Oral–Dental Pain 

 Migraine headaches and temporomandibular 
joint and muscle disorders are the most common 
causes of chronic craniofacial–oral–dental pain. 
In 2011, the Institute of Medicine (IOM) of the 
National Academies of Science published a 
report on the public impact of chronic pain enti-
tled “Relieving Pain in America” [ 99 ]. This study 
highlighted that 25 % of adult Americans experi-
ence chronic pain and that women experience 
pain much more often than men, and yet their 
accounts of pain are often dismissed by male 
health care professionals [ 99 – 103 ]. A number of 
genes have been discovered that are associated 
with chronic facial pain (e.g., orofacial myalgia), 
and additional genes have been discovered to 
infl uence or modulate nociception—the neuronal 
process of encoding and processing noxious 
mechanical, thermal, and chemical stimuli vis-à- 
vis nerve endings called nociceptors located in 
the skin, periodontium, periosteum, joint sur-
faces, and muscles of mastication and facial 

1   Exome is the complete set of exons, or protein-encoding 
sequences, found within the human nuclear genome 
and which represent about 1 % of the total DNA. 
2   These studies by Agrawal and colleagues (2011) focused 
on tumors from patients with history of tobacco consump-
tion and also tested negative for human papillomavirus 
(HPV). 

expression [ 25 ,  100 – 103 ]. These advances enable 
improved correlations between phenotype and 
genotype and improved and more precise diag-
nostics and selection of therapeutics based upon 
genomics (Table  1.2 ) [ 103 ].

       A “Situation Audit” 
of the Contemporary Health Care 
Environment: Does the Environment 
Celebrate Innovation, Comprehensive 
Primary Health Care for all People, 
and with an Emphasis on Wellness 
and Health Prevention? 

 At the time of writing this chapter, US health care 
is, candidly, a  work in progress  and replete with 

   Table 1.2    Genomic variant types associated with exam-
ples of phenotypes possibly associated with comparable 
DNA variants in craniofacial–oral–dental diseases and 
disorders   

 Variant type  Associated phenotype(s) 

 Repetitive DNA, 
including 
trinucleotide repeats 

 Fragile X syndrome, 
Huntington’s disease 

 Copy-number 
variants 

 DiGeorge syndrome (22q11.2 
deletion syndrome), Charcot–
Marie–Tooth disease type 1A 

 Long insertion–
deletion variants 

 Resistance to HIV viral infection 

 Structural variants  Chromosomal translocations as 
in adult leukemia and 
spontaneous abortions 

 Aneuploidy  Down’s syndrome, Turner’s 
syndrome 

 Epigenetic 
alterations 

 Prader–Willi syndrome, 
Beckwith–Wiedemann 
syndrome, methylation of CpG 
islands in E-cadherin and COX-2 
genes in periodontal disease 

  Personalized oral medicine offers risk assessment, stratifi -
cation of patients, diagnosis, treatment vs. treatment- 
nonresponsive individuals, individual responses to 
therapeutics (i.e., pharmacogenomics) based upon indi-
vidual mechanism-specifi c genotype coupled with critical 
phenotypes (phenomics). The multiple genetic variance 
basis of many oral diseases and disorders defi nes the 
infl ammatory response of individuals, regulation of the 
cell cycle, and DNA replication in specifi c cell types, epi-
genetics, and a host of other biological mechanisms that 
defi ne an individual’s threshold for resistance or suscepti-
bility to specifi c diseases  
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contradictions in no small measure due to a lack 
of alignment, cooperation, and coordination 
between the federal and state governments 
around health care. The scope of practice, provi-
sions of patient benefi ts within Medicaid, reim-
bursements for health care providers, and health 
insurance regulations are often disparate between 
the federal and the various state governments. 
There are also enormous differences around 
health care progression such as prevention, pro-
spective health care, a health home, home self- 
care, virtual health care, and wellness. Prospective 
health care means predictive, preventive, person-
alized, and participatory health care and wellness 
programs. Further, signifi cant conceptual discon-
nects are most exaggerated around mental, vision, 
and oral health care around our nation. These 
have each been amplifi ed and intensifi ed during 
the legislative processes to initiate the Affordable 
Health Care Act. 

 Demographers and health policy experts sug-
gest that the number of adults 50 and over will 
reach 132 million by 2030, an increase from 2000 
of more than 70 %. In 2030, one out of fi ve citi-
zens will be 65 or older. Between 2012 and 2060, 
the number of individuals age 65 years and older 
will increase from 43.1 to 92 million in the 
United States [ 39 ]. Further, it is now well docu-
mented that as adults age, risk for developing 
chronic diseases and disorders increases. 

 Today, seven out of ten deaths result from 
chronic diseases and disorders, each with oral 
complications. Of the ten most commonly pre-
scribed medications, six are used to treat chronic 
diseases with oral complications. The seven most 
common chronic diseases faced by older adults 
include oral systemic connections or associations 
including the following: (1) arthritis (associated 
with TMJ, xerostomia, and bleeding), (2) cancers 
(chemotherapy, radiation therapy associated with 
oral mucositis, candidiasis, and xerostomia), (3) 
chronic obstructive pulmonary disorders (associ-
ated with oral leukoplakia, erythroplakia, squa-
mous cell carcinoma, xerostomia, and 
candidiasis), (4) type 2 diabetes (associated with 
periodontal disease, candidiasis, neuropathy, oral 
mucosal ulcerations, “poor” healing, compro-
mised infl ammatory response, and xerostomia 

resulting from medications), (5) heart diseases 
(possible hematoma, excessive bleeding, taste 
changes, and xerostomia), (6) hypertension 
(associated with lichenoid drug reactions, gingi-
val overgrowth, xerostomia, and taste changes), 
and (7) mental health diseases and disorders 
(associated with excessive biofi lm formations, 
lichenoid reactions, tooth decay, gingivitis, peri-
odontal disease, and xerostomia). 

 According to Truffer and colleagues [ 39 ], oral 
health care expenses in 2009 reached $101 bil-
lion for the treatment of two-thirds of the US 
population, using only 7 % from public funds. 
That same year, oral health conditions treated in 
the so-called medical care system (head and neck 
birth defects, oropharyngeal cancers, and trauma) 
were $95.9 billion. Total health care that year 
reached $2.5 trillion. It is projected that health 
care expenses will reach $4.5 trillion by 2019 or 
19.3 % of GDP. Succinctly, the US spends more 
than all of the major industrial nations combined 
on health care yet receives much less as measured 
by morbidity and mortality across the lifespan. 

 In tandem, a number of studies have high-
lighted that there are gaps or disconnects between 
societal needs and formal health professional 
education (medicine, dentistry, pharmacy, nurs-
ing, and the allied health professions) [ 104 ]. Over 
the last fi ve decades, there has been a call to 
include human genetic education into the curric-
ulum of North American dental education [ 105 –
 111 ]. Despite these efforts, little has been 
accomplished. In the twenty-fi rst century, there 
continues to be a call for human genomics to be 
integrated into oral health professional education 
[ 1 ,  8 – 14 ,  16 ,  17 ,  25 – 27 ,  29 ,  37 ,  38 ,  58 ,  59 ,  67 ,  73 , 
 74 ,  89 – 91 ,  95 – 97 ,  99 ,  105 – 111 ,  126 ]. Throughout 
the industrial nations, the mantra offered is 
“smarter, faster, and cheaper” health care ser-
vices with an emphasis upon prevention of 
chronic diseases and disorders. Such collective 
thinking as articulated in the United States argues 
that major revisions in the “health care system” 
must increase translational and clinical research, 
reduce costs, increase performance outcomes, 
and be based upon prevention services that meet 
the societal needs and requirements for health 
and wellness [ 112 – 115 ]. 
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    Examples of Online Databases That 
Assist Clinicians in Differential 
Diagnosis or Candidate Gene 
Identifi cation for Syndromic Disorders 
Before CGES 3  Is Performed 

   Free Access 
•   Genetic Testing Registry (  www.ncbi.nlm.nih.

gov/gtr    )  
•   HuGE Navigator (  http://hugenavigator.net/

HuGENavigator    )  
•   Human Gene Mutation Database (  www.

biobase- international.com/product/hgmd    )  
•   Online Mendelian Inheritance in Man (  www.

omim.org    )  
•   Phenomizer (  http://compbio.charite.de/

phen  omizer    )  
•   SimulConsult (  www.simulconsult.com    )  
•   Entrez (National Center for Biotechnology 

Information) (  http://www.ncbi.nlm.nih.gov/
gquery/gquery.fcgi    )   

  Subscription or Fee Required for 
Access 

•   Isabel (  www.isabelhealthcare.com/home/
default    )  

•   London Medical Databases (  http://lmdata-
bases.com    )  

•   POSSUM (  www.possum.net.au    )       

    Future Directions for Personalized 
Oral Medicine: Next Steps 

 The emergence of genomic information, knowl-
edge, and technology continues to illuminate our 
understanding of craniofacial–oral–dental dis-
eases and disorders. Increasingly, these scientifi c 
discoveries are informing clinical practice [ 1 ,  9 , 
 10 ,  16 ,  17 ,  25 – 27 ,  29 ,  34 ,  37 ,  38 ,  41 – 46 ,  58 – 60 , 
 66 – 83 ,  87 – 91 ,  95 – 103 ,  112 – 115 ,  126 ]. It is 

3   CGES means clinical genome and exome sequencing. 
There is presently a spectrum of genomic variants, 
from nucleotide insertions and deletions of at least 8–10 
base pairs (e.g., ACTGATTGCT) through copy-number 
variants that are less effectively assayed by current CGES 
technology. 

becoming increasingly evident that the knowl-
edge from genomics will yield predictive genetic 
tests for dozens, if not hundreds, of conditions, 
reduce risk through various interventions rou-
tinely used for preimplantation genetic diagnosis, 
provide guidelines for translating pharmacoge-
nomics knowledge to bedside and chairside 
(especially related to drugs used for oncology), 
utilized by primary care health professionals, and 
likely be inequitable especially in the developing 
world [ 116 – 125 ]. 

    The Major Challenge: Chronic 
Diseases 

 Technologies for genome-wide sequence interro-
gation profoundly advances identifi cation of 
informative gene loci associated with complex 
diseases [ 116 – 125 ]. One enormous challenge is 
the gap between correlations and causality. We 
have a limited theoretical framework derived 
from Mendelian genetics for complex human dis-
eases and disorders and an incomplete molecular 
understanding of chronic diseases and their indi-
vidual pathophysiology [ 125 ].  

    The Second Dimension to the Human 
Genome: The Epigenome 

 Mapping the epigenome will provide signifi cant 
information for each cell type during embryogen-
esis and subsequent postnatal growth and devel-
opment in health and disease. Specifi cally when, 
where, and how do epigenetic factors such as 
acetylation and methylation regulate gene expres-
sion and function [ 117 – 119 ]? 

  Within oral medicine and related health pro-
fessions, we must provide high school, college, 
and preclinical education in human and micro-
bial genetics, genomics, and genetic counseling.  
For many decades, clinical scholars have been 
advocates for human and microbial genetics, and 
more recently genomics, to be an integral compo-
nent of the preclinical and clinical education and 
training of oral health professionals [ 13 ,  16 ,  17 , 
 25 – 27 ,  29 ,  67 ,  105 – 111 ,  126 ]. Despite formal 
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 recommendations, very modest progress has 
been accomplished [ 111 ,  112 ].   

    Conclusions 

 In concert, the standards in virtually every 
state in the United States have failed to keep 
pace with changes in the biological sciences, 
especially genomics, omitting concepts 
related to genetic complexity, the importance 
of environment to phenotype variation, differ-
ential gene expression, and the differences 
between inherited and somatic genetic dis-
eases. A multidisciplinary analysis of primary 
health care recommends that medical, dental, 
pharmacy, and nursing professional education 
must be revised to address the diseases and 
disorders found in the greater society [ 111 , 
 112 ]. In addition, in order to make signifi cant 
improvements in the public’s craniofacial–
oral–dental health requires major revisions in 
oral health professional education [ 1 ,  13 ,  16 , 
 110 – 112 ]. 

 To address these issues as related to modern 
human genetics and genomics, the recent 
Macy report provides a detailed curriculum for 
genomics that will enable oral health profes-
sionals to use the knowledge and practical 
applications for risk assessment, stratifi cation 
of patients, selection of therapeutics based on 
pharmacogenomics, and diagnostics [ 1 ,  8 – 14 , 
 25 ,  27 ,  29 ,  67 – 70 ,  111 ,  112 ,  117 ]. Recent 
progress toward interprofessional health care 
supports the adoption of the Macy Report and 
a new laboratory manual entitled “Genetics of 
Complex Human Disease” [ 116 – 122 ]. In tan-
dem, we must create practical CE courses that 
enable practitioners to gain access to the con-
tent and applications related to personalized 
oral medicine (e.g., “Genomics and Clinical 
Dentistry”). Further, we must provide essential 
knowledge for health care policy experts as 
well as insurance, manufacturing, and distribu-
tion industries. In tandem, we will continue to 
experience a next-generation sequencing revo-
lution that will impact upon personalized oral 
medicine [ 32 ,  34 ,  36 ,  116 – 126 ]. 

 Finally, enabling the future of personalized 
oral medicine requires a few signifi cant 

 lessons based upon the experiences from the 
last few decades. First, free and open access to 
human genome and microbiome data is criti-
cal for the rapid progress of the biomedical 
sciences. Second, accelerating innovations for 
technology and informatics clinical research 
and development with an emphasis upon mul-
tidisciplinary health professional teams will 
continue to be a key to success. Third, phe-
nomics or the accurate identifi cation and 
alignment of genetic and phenotypic, as well 
as environmental, risk factors are a major 
driver to success. Applying genome-wide 
sequencing and SNPs technology to classical 
Mendelian disorders has revealed fascinating 
variance within the phenotype as well as gen-
otype [ 126 – 128 ]. These efforts must also 
coordinate with human behaviors to achieve 
optimal benefi ts. Fourth, support for public–
private partnerships is critical to advance drug 
development coupled with pharmacogenom-
ics. One example is to enhance the relation-
ship between the FDA, NIH, and big and small 
pharmaceutical companies. Finally, we must 
ensure individual privacy and effective and 
continuous education for health care providers 
and the larger society about genomic health 
care and ensure an appropriate health care sys-
tem reimbursement for the cost of evidence-
based, cost-effective preventive services.     
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      Genomic Approaches to Disease 
Diagnosis and Prevention                     

     Alexandre     R.     Vieira     

    Abstract  

  Genomic approaches are the basis for proposing personalization of medi-
cine, a philosophy that customizes healthcare using molecular analysis to 
guide medical decisions tailoring them to individual patients. Specifi c 
treatments will be prescribed only to patients who will positively respond 
to them, avoiding additional suffering and costs and focusing on therapies 
that better suit each particular case. This chapter briefl y revisits the current 
state of the art of genomics, transcriptomics, proteomics, and pharma-
cogenomics and proposes that greater emphasis on phenomics will possi-
bly accelerate discovery and implementation of a healthcare system that 
utilizes molecular information for bedside care.  

         Introduction 

 The genetics fi eld came a long way in regard to 
utilizing genetic variation to identify linkage 
between specifi c loci and phenotypes. From the 
fi rst suggestion that linkage could be used to 
physically locate genes in chromosomes in 1911 
to genome-wide genotyping scans utilizing array- 
base devices with more than one million single 
nucleotide polymorphisms (Fig.  2.1 ), fulfi lling 
the promise to utilize genomic approaches to clin-
ically manage patients is on the horizon [ 1 – 5 ].

       Gene Mapping 

 Physically locating chromosomal regions and 
genes that are linked or associated with disease 
phenotypes was the initial focus of much of the 
effort to unveil genetic causes of common dis-
eases. The technology quickly advanced from a 
few markers to more than one million markers 
that can be effi ciently interrogated, as seen in  
Fig.  2.1 . After more than a decade of work, it is 
clear that those methods are powerful enough to 
detect causes of conditions that are rare and infl u-
enced by strong gene effects (Fig.  2.2 ). For typi-
cally more common diseases, in which more than 
one gene contributes to the condition and each 
gene has a small effect, the detection of associa-
tions does not translate into any relevant informa-
tion worth utilizing in the management of 
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patients. Again, the exception is for families with 
“private” and rare mutations. “Private” in this 
context means the mutation is so rare it is unlikely 
it will even be seen again in another case outside 
the family. This scenario becomes of interest just 
for the family and the identifi cation of the muta-
tion in all affected family members will help with 
genetic counseling explaining the mode of inher-
itance and risks for new offspring (Fig.  2.3 ). Due 
to the low frequency, it is very unlikely a  mutation 

like this will attract the interest of private corpo-
rations to develop a product for genetic testing.

        Direct Sequencing 

 One of the consequences of the human genome 
project was the rapid development of technolo-
gies that made it more effi cient to obtain DNA 
sequence reads. Machines today can obtain reads 
of millions of base pairs in the same time that just 
a few base pairs were obtained 30 years ago. This 
evolution permits a whole genome to be 
sequenced (or a whole exome or the sequencing 
of the portion of DNA that codes for protein). 
Those methods have been used to unveil the 
genetic variants that cause disease in cases where 
expected mutations cannot be identifi ed [ 6 ]. One 
good example is an analysis of a family segregat-
ing KGB syndrome (KGB stands for the initials 
of the affected patients in the original report and 
includes distinct craniofacial anomalies, macro-
dontia of the maxillary central incisors, short 
stature, mental retardation, and skeletal anoma-
lies), in which a mutation in  ANKRD11  (ankyrin 
repeat-containing cofactor 1 or ankyrin repeat 
domain 11) was identifi ed [ 7 ]. This work demon-
strated that mutations in  ANKRD11  cause KGB 
syndrome, outlining a fundamental role of the 
gene in craniofacial, dental, skeletal, and nervous 
system development and function and providing 
a tool for genetic screening of suspected cases.  

    Transcriptomics 

 Gene expression profi ling (which includes 
mRNA transcripts that refl ect the genes that are 
being actively expressed at any given time) is 
seen as a precursor for the proteome. For diag-
nostic purposes, assessing profi les in saliva was 
of great interest due to the noninvasive nature of 
saliva collection. Array technology generated 
even more interest, but closer evaluation of the 
origins of expression microarray and reverse 
transcription-PCR (RT-PCR) signals in human 
saliva revealed discouraging results [ 8 ]. RNA- 
specifi c RT-PCR strategies cannot eliminate 
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  Fig. 2.2    Most diseases are 
infl uenced by more than one 
gene, with relatively small to 
moderate effects. Genetic 
variants in these genes that lead 
to disease tend to have 
relatively small to moderate 
allele frequencies as well. 
Association studies are 
excellent for detecting diseases 
that are common with highly 
frequent disease-causing 
genetic variants. Conversely, 
linkage approaches are 
excellent for detecting rare 
diseases that have uncommon 
alleles with very strong effects. 
Most diseases, however, are 
polygenic in nature, can be 
modulated by environmental 
factors, may have epigenetics 
infl uences, and cannot be fully 
assessed by linkage or 
association approaches       
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  Fig. 2.3    Family-segregating oligodontia. Squares indi-
cate males, circles females. Blue indicates affected indi-
viduals (details of affection status below). Individuals I.2, 
II.2, II.4, and II.6 have severe forms of oligodontia. 
Individual I.1 has only fi ve teeth missing (hypodontia 
indicated by a shade under the blue color) and individual 
II.3 hypodontia of three teeth ( stripped blue marked ). All 

individuals with blue color are heterozygous for the 
 WNT10A  mutation F228I. The individual II.3 does not 
carry a  WNT10A  mutation, indicating his hypodontia has 
a different etiology. Individual II.6, marked with the black 
arrow, requested genetic counseling and was advised her 
chance of having a child with oligodontia was 50 %       
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 confounding signals from contaminating 
genomic DNA, suggesting that saliva extracts do 
not support mRNA expression studies.  

    Proteomics 

 Since genomics did not immediately translate 
into curing diseases, the direct identifi cation of 
the products of the genes, the proteins, gained 
increased interest. Proteomics has been the focus 
of several initiatives hoping to explore the func-
tion of genomes by providing insight on the over-
all level of intracellular protein composition, 
structure, and activity. Mass spectrometry, chips, 
and reversed-phase microarrays are some of the 
current technologies implemented in proteomic 
studies. Virtually, proteomics has been explored 
in every possible source of substrate from the oral 
cavity: enamel and acquired pellicle cells, dentin, 
skin fi broblasts, saliva, root canal and periapical 
sources, pulp cells, periodontal cells, gingival 
fl uid and cells, teeth, clinical isolates from caries 
and biofi lm, epithelial cells, and squamous cell 
carcinomas cells and serum [ 9 ].  

    Pharmacogenomics 

 There is great interest in studying the role of 
genetics in drug response. Genetic variation 
infl uences drug absorption, distribution, metabo-
lism, elimination, and receptor target effects. 
This approach will permit the personalization of 
treatments by selecting individuals who will 
respond and/or benefi t from certain drugs and, 
conversely, avoiding certain therapies in individ-
uals who will not respond to certain medications. 
Individuals carrying genetic variants in  CYP2D6  
(cytochrome P450 2D6) and  OPRM1  (mu-type 
opioid receptor) have distinct responses to halo-
thane, isofl urane, and fentanyl [ 10 ]. Head and 
neck squamous cell carcinomas displaying a 
 PIK3CA  (phosphatidylinositol 4,5-bisphospate 
3-kinase catalytic alpha isoform) mutation may 
be more resistant to erlotinib (EGFR tyrosine 
kinase inhibitor, EGFR stands for epidermal 
growth factor receptor), indicating that the 

 mutational status of  PIK3CA  may be used to 
select preclinical models for response to erlo-
tinib. A  GSTT1 -lacking fetus (GSTT1 stands for 
glutathione S-transferase theta 1) from a mother 
who smokes 15 cigarettes or more per day will 
have a nearly 20-fold increase of developing cleft 
lip and palate [ 11 ]. 

 These examples are relevant because the iden-
tifi cation of the above gene mutations in patient 
subpopulations that exhibit more effective 
responses and/or an improved benefi t/risk upon 
treatment will become a central part of care man-
agement. This scenario is even more relevant 
when one realizes that drug development appears 
to be at an impasse, with delivery of new prod-
ucts being at an all-time low [ 12 ]. Genetic variant 
prevalence in the population, the cost of genetic 
variant testing, and the cost of choosing the 
wrong treatment are key parameters in the evalu-
ation of the economic viability of personalized 
medicine. Mathematical models suggest that 
upfront testing costs are likely offset by avoided 
nonresponse treatment costs [ 13 ].  

    Phenomics 

 The challenges, however, of incorporating molec-
ular information for supporting clinical decisions 
(both diagnosis and treatment) are still abundant, 
from skepticism of the usefulness of these 
approaches and their underlying costs to the dif-
fi culties in translating results that suggest an 
increased risk at the population level without pro-
viding a clear meaning for the individual. There 
is still much to be learned about the interplay 
between genetics background and disease onset 
and prognosis. 

 To accelerate this process, a refocus on the 
measurement of the physical and biochemical 
traits—phenomes—has been proposed. There are 
two strong reasons to justify this effort. Genome- 
wide association studies for complex traits and 
diseases require a large number of observations 
to overcome the multiple testing issues and to 
permit that relatively small individual contribu-
tion from genes to be detected. If we assume a 
multiplicative mode of inheritance, sample size 
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of cases identical to that of controls, depending 
on the disease frequency, thousands of samples 
are potentially required (Table  2.1 ).

   Cases or affected individuals are typically 
defi ned by having a particular disease or condi-
tion (i.e., been born with cleft lip and palate, hav-
ing a diagnosis of periodontitis, having had caries 
experience). In the case of cleft lip and palate, 
scientists have demonstrated that a more sophis-
ticated clinical description, for example, one that 
includes the status of the dentition, provides new 
opportunities for identifying association with 
genes (Fig.  2.4 ). Subtypes of oral clefts based on 
dental abnormalities have been proposed [ 15 ]:

      Cleft Lip With or Without Cleft 
Palate (CL/P) 

    Unilateral right
 –    With/without tooth agenesis outside the 

cleft area     
  Unilateral left

 –    With/without tooth agenesis outside the 
cleft area  

 –   With/without microdontia or supernumer-
ary teeth on the noncleft side  

 –   With/without multiple dental anomalies     
  Bilateral

 –    With/without tooth agenesis outside the 
cleft area  

 –   With/without supernumerary teeth  
 –   With/without malposition of lower canines  
 –   With/without multiple dental anomalies     

  “Unsuccessful” bilateral (unilateral CL/P with 
agenesis of the lateral incisor on the noncleft 
side)
 –    With/without multiple dental anomalies        

    Cleft Palate Only (CPO) 

    Complete
 –    With/without tooth impaction  
 –   With/without multiple dental anomalies     

  Incomplete
 –    With/without tooth malposition       

 Binary defi nitions can be redefi ned by utiliz-
ing multiple parameters (i.e., affected teeth, 

   Table 2.1    Number of individuals necessary to obtain 80 % power in genome-wide association studies   

 Study design 

 Linkage disequilibrium 
between genetic 
marker and disease- 
causing mutation  Case-control  — 

 Family-based 
(transmission 
disequilibrium test, 
TDT) 

 Frequency of rare allele 
in the population 

 —  Relative risk of 
disease-causing 
genotype = 0.1 

 Relative risk of 
disease-causing 
genotype = 0.01 

 — 

 0.01  1  6312  7712  16,520 
 —  0.75  11.084  13.526  26,975 
 —  0.5  24,616  30,002  55,304 
 Corresponding disease 
prevalence 

 —  10.2 %  1.0 %  — 

 0.1  1  776  986  1972 
 —  0.75  1368  1736  3.278 
 —  0.5  3052  3866  6856 
 Corresponding disease 
prevalence 

 12.1 %  1.2 %  — 

 0.5  1  386  616  964 
 —  0.75  688  1096  1720 
 —  0.5  1554  2472  3880 
 Corresponding disease 
prevalence 

 —  22.5 %  2.3 %  — 

  Estimates from: Ohashi and Tokunaga [ 14 ]  
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 presence of certain microorganisms, severity), 
which will likely lead to groups of affected indi-
viduals that have much closer case presentations. 
This will decrease heterogeneity and likely enrich 
for common genetic contributions, either from 
the same gene or from genes in the same path-
way. The downside of this approach is the need 
for identifying larger amounts of affected indi-
viduals to obtain the desirable minimal number 
of cases for analysis.   

    Conclusions 

 It is recommended that scientists interested in 
all disciplines of dentistry start to rethink case 
defi nitions and to utilize more complex case 
defi nitions for their studies. 

 If one takes the cariology fi eld as an exam-
ple, DMFS/dmfs scores are more indicative of 
disease severity than DMFT/dmft scores. 
However, for decayed teeth, the D1–D4 scale 
will provide an even more precise defi nition of 
severity, similar to the 0–6 scale of the 

International Caries Detection and Assessment 
System. However, those scales only indicate 
individual caries experience and do not neces-
sarily convey information about the pathogen-
esis. The addition of other caries etiology 
variables will enhance these clinical defi ni-
tions by discriminating individuals who per-
form suboptimal oral hygiene, have specifi c 
diet preferences, present specifi c bacterial 
colonization, or a combination of these. It is 
unlikely that genomic approaches will be use-
ful to all fi elds of dentistry unless more sophis-
ticated clinical descriptions are incorporated 
in the analyses of disease-causing factors, 
both genetic and nongenetic.     
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      Health Information Technology 
(Health IT): The Future of Personal 
Medicine                     

     Lynn     A.     Johnson       and     Eileen     Quintero    

    Abstract  

  Health IT is changing the focus of healthcare providers from curing illness 
to empowering the individual to improve their personal health. Cloud com-
puting stores big data for safe and easy access by individuals, mobile 
devices are used to enter data during a health event, wearable sensors detect 
changes in our bodies’ physical changes, and social media permits sharing 
our health information to support communities. These four health IT trends 
combine to generate the big data that personalizes healthcare and feeds the 
electronic systems of the learning health system (LHS). The learning health 
system continuously analyzes this data as well as the data from hospital 
electronic health records and other healthcare entities. The continuous data 
aggregation and analysis allows the “learning” of the learning health sys-
tem to occur. Subsequently, each of us, as well as our healthcare providers, 
uses health IT to access this “learned” knowledge to proactively improve 
our health. Health IT combined with the learning health system is antici-
pated to shorten the 17-year “bench-to-bedside” gap between knowledge 
discovery and its application in personal health to 17 months.  

         Introduction 

   According to an Arabian proverb, “He who has 
health, has hope. And he who has hope, has every-
thing.” [ 1 ] 

   The future of health and of healthcare depends 
upon health information technology. Health infor-
mation technology, also known as health IT, is an 
overarching framework of health information that 
ensures the secure exchange of health information 
between patients, providers,  insurers, hospitals, 
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government agencies, and other healthcare entities 
[ 2 ]. Already providers are carrying tablets [ 3 ], and 
patients are wearing devices that track their vital 
signs, sleep patterns, pulse, and physical activity 
[ 4 ]. This information is beginning to join the elec-
tronic record systems in hospitals and health 
research databases to improve and personalize the 
information required to improve health. Whereas 
up to this point healthcare considerations have pri-
marily focused solely on illness, health IT is shift-
ing the healthcare community toward improving 
how we practice healthcare [ 5 ]. As such, health IT 
is becoming increasingly relevant for making bet-
ter, faster, evidence-based decisions for treatment 
and patient care. We propose that the four pillars of 
health IT are the cloud, mobile devices, sensors, 
and social media. Most importantly, these four pil-
lars generate the big data that could fuel a learning 
health system (LHS): a system that can continu-
ously study and improve itself (Fig.  3.1 ). This 
chapter will fi rst discuss the LHS and then the four 
technology pillars that support it.

       The Learning Health System: 
From Big Data to Knowledge to Use 

 In recent years there has been growing recogni-
tion that our current health systems have consis-
tent problems that result in suboptimal practices, 
high costs, and concerns about patient safety [ 6 ]. 

From this realization has emerged the concept of 
a learning health system (LHS). The LHS con-
cept, fi rst expressed by the Institute of Medicine 
in 2007, is now being adopted across the country 
and around the world [ 7 ,  8 ]. The concept borrows 
advancements backing technological areas such 
as machine learning, self-learning code, recom-
mender systems, and artifi cial intelligence. 

 The LHS consists of a series of “virtuous 
cycles” of continuous learning to address specifi c 
health problems. The cycle begins with collection 
and analysis of big data to generate new knowl-
edge (see Fig.  3.2  left/blue side of the cycle). 
Stakeholders can interact with that new knowledge 
to provide only the relevant information required 
at that time to solve a case (see Fig.  3.2  right/red 

  Fig. 3.1    The learning health 
system cycle (assemble data, 
analyze data, interpret results, 
customize feedback, and take 
action) with the pillars of 
health IT (cloud, social media, 
sensors, mobile devices). The 
learning health system 
operates in the cloud; data are 
gathered using sensors, social 
media, and mobile devices; 
and practitioners and patients 
receive and act upon 
information provided on 
mobile devices       

  Fig. 3.2    The virtuous cycle of the learning health system. 
A learning cycle (C. Friedman. Adapted with permission 
from “Toward Complete and Sustainable Learning 
Systems.” Available at   http://medicine.umich.edu/sites/
default/fi les/2014_12_08-Friedman-IOM%20LHS.pdf    )       
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side of the cycle). Stakeholders might be clini-
cians, patients, or even researchers. Once a deci-
sion is made, the decision and results are fed back 
into the system as data and infl uence the outcomes 
of the next analysis of big data. Thus, the system 
“learns” by taking the results of the last patient-
care decision into account when generating the 
results of the next stakeholder request. A set of 
learning cycles forms the LHS. The LHS enables 
continuous access to relevant health data from 
entities across the nation, conduct of analyses that 
convert the data to useful knowledge, and trans-
mission of that knowledge to all stakeholders in 
formats that promote positive action and health-
promoting behavioral change [ 9 ]. The overall goal 
is to more rapidly change stakeholder behavior 
toward evidence- based treatment decisions in 
order to improve health, as well as to transform 
our healthcare organization by creating more 
instantaneously collaborative environments for 
comparing treatment results.

   Gathering “big data” is currently a hot topic. 
The emphasis on aggregating and analyzing big 
data (“blue side” of Fig.  3.2 ) creates only half of 
a learning system, because the cycle terminates at 
“12 o’clock” (see Fig.  3.2 ) and cannot complete 
itself. Absent a mechanism to deliver what is 
learned into actual practice and document the 
practice changes that result, these limited efforts 
will continue to propagate the frequently cited 
17-year “bench-to-bedside” gap between knowl-
edge discovery and its general application in 
practice [ 10 ]. This latency is likely to increase as 
the rate of new knowledge generation increases, 
in absence of an accompanying mechanism to 
promote the uptake of this new knowledge [ 11 ]. 
In order to make continuous learning and 
improvement possible, attention needs to shift to 
also being able to continuously learn from big 
data in order to drive meaningful improvement 
(“red side” of Fig.  3.2 ). We challenge the com-
munity to reduce the “bench-to-bedside” gap 
from 17 years to 17 months or 17 weeks. 

 The LHS has the potential to reduce the time 
between discovery and application of health 
research fi ndings not only by providing auto-
mated identifi cation of cases to which new fi nd-
ings apply but also by identifying clinical patterns 

of positive outcomes in real time. Our current 
methods for clinical research and clinical trials of 
new procedures or medical innovations require 
time for setup of the experiment and completion 
with a defi ned number of participants. Performed 
by one or a few doctors, signifi cant “n” requires 
signifi cant time. The LHS could facilitate faster 
research through identifi cation of “n” through 
natural practice. In dentistry the realization that 
research can be signifi cantly sped by inclusion of 
outcomes data collected in private practice rather 
than limiting data collection to specifi c studies 
has prompted a movement to include, educate, 
and standardize data collection for private prac-
tice. In 2005 the National Institute of Dental and 
Craniofacial Research (NIDCR) awarded three 
separate grants for a total of $75 million over 
7 years to foster participation for evidence-based 
data collection and research on the part of all 
dentists in private practice settings [ 12 ]. The 
establishment of these practice-based research 
networks (PBRNs) allows practicing dentists to 
contribute to research and also apply current fi nd-
ings to their patient care [ 13 ]. The positive infl u-
ence of direct application of research to clinical 
decision-making can be viewed in this quote:

  As my career developed, I began to seriously won-
der at the end of the day if I actually improved the 
health of my patients. When I reviewed the 
research I realized that in fact some of my most 
basic questions related to caring for patients could 
not satisfactorily be answered. Involvement in 
practice-based research has allowed me to ask and 
begin to answer clinical questions that actually 
matter to me and my patients. Additionally, con-
ducting research in my own practice has helped me 
implement change in my practice at a much quicker 
rate. The results that I have been involved in pro-
ducing just mean so much more to me now! [ 14 ] 

   Still, submission of data and searching for 
clinical answers require additional time and 
effort. In an environment where even Amazon 
automatically recommends books based on the 
books you have purchased before, it raises the 
question of whether health information systems 
could include such recommendations. 

 In Michigan, the Center for Health Research 
and Transformation (CHRT) has initiated 
“Learning Health for Michigan,” an initiative 
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 targeted at achieving a statewide LHS [ 15 ]. At 
the national level, the Offi ce of the National 
Coordinator (ONC) for health IT has specifi cally 
articulated the LHS as a 10-year goal and the pin-
nacle achievement of health information technol-
ogy [ 16 ]. At the global level, efforts based in the 
European Union [ 17 ] have advanced the LHS 
agenda, and interest in the concept is appearing 
in Japan, Australia, and Argentina [ 18 ], as well as 
other countries around the world. 

 Implementation plans for the LHS make the 
case for a system that both allows access to 
diverse data without interfering with security and 
ownership of that data, bypassing any territorial 
concerns, and provides a systematic and opera-
tionalized method for creating personalized 
health information that is current and relevant to 
an individual case. It has the potential to decrease 
the time required for new research knowledge 
and treatment outcomes data to be applied in 
practice and thereby improve health for all of the 
world’s population. 

    LHS Technology Pillar #1: Cloud 

    Case Study 
 On October 29, 2012, Hurricane Sandy depos-
ited 4 feet of contaminated water in the Sea 
Bright, NJ, dental practice of Drs. Michele 
Brucker and Kevin Colleir. Very few of their 
paper charts were salvaged and none of the 
radiographs. Drs. Brucker and Colleir were 
grateful for the support offered by the dental 
community, from guidance on legal issues to 
dentists who opened their offi ces to Brucker 
and Colleir to provide care to their patients. 
However, without their records, contacting 
and caring for patients was a challenge. Now 
electronic records are a priority for them [ 19 ]. 
Compare this to the story of periodontists Dr. 
Saljae Aurora and Christopher Chung from 
Vancouver, British Columbia [ 20 ], who had lost 
all of their computers, monitors, and printers in 
a burglary. Because they use a cloud electronic 
health record (EHR), they used their home lap-
tops to access their patients’ information. They 
were able to see all scheduled patients, schedule 

new appointments, document all procedures, 
bill for treatments, and in all ways conduct their 
normal dental practice.   

    How Cloud Computing Works 

 Cloud computing is a term that avoids all sensi-
bilities. You cannot see, touch, smell, hear, or 
taste a computing cloud, but most of us use it. 
The basic concept behind the cloud is that all of 
your data, and sometimes your software pro-
grams, are stored via the Internet and that you can 
access them from any device, anywhere and at 
any time. This is such a signifi cant change in how 
we use technology that we will describe how 
cloud computing works and how it is encourag-
ing the transformation of healthcare. 

 Computers communicate over wireless net-
works, and clinicians now use handheld devices 
such as phones and tablets to enter and access 
patient information over these wireless networks. 
Storing information in the cloud means that you 
are saving information somewhere other than on 
a portable storage device or the device you are 
currently using, and that you will be able to 
access that information, and mostly likely previ-
ous versions of that information, from a different 
device at any time. Often the computer servers 
that make this possible are owned and operated 
by another company. 

 Cloud software means that the software fi les 
are installed somewhere else, but that it is possible 
to use the software via a web browser or other 
interface from your device. In this case, each 
action, such as recording a health history, calcu-
lating a bill, or communicating with a patient, is 
an operation that is executed on a server that is 
located somewhere unknown to yourself, and you 
see the results. That server might be in the next 
town or even halfway around the world. The video 
 Cloud Computing Explained  [ 21 ] has an easy-to-
understand explanation of cloud computing. 

    Software as a Service (SaaS) 
 If there is one technical term associated with 
cloud computing that everyone needs to know, it 
is software as a service, also known as SaaS (pro-
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nounced sah-ss, rhymes with glass). Cloud com-
puting provides storage as a service and software 
as a service by which software service providers 
can enjoy the virtually infi nite and elastic storage 
and computing resources [ 22 ]. It is subscription- 
based utilization of computer hardware and soft-
ware over the Internet, similar to the way utility 
companies supply gas and electricity [ 23 ]. With 
SaaS you do not purchase software that you own 
and install; instead, you buy a subscription to the 
cloud software or cloud storage and the rights to 
use it for the duration of your subscription. 
Because it is cloud based, the service runs on a 
server in an unknown location. You do not need 
to install, update, back up, or perform any of the 
myriad tasks associated with software on a day- 
to- day basis. Instead those operations occur 
behind the scenes. 

 Subscriptions are now sold for both storage 
and software, with the “as a service” signifying 
that you pay to use but not to own, maintain, or 
upgrade. Business has used cloud computing 
because it allows capacity and functionality to 
increase on the fl y without a major investment in 
infrastructure, personnel, or licensing fees. Also, 
when a computer, laptop, tablet, etc. fails, busi-
nesses can use a different device and still be able 
to access their information. Cloud architecture 
can potentially be superior to traditional elec-
tronic health record (EHR) infrastructure in terms 
of security, economy, effi ciency, and utility [ 24 ].   

    Cloud in Healthcare 

 Using EHRs to share information between 
patients and providers helps to improve diagno-
sis, promote self care, and improve patients’ 
knowledge of their health. The use of cloud elec-
tronic EHRs is increasing steadily in North 
America and Europe [ 25 ] in both dentistry [ 26 –
 28 ] and medicine [ 29 – 31 ]. They allow clinicians 
to access their patients’ records on a variety of 
devices, i.e., computers, as well as on tablets and 
smartphones, as long as there is an Internet con-
nection. It is anticipated that cloud EHRs will 
improve individual patient care, but it will also 
bring many public health benefi ts, including:

•    Early detection of infectious disease outbreaks 
around the country [ 32 ]  

•   Improve tracking of chronic disease manage-
ment [ 33 ]  

•   Collect de-identifi ed cost and service quality 
information for analysis to discover how to 
minimize healthcare costs while increasing 
quality of care [ 2 ]    

    Security 
 Federal legislation intended to safeguard the pri-
vacy and security of electronic protected health 
information (ePHI) has evolved since the 1996 
Health Insurance Portability and Accountability 
Act (HIPAA) [ 34 ]. The Health Information 
Technology for Economic and Clinical Health 
(HITECH) Act, part of the American Recovery 
and Reinvestment Act of 2009, is also relevant 
because it has several provisions that strengthen 
the civil and criminal enforcement of the HIPAA 
rules, mainly by defi ning levels of culpability and 
corresponding penalties [ 35 ]. Of special rele-
vance to cloud-based EHRs is the January 2013 
HIPAA Omnibus Rule [ 36 ] which expanded the 
HIPAA requirements to include business associ-
ates (vendors or service providers that maintain 
and store ePHI), where previously only covered 
entities (hospitals, clinics, and insurers) had orig-
inally been held to uphold the HIPAA regula-
tions. Now cloud EHR providers are as liable for 
noncompliance as are covered entities. As a 
result, covered entities are required to put a busi-
ness associate agreement (BAA) into place with 
any service provider who has access to ePHI, 
thereby guaranteeing the service provider’s com-
pliance with HIPAA [ 37 ]. 

 HIPAA requires anyone who stores ePHI 
to fulfi ll numerous physical and technical 
 requirements. The IT security requirements can 
distract clinicians from patient-care activities. For 
example, a practice needs to detail when back-
ups are performed, where off-site backups are 
stored, and how media is destroyed. In addition, 
the practice must document that the procedures 
described in the policy are performed. By using 
a cloud service, the practice is relieved from the 
responsibility of writing and  documenting many 
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of the HIPAA requirements. Instead, the cloud 
EHR provider shoulders those obligations. It is 
anticipated that clinicians will not want to be 
burdened with the IT security requirements of 
HIPAA and instead will pay to have that security 
provided for them [ 38 ].   

    Cloud: Impact on Patient Care 

 The LHS requires personal health information 
from numerous and varied patients in a myriad of 
EHR systems to be joined with existing and new 
knowledge generated through research. The con-
necting of health and research information would 
not be possible without this information fi rst 
being located in the cloud. The siloed nature of 
traditional in-house EHRs hampers movement 
toward the LHS through old incompatible archi-
tectures and a focus on operating servers, back-
ups, and other non-health-related activities. By 
moving the EHR software and storage of its asso-
ciated PHI to the cloud, the focus of resources 
can instead be on improved data exchange and 
enhancing patient and clinician access to relevant 
health and research information that will improve 
health decisions at the time they are required. The 
LHS makes the case for a system that allows 
access to diverse data without interfering with 
security and ownership of that data and that pro-
vides a systematic and operationalized method 
for creating personalized health information that 
is both current and relevant to an individual case.  

    LHS Technology Pillar #2: Mobile 
Devices 

    Case Study 
 Jennifer is preparing for tomorrow’s research pre-
sentation when the right side of her head begins to 
throb and she feels nauseous. She needs to turn off 
the lights in her offi ce, place a cool cloth over her 
eyes, and rest for about 1 h before she can work 
again. She describes the pain as though her brain is 
exploding. It feels like someone took a baseball 
bat and beat the side of her skull with it and jabbed 
an ice pick into her right eye.   

    Discussion 

 Medical entrepreneurs have taken advantage of 
public obsession with apps to leverage a new 
model for data collection. Frustrated with the loss 
of data inherent in after-the-fact pain reporting, 
Dr. Alex DaSilva and his partners create the 
application  PainTrek  [ 39 ,  40 ], which allows 
patients to report pain as it’s occurring. This iOS 
application provides a 3D head and facial map 
based on a squared grid system, with vertical and 
horizontal coordinates, using anatomical land-
marks. Each quadrangle, measuring approxi-
mately 1.6 cm × 1.6 cm, frames well-detailed 
craniofacial and cervical areas for the patient to 
“paint” to express his/her exact pain location, 
quality, and intensity (Fig.  3.3 ). Additional sur-
vey questions offer more details. Using a scroll-
ing timeline, patients and their clinicians can now 
graphically compare pain levels for various inci-
dents and understand the impact of different 
treatments or external infl uences.

   Any information the patient reports while the 
migraine is occurring is instantly accessible by 
the healthcare team for improved pain diagnosis 
and management.  PainTrek  statistically measures 
the change in the area of pain and its intensity 
after a specifi c treatment, as well as the impact on 
the patients’ lives. Patient and clinicians can now 
track pain levels as they change over time for 
conditions such as migraines or fi bromyalgia. 

 The value of an application such as  PainTrek  
goes beyond its use to document and improve the 
health of a single patient and into the research 
realm to create new knowledge that can lead to the 
improved health of numerous patients.  PainTrek  
has been used by researchers to verify the effi cacy 
of a temporomandibular disorder (TMD) treat-
ment. In a study, 24 TMD patients used  PainTrek  
to systematically record their pain as well as com-
plete an associated pain-related questionnaire. 
One-half of the patients received an electrical 
stimulation treatment and the other half received a 
placebo treatment. Those patients who received 
the stimulation treatment reported 50 % pain 
relief after 1 month as recorded by  PainTrek  [ 41 ]. 

 Previously, TMD or pain research studies 
required patients to complete pain rating scales 
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(0 = no pain to 10 = worst pain) for analysis. The 
results were usually presented in a table or chart 
intended for researchers only.  PainTrek  provides 
a more nuanced and detailed analysis for 
researchers as well as an easily understood visual 
analysis for non-researchers such as patients. The 
summative visual results of the active group 
(treatment group receiving the stimulation) are 
displayed in Fig.  3.4 . While a scan of these results 
clearly demonstrates improvement (green indi-
cates decreased pain; red indicates increased 
pain), behind each image is detailed pain inten-
sity and location data which can be downloaded 
for additional complex analyses. This research 
study illustrates how a single mobile application 

can provide information that is easily understood 
by patients and researchers alike. Patients can 
now make more informed treatment decisions; 
concurrently, researchers can discover new 
knowledge to help numerous and varied patients.

       Mobile Devices: Impact 
on Patient Care 

  PainTrek  is an example of a mobile application 
that has the potential to improve the life of a 
migraine sufferer such as Jennifer (see earlier 
case study) by personalizing how information 
related to her headaches is gathered. Before 

  Fig. 3.3    The patient used 
 PainTrek  to “paint” the 
location and severity of the 
pain they experienced (Image 
provided by Alex DaSilva)       
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 PainTrek , a patient would retrospectively write 
notes to be shared with the clinician at a later 
time. Alternatively, the patient would try to 
 accurately recall characteristics of the pain 

 incident, frequently with great diffi culty.  PainTrek  
is being used to study head and neck pain [ 42 ,  43 ] 
that will subsequently lead to the improvements 
in the health of pain patients [ 44 ]. In essence, 

Less pain

Active group

–3 +30

More painNo change

  Fig. 3.4    Summation of 
patient reported pain intensity 
and location in the TMD 
treatment study (Image 
provided by Alex DaSilva)       
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 PainTrek  decreases recall bias from the care of 
patients with pain. 

 Mobile devices enable real-time data collec-
tion that, when combined with software, creates 
the potential to reduce errors and accelerate diag-
nosis and treatment selection. Error reduction 
and expedited diagnostic and treatment decision 
can, in turn, decrease healthcare costs. This data 
can be combined with other data in the LHS in 
order for the LHS disease cycle to continue to 
learn and thus provide ongoing and improved 
health information that will improve the health of 
other patients.  

    LHS Technology Pillar #3: Sensors 

    Case Study 
 James, a 54-year-old male, is an avid bicyclist. 
He was diagnosed with type 1 diabetes 9 years 
ago. In the last 2 years James has developed addi-
tional problems with neuropathy in his feet and 
face. For most of his diabetic life, he used needle 
sticks to test his blood glucose level, followed by 
an insulin injection seven to ten times each day. 
This greatly impacted his daily routine, and the 
neuropathy made him give up the sport he 
loved—bicycling. Recently James started using 
an OmniPod [ 45 ] with a continuous glucose 
monitoring (CGM) system. The CGM continu-
ously checks his glucose levels 24 h each day. 
Based on the glucose level, the OmniPod delivers 
the insulin without a tube, like most insulin 
pumps. James is now cycling again and is not in 
fear of tangling tubes in his equipment. Like 
other pumps, the OmniPod signifi cantly reduces 
highs and lows, thereby decreasing the risk of 
diabetic complications [ 46 ]. James now goes 
about his life with less worry about hypoglyce-
mia than he did when using injections [ 47 ]. He 
now has control over his life with diabetes.   

    Discussion 

 Diabetes mellitus affects approximately 9.3 % of 
the US population, or 29.1 million people [ 48 ], 
and approximately 450,000 of these people use 
CGMs and insulin pumps to manage their 

 diabetes [ 49 ]. Sensors have changed the way type 
1 diabetics live with diabetes. CGMs and other 
sensor technologies can more accurately and 
continuously take measurements of the human 
body. A sensor with a tiny electrode inserted 
under the skin measures blood glucose levels. 
This information can then be wirelessly transmit-
ted via Bluetooth to a display device which noti-
fi es the patient if their glucose reaches a high or 
low limit. This information is stored for upload-
ing so that the patient understands the long-term 
trends of their glucose levels. Thus, the patient is 
now alerted before reaching their glucose limit. 
Diabetics now have early notifi cations, alerts for 
low or highs even when sleeping, and insight into 
how food, exercise, medication, and illnesses 
impact their diabetes [ 50 ]. 

 When insulin pump technology such as the 
OmniPod is combined with a continuous blood 
glucose monitoring system, the technology seems 
promising for real-time control of blood sugar 
levels. With the size of the last insulin injection, 
combined with the elapsed time and a program-
mable metabolic rate, the insulin pumps estimate 
the insulin remaining in the bloodstream and 
report it to the patient. This supports the injection 
of a new insulin bolus before the effects of the 
last bolus are complete and thus prevents the 
patient from overcompensating for high blood 
sugar [ 51 ]. 

 Sensor technology for diabetes cannot be dis-
cussed without a parallel dialog about the accom-
panying algorithms. These algorithms are now 
sophisticated enough to automatically control the 
insulin delivery based on feedback of the blood 
glucose level. When the loop is closed, the sys-
tem functions like an artifi cial pancreas [ 52 ]. 

 Diabetes patients are not the only patients for 
whom sensors are changing their lives and 
improving their health. Wearable devices with 
sensors are now readily available to patients and 
are revolutionizing information gathering. A key 
element to this shift is remote monitoring. The 
convergence of pervasive wireless networks, 
cloud technology, miniaturization, and noninva-
sive biosensors is rapidly making the concept of 
monitoring patients as they go about their daily 
lives a reality. Skin patches detect temperature, 
heart rate, perspiration, and movement. These 
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sensors are now starting to detect ailments such 
as heart disease through cardiac monitoring. 
PhysIQ [ 53 ] has demonstrated the power of sen-
sor technology and just how deeply individual 
health can be impacted. PhysIQ daily monitors 
patients with chronic diseases and provides early 
notifi cation of any changes directly to clinicians. 
All of this will lead to increased knowledge, cost 
reductions, and overall improvements in individ-
ualized care. PhysIQ is considered the fi rst per-
sonalized physiology analytics platform. 

 Congestive heart failure (CHF) results in over 
1,000,000 hospitalizations annually. Physicians 
at the University of Chicago are assessing if sen-
sors, combined with the cloud-based predictive 
analytics of PhysIQ, can reliably identify CHF 
earlier than current methods [ 54 ]. They predict 
that by using a secure website, physicians will be 
warned of a negative change in a patient’s physi-
ology and will be able to proactively intervene 
and prevent a hospitalization. The physicians 
anticipate that quality of care will improve and 
healthcare costs will decrease. 

 The US Department of Veterans Affairs 
Center for Innovation is using PhysIQ’s proprie-
tary personalized physiology analytics (PPA) 
technology to investigate the unique interplay 
between continuous physiological signals such as 
heart rate, respiration rate, oximetry, blood pres-
sure, and any number of other signals, creating a 
dynamic multivariate baseline for each patient 
[ 55 ]. No variable is viewed in isolation, and the 
PhysIQ algorithms identify meaningful devia-
tions and interactions from an individual’s base-
line that often cannot be otherwise ascertained.  

    Sensors: Impact on Patient Care 

 Sensors provide better knowledge of individual 
health through monitoring and can increase 
mobile health and telehealth capabilities. It is 
anticipated that the ability to extend the geogra-
phy of care through sensors may drive down 
health costs through early detection and even 
treatment. For example, signs of an oncoming 
heart attack may alert a patient so that they can be 

at a care facility during the critical early minutes 
following the heart attack. 

 It is important to understand that sensors, 
combined with mobile technology and bioinfor-
matics, create a new type of physiological analyt-
ics that is based on an individual’s personalized 
baseline. They are not based upon population 
data—that is, they do not use “big data.” Systems 
like the PhysIQ platform are changing chronic 
disease management into a proactive health 
delivery model. The next step is to integrate the 
information gathered by these devices with other 
systems to allow these systems to “learn” and 
then to answer questions about health at the time 
it is needed.  

    LHS Technology Pillar #4: 
Social Media  

    Case Study 
 “What are you doing right now?” One response 
to this question was “Just bit into a chocolate bis-
cuit and a tooth fell out. Just had to take a 2 
paracetamol to kill the pain. Visit to the dentist 
tomorrow.” This was one of the tweets (a 
 microblog of 140 characters or fewer) included in 
a social media research study about dental pain. 
The researchers discovered that Twitter users 
shared health information related to their dental 
pain, including the impact of the pain on their day 
and what they did to relieve the pain. Some of the 
tweets even inquired about advice from other 
Twitter users [ 56 ].   

    Discussion 

 Twitter and other social media sites are changing 
how individuals approach their personal health. 
The case study above reinforces other studies that 
demonstrate that people experiencing pain are 
likely to engage at social media sites to share 
their disease, its symptoms and treatment, and 
more online [ 57 ]. Health information openly 
shared on social media sites is changing the face 
of population health. 
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  The New York Times  reported on a February 
2011 outbreak of legionellosis in San Francisco 
that alerted the local health authorities and the 
Centers for Disease Control and Prevention 
(CDC) through Facebook [ 58 ] and Wikipedia 
[ 59 ] entries. A CDC offi cer read the symptoms 
posted on Facebook, recommended diagnostic 
tests, and referred the victims to the CDC’s online 
questionnaire. 

  Healthmap  [ 60 ], a website that tracks global 
outbreaks in real time, uses data mining strate-
gies from news aggregators, blogs, and Twitter, 
as well as offi cial reports to describe human and 
animal disease outbreaks. The mobile app 
 Outbreaks Near Me  [ 61 ] uses global positioning 
systems (GPS) so that you can stay clear of dis-
ease locations when traveling overseas or even 
track fl u outbreaks in your community. 

 Social media sites help you track your work-
outs, including the time and distance, and deter-
mine the number of calories burned. Online 
support groups are formed and “followers” dis-
cuss training goals such as weight loss. Fitocracy 
[ 62 ], an award-winning app, allows you to track 
your workouts and daily habits. You get your 
own trainer starting at $1/day to keep you moti-
vated and on track. The coach will assess your 
needs and create a personal training program, 
including workouts and a nutrition plan. Finally, 
wearable fi tness trackers such as Jawbone [ 63 ] 
and Fitbit [ 64 ] track your activity and sleep and 
provide the option of sharing this information on 
social media sites with your “followers.” 

 Research has proven that peers have a signifi -
cant impact on health behavior. When people are 
losing weight around you, you are more likely to 
lose weight, and when they are quitting smoking, 
you are more likely to cease smoking. Social 
media is a modern community that can also 
impact our health behavior. A few examples of the 
power of social media on health behavior follow. 

 Researchers’ compiled data from 12 studies, 
involving 1,884 participants, spread across the 
USA, Europe, east Asia, and Australia, which 
examined social networking services for weight 
loss. The amalgamated results showed that peo-
ple who used these services achieved a collective 

modest, but signifi cant, decrease in body mass 
index (BMI) by a value of 0.64. 

 PatientsLikeMe [ 65 ] is an online platform 
for patients with life-changing illnesses. These 
patients share their experience, fi nd other patients 
like them matched on demographic and clinical 
characteristics, and learn from the aggregated 
data reports of others to improve their health. 
The goal of the website is to help patients answer 
the question: “Given my status, what is the best 
outcome I can hope to achieve, and how do I get 
there?” 

 Research demonstrated that a substantial pro-
portion of members of PatientsLikeMe experi-
ence benefi ts from participating in the community. 
Much of the benefi t comes from peer-to-peer 
interaction to aid decision-making [ 66 ]. Patients 
reported making more informed treatment deci-
sions as a result of using the site, particularly 
around managing side effects. Members felt that 
they improved management of their symptoms 
and were better able to communicate with peers 
experiencing the same problems [ 67 ].  

    Social Media: Impact on Patient Care 

 Health policy researcher and surgeon Dr. 
Hutan Ashrafi an, from the Department of 
Surgery and Cancer, Imperial College London, 
succinctly summarizes the power of social 
media on health behavior: “One advantage of 
using social media over other methods is that 
it offers the potential to be much more cost-
effective and practical for day-to-day use 
when compared to traditional approaches. The 
feeling of being part of a community allows 
patients to draw on the support of their peers 
as well as clinicians. They can get advice from 
their doctor without the inconvenience or cost 
of having to travel, and clinicians can pro-
vide advice to many patients simultaneously” 
[ 68 ]. In addition, information about successful 
health behavior can be shared with the specifi c 
disease LHS cycle in order for the system to 
continue to learn so that others with similar 
conditions can improve their health.  
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    The Learning Health System: 
A Case Study  

 This chapter began with a discussion of health IT 
and how the four pillars of health IT (cloud, 
mobile devices, sensors, and social media) gener-
ate the big data that can potentially fuel the learn-
ing health system (LHS). To date the LHS does 
not exist; however, a few dental schools have 
started work on the cloud and mobile pillars that 
will lay the foundation for an LHS. These dental 
schools have started to explore the use of cloud 
EHRs delivered on tablets and other mobile 
devices in order to reduce the up-front capital 
costs of purchasing and installing software, serv-
ers, backups, and other infrastructure. Since 
cloud EHR companies are new to the market, 
they tend to be designed with the user in mind 
and are more intuitive to use [ 69 ]. Students expect 
modern capabilities from the dental school EHR, 
such as patient records, including radiographs 
and other images, to be accessible anywhere they 
have an Internet connection, including on mobile 
devices. Students ask to collaborate with faculty 
via secure e-mail or web conference on their 
phones about a patient they encountered at an 
outreach rotation [ 70 ]. Dental school administra-
tors expect that all records will be available at all 
times, even immediately after a disaster; that 
security will continually meet all school, state, 
and federal regulations; [ 71 ] and that the increas-
ing costs of EHR systems will diminish [ 72 ]. The 
cloud EHR that operates on mobile devices meets 
these requirements. 

 Eventually these dental schools expect that the 
data generated by the dental school EHRs will be 
combined with data from the two additional pil-
lars—sensors and social media. Data from the 
EHRs merged with data gathered by oral [ 73 ] and 
medical sensors as well as social media informa-
tion about successful dental behavior can be 
combined into an LHS cycle in order for the LHS 
to continue to learn about oral health conditions 
and consequently provide patients and care pro-
viders answers to specifi c oral and general health 
questions. 

 Consequently, the University of Michigan, 
University of Pittsburgh, and University of North 

Carolina are partnering with Internet2 to seek a 
cloud EHR solution that meets the needs of den-
tal education. The result is an innovative collabo-
ration between the cloud EHR service provider 
ICE Health Systems, the three dentals schools, 
and Internet2 [ 74 ,  75 ]. This is the fi rst time a ser-
vice provider has agreed to work with dental 
schools to develop an EHR that would meet their 
needs. This collaboration is focused on support-
ing the patient care, education, and research mis-
sions of academic dentistry with the long-term 
goal of improving patient outcomes, fi rst in oral 
health and then in all of health, through a learning 
health system.   

    Conclusions 

 Movements in technology impact patient care 
in all settings, from hospital to private prac-
tice. Private practices already juggle system 
advancements in digital radiology, prescrip-
tions, referrals, or in collaboration with labo-
ratories. The motivations for changing to 
electronic systems can be myriad, from peer 
pressure to legislation. Sometimes technology 
might be adopted solely for patient comfort. 
In Whitmore Lake, Michigan, the offi ces of 
Gentle Dental promise that the patient experi-
ence will be positive because their offi ces are 
“equipped with state-of-the-art technology 
that enables us to provide superior care for 
you and your family,” including digital X-rays, 
TV watching, heated blankets, and games for 
the kids [ 76 ]. 

 Health IT has evolved from computers that 
took an entire room to process a few numbers 
to current mobile or wearable computers with 
processors, connectivity, and software. This 
chapter has discussed four current health IT 
trends that are impacting personal health: (1) 
the growth of computer farms that create a 
“cloud” for storing and processing data; (2) 
the movement toward smaller, more mobile 
devices used by patients; (3) the development 
of sensors that detect physiologic and chemi-
cal changes in the human body; and (4) the 
evolution of sharing personal health informa-
tion to inform support communities. The 
amalgamation of sensors monitoring our 
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physical health with personalized mobile 
devices and sharing of health information, 
when combined with cloud computing, makes 
data collection, access, and distribution feel 
inseparable from our personal life. In short, 
health IT is creating new ways for each of us 
to proactively monitor and proactively 
improve our health. 

 Currently health IT is trending toward 
empowering the individual. Health IT also has 
the potential to combine the big data used for 
personalizing health and combine it with 
research fi ndings and data from cloud-based 
EHR systems in hospitals and other healthcare 
entities to power the learning health system 
(LHS). Once a LHS disease cycle is developed, 
it will continuously access relevant health 
information from entities across the nation, 
conduct analyses that convert the data to useful 
knowledge, and transmit that knowledge to 
individuals and health stakeholders in ways that 
accelerate health-enhancing behavioral change. 
The dream of the health IT combined with the 
LHS is anticipated to shorten the 17-year 
“bench-to-bedside” gap between knowledge 
discovery and its application in personal health 
to 17 months. That may be the biggest transfor-
mation to ever occur in healthcare.     
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    Abstract  

  This chapter focuses on personalized medicine for oral cancer, with empha-
sis on selection of current and future therapies. Specifi cally, treatment 
selection of radiation, chemotherapy, and surgery and customized strate-
gies for selection of targeted therapy are discussed. Worldwide, head and 
neck cancer is the sixth most common cancer by incidence and the fi fth 
most common cause of cancer-related deaths. More than 90 % of oral can-
cers are squamous cell carcinomas (SCCs), which are the focus of this 
chapter. SCC arises from the oral cavity including lip, oropharynx/tonsil, 
larynx, and hypopharynx. The risk factors for SCC are tobacco, alcohol, 
and human papillomavirus 16 (HPV16). HPV-positive SCC usually occurs 
in the oropharynx, and HPV-negative SCC usually occurs in the oral cavity, 
larynx, and hypopharynx. Personalized medicine is customization of treat-
ment to the individual patient. The goals of personalized medicine are to 
improve clinical outcome, reduce side effects, and decrease expenses. 
Currently personalized medicine in oral cancer is based on tumor stage and 
location, but not tumor biology. Unfortunately, two patients with similar 
tumor stage may respond differently to the same therapy. Identifi cation at 
the time of diagnosis of an early-stage lesion that will behave aggressively 
will facilitate selection of appropriate aggressive treatment at the time of 
initial diagnosis. However, aggressive treatment is not appropriate for all 
early-stage lesions due to toxicity of treatment. Although targeted treat-
ment has been developed for SCC, it is not used in a customized approach. 
This chapter discusses evolving approaches to customize therapy based on 
the biology of the individual tumor. Furthermore, targeted therapy and 
potential biomarkers to match therapy to patients are also discussed.  
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         Introduction 

 Personalized, or precision, medicine matches 
therapy to individuals who will benefi t from it 
[ 1 ]. Personalized medicine requires classifi ca-
tion of individuals into subgroups based on 
susceptibility to a specifi c disease or response 
to a specifi c type of treatment [ 1 ]. The intent of 
the customized approach is to improve clinical 
outcome while reducing side effects and 
expenses [ 1 ]. Customization of patient man-
agement may be based on clinical parameters 
and/or genomic, proteomic, transcriptomic, 
and metabolomic signatures. This chapter will 
focus on personalized medicine for head and 
neck/oral cancer. 

 Worldwide, head and neck cancer is the sixth 
most common cancer by incidence, with about 
600,000 new cases a year [ 2 ]. Globally, it is the 
fi fth most common cause of cancer-related deaths 
[ 3 ]. The main tumors that comprise head and 
neck cancers are squamous cell carcinomas 
(SCCs), nasopharyngeal cancers, and malignant 
salivary gland tumors. More than 90 % of head 
and neck cancers are SCCs [ 4 ,  5 ], which are the 
focus of this chapter. SCCs arise from the oral 
cavity (~46 %), including the lip, oropharynx/
tonsil (~12 %), larynx (~35 %), and hypopharynx 
(~8 %) [ 6 ]. The risk factors for SCC are tobacco, 
alcohol, and human papillomavirus 16 (HPV16), 
which is a risk factor primarily for oropharyngeal 
SCC [ 2 ]. 

 Presently, personalized medicine for SCC is 
based on tumor stage and location but not tumor 
biology [ 6 ]. The American Joint Committee on 
Cancer (AJCC) staging system is based on tumor 
size, nodal involvement, and metastases (TNM), 
with early-stage (stage I or II) lesions having 
localized tumors <4 cm with no lymph node 
involvement or metastases. SCC usually pres-
ents at an advanced stage (stage III and IV), 
characterized by large primary tumors, possibly 
with nodal involvement and metastases. Early-
stage SCC is usually treated with surgery or 
radiation, whereas late-stage disease is given 
multimodality treatment including chemother-
apy/radiation or chemotherapy/radiation/surgery 
[ 4 ,  7 ,  8 ]. Patients with advanced SCC usually die 

from locoregional recurrence [ 9 ]. Due to mini-
mal improvement in survival in four decades, the 
emphasis moved to dose escalation, but this is 
limited by toxic effects on patients. Complications 
of radiation include xerostomia, osteoradione-
crosis, neck stiffness, and speech and swallow-
ing diffi culties [ 10 ]. Chemotherapeutic agents 
may include DNA-damaging agents and antime-
tabolites [ 7 ], which also have adverse side 
effects. The goals of treatment are to eliminate 
the cancer, preserve or restore function, and 
maintain/improve the quality of life [ 8 ]. The sur-
vival of patients with SCC has not improved dra-
matically in four to fi ve decades. New treatment 
options are needed to improve survival and qual-
ity of life. 

 Tumor recurrence and spread decrease sur-
vival of SCC patients. Most SCC cases are 
advanced at diagnosis, and ~30 % of advanced 
cases recur within the fi rst two years of treatment 
[ 11 ]. Recurrent tumor leads to failure of primary 
treatment and poor clinical outcome [ 4 ,  7 ,  12 ]. 
After failure of primary treatment, subsequent 
treatment options are not particularly effective 
[ 12 ]. The median survival time for patients with 
recurrent and/or metastatic SCC is less than a 
year [ 13 ]. Consequently, SCC patients are moni-
tored by frequent clinical examinations and diag-
nostic imaging after treatment [ 14 ]. What is 
needed is an effective and comparatively inex-
pensive approach for monitoring tumor recur-
rence. Customized treatment selection and 
screening frequency are the goals of personalized 
medicine in SCC. 

 Targeted therapy, which is treatment against 
critical molecules that promote tumor progres-
sion, has been developed. However, except for 
cetuximab, a monoclonal antibody against 
EGFR, targeted therapy has been ineffective 
against SCC or is not used in the context of 
selected patients (personalized medicine). Given 
the emerging literature on genetic, proteomic, 
transcriptomic, and metabolomic signatures that 
predict responsiveness to therapy, personalized 
medicine based on tumor biology is a reasonable 
goal for SCC. The emphasis of this chapter will 
be biomarkers that facilitate selection of existing 
treatment and emerging targeted therapy. 
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    Prediction of Therapeutic Response 
(Treatment Selection) 

 Current treatment selection for SCC is based on 
tumor stage [ 15 ] rather than prediction of patient 
response to specifi c therapy [ 7 ]. Early-stage oral 
cavity SCC is treated with surgery alone, and 
5-year survival is excellent. However, 3–37 % 
of patients with early-stage lesions will develop 
recurrent or second primary tumors and die of 
their disease in less than 5 years [ 16 – 18 ]. These 
individuals would likely benefi t from aggressive 
treatment at the outset, but based on current 
knowledge, the group cannot be separated from 
those patients with early-stage SCC who 
respond well to therapy [ 19 ]. Aggressive treat-
ment is not appropriate for all early-stage 
lesions due to physical and emotional chal-
lenges including facial disfi guration, feeding 
and speech impediments, dry mouth, taste 
abnormalities, and poor quality of life [ 20 ]. 
Treatment options for recurrent disease are 
sparse [ 21 ]. In a customized treatment approach, 
individuals with early-stage SCC that will 
behave aggressively would be identifi ed at ini-
tial diagnosis and receive aggressive treatment. 
For example, a small study suggests that rap-
1GAP is expressed in low N-stage SCC that 
respond well to therapy [ 22 ]. 

 In understanding the discussion on 
 personalized medicine in SCC, the following 
explanation of terms may be of value. Overall 
survival is the time that the patient survives, 
regardless of the cause of death. Cause-specifi c 
survival is the duration that a patient survives 
before dying from the disease itself, not an unre-
lated cause. Disease- free survival is the duration 
that the patient survives after treatment, without 
evidence of disease. In contrast, progression-
free survival is the duration that a person sur-
vives after completion of treatment that 
stabilized the disease but did not eliminate it, 
i.e., the disease did not progress. A local recur-
rence is disease at the same site after removal of 
the primary tumor. A second primary cancer is a 
new tumor that is at a site distinct from the fi rst 
tumor. For example, if a patient had a SCC on 
the tongue and later developed a SCC on the 

buccal mucosa, the buccal mucosa lesion would 
be a second primary tumor. 

 Etiologic factors, tumor histopathology, and 
other tumor biomarkers may predict response to 
existing therapy (surgery, radiation, chemother-
apy), thereby informing treatment selection. 

    Etiologic Factors 
 HPV16, tobacco, and alcohol are the major etio-
logic factors for SCC [ 23 ]. Tobacco and alcohol 
have a synergistic effect in the etiology of HPV- 
negative SCC [ 2 ,  24 ]. The synergistic impact, if 
any, of tobacco on HPV-positive SCC is 
unknown [ 25 ]. In the USA, the decrease in 
tobacco smoking correlated with a decrease in 
tobacco-related SCC [ 26 ,  27 ]. Concurrently, the 
incidence of HPV16-positive oropharyngeal 
SCC increased signifi cantly, possibly due to 
changes in sexual behavior [ 28 ]. Specifi cally, in 
recent decades, the number of sexual partners 
per individual has increased, and individuals are 
sexually active at a younger age [ 28 ]. From 
1983 to 2002, the incidence of HPV-positive 
oropharyngeal SCC increased from less than 
20 % to almost 70 % in economically developed 
countries [ 29 ]. HPV- positive oropharyngeal 
SCC may exceed cervical cancer, the classic 
HPV-induced cancer, by 2020 [ 29 ,  30 ]. In con-
trast, in developing countries, less than 10 % of 
oropharyngeal SCC are caused by HPV infec-
tion [ 31 ,  32 ]. 

 HPV-positive and HPV-negative (tobacco- 
and alcohol-related) SCC are clinically distinct 
entities [ 30 ]. HPV-positive SCC occurs almost 
exclusively in the oropharynx, particularly the 
lingual and palatine tonsils [ 25 ,  33 ]. Most SCC 
that occur in the oral cavity (fl oor of mouth, 
 anterior tongue, alveolar process, gingiva, hard 
palate, lip), larynx, and hypopharynx are 
 tobacco-related and HPV negative [ 8 ]. Patients 
with HPV-positive oropharyngeal SCC are typi-
cally nonsmokers,  nondrinkers, and younger than 
patients with HPV-negative SCC [ 25 ,  34 ]. In gen-
eral, SCC occurs primarily in men. This gender 
predilection is amplifi ed in HPV-positive oropha-
ryngeal SCC [ 35 – 38 ]. In fact, the  oropharynx is 
the most common site for HPV-related malignan-
cies in men [ 39 ]. 
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 HPV-positive SCC also exhibits a racial predi-
lection, occurring more commonly in white than 
black patients [ 25 ]. One-third of all SCC occur-
ring in whites are HPV positive compared to 4 % 
of SCC occurring in blacks [ 40 ]. Furthermore, 
almost all HPV-positive tumors (97 %) and 77 % 
of HPV-negative tumors occur in whites [ 40 ]. 
The increased occurrence of oropharyngeal SCC 
in white compared to black patients has been 
attributed to the increasing incidence of HPV- 
positive SCC [ 39 ]. Patients with HPV-positive 
SCC have a higher socio-economic status and 
more years of education and are more likely to be 
married than HPV-negative patients [ 25 ]. HPV- 
positive HNSCC was also correlated with 
increasing intensity, duration, and cumulative 
joint years of marijuana use [ 23 ]. 

 Biologically, HPV-positive tumors may be 
less aggressive lesions than stage-matched 
HPV- negative SCC. Patients with HPV-positive 
oropharyngeal SCC have a favorable prognosis 
compared to HPV-negative SCC [ 41 – 43 ], which 
has a 5-year survival rate of ~50 % [ 4 ]. 
Compared to HPV-negative SCC, patients with 
HPV- positive SCC have lower risk of tumor 
progression and better overall survival [ 42 – 47 ]. 
In fact, HPV status is the most robust indepen-
dent prognostic indicator for oropharyngeal 
SCC [ 48 ,  49 ]. HPV-positive SCC often presents 
as a small tumor with nodal involvement [ 25 ]. 
Notably, nodal metastases with an unknown pri-
mary tumor are more likely to be HPV-positive 
than HPV-negative SCC [ 23 ,  50 ]. Using the 
AJCC staging system, the nodal involvement 
correlates with a later stage lesion [ 46 ,  47 ,  51 , 
 52 ]. Even though it is detected at a late stage, 
HPV-positive oropharyngeal SCC has a better 
prognosis than similar stage HPV-negative SCC 
[ 42 ,  43 ]. Since treatment selection is guided by 
tumor stage, HPV-positive tumors with nodal 
metastases would be considered late-stage 
lesions and receive more aggressive treatment 
than early- stage lesions. HPV-positive tumors 
are responsive to induction chemotherapy and to 
chemoradiotherapy [ 42 ]. HPV16-positive oro-
pharyngeal SCCs, even at an advanced stage, 
respond better to treatment than HPV-negative 
tumors. 

 Tobacco negatively affects the response of 
HPV-positive oropharyngeal SCC to treatment 
and patient survival [ 53 ,  54 ]. Patients with HPV- 
positive SCC have better survival than HPV- 
negative (tobacco- and alcohol-related) tumors 
unless they have a history of smoking [ 4 ,  43 ]. 
Survival diminishes with each additional pack- 
year of smoking [ 43 ]. 

 Since patients with HPV-positive tumors are 
younger at diagnosis, they are less likely to have 
comorbidities [ 25 ]. Furthermore, patients with 
HPV-negative SCC are more likely to show fi eld 
cancerization than HPV-positive tumors, due to 
the diffuse effects of carcinogens [ 30 ]. 

 HPV positivity in oropharyngeal SCC is 
evaluated by in situ hybridization for genomic 
DNA of HPV16 and immunohistochemistry for 
p16 [ 25 ,  55 ]. Detection of E6/E7 antibodies 
and p16 immunostaining or HPV16 DNA are 
valuable biomarkers that correlate with a favor-
able prognosis [ 56 ]. HPV copy number in pre-
treatment biopsies also appears to impact 
patient survival [ 37 ]. Higher copy number was 
correlated with better overall survival after 
adjustment for age, gender, past or current 
tobacco exposure, T-stage, N-stage, and pri-
mary site [ 37 ]. The etiologic role of HPV in 
oral cavity cancers has not been established 
[ 44 ,  57 ,  58 ]. In fact, only 5.9 % of oral cavity 
SCC exhibit high-risk HPV [ 58 ]. In oral cavity 
SCC, p16 is not recommended as a surrogate 
for HPV detection [ 58 ]. 

        Role of HPV Status in Treatment Selection 
 Currently, although HPV-positive SCC is asso-
ciated with better prognosis, these patients are 
treated similarly to HPV-negative SCC [ 25 ,  59 ]. 
Unfortunately, radiation and chemotherapy, 
used for treatment of HPV-positive SCC, greatly 
impact the quality of life, including diffi culties 
with swallowing and xerostomia after radiation 
[ 60 ,  61 ]. In a personalized medicine approach, de-
escalation of therapy is being explored for patients 
with HPV-positive tumors with the potential to 
eliminate short- and long-term side effects of cur-
rent therapy [ 30 ]. ECOG-E1308 is a clinical trial 
evaluating the effi cacy of induction chemotherapy 
with reduced cetuximab and radiation dose (more 
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information at  clinical trials.gov; NCT01084083) 
[ 25 ]. Recent fi ndings from this clinical trial are 
encouraging [ 62 ]. Induction chemotherapy with 
subsequent reduced-dose cetuximab and IMRT 
(intensity modulated radiation therapy) resulted 
in high tumor control rates and reduced toxici-
ties [ 62 ]. Progression-free survival was 96 % for 
patients with HPV-positive oropharyngeal SCC 
with less than 10-year smoking history, T-stage 
one through three, and N0-2b tumors [ 62 ]. 

 Another clinical trial, RTOG-1016 
(RTOG = Radiation Therapy Oncology Group) 
is a clinical trial that is cetuximab or cisplatin 
with concurrent radiation therapy for HPV-
positive SCC [ 63 ]. Cetuximab is less toxic 
than cisplatin [ 25 ]. However, due to the slow 
rate of patient accrual and the long follow-up, 
the results from this study may take several 
years [ 30 ]. 

 While locoregional disease control is better in 
HPV-positive SCC, the rates of distant metasta-
ses are similar in HPV-positive and -negative 
SCC [ 64 ]. In fact, HPV-positive metastases may 
occur at multiple sites [ 64 ]. Therefore, currently, 
de-intensifi cation of therapy based on tumor 
HPV status is not recommended outside a clini-
cal trial [ 25 ,  65 ].    

    Histopathology 
 In primary SCC, islands of malignant epithelium 
of surface epithelial origin invade the underlying 
mesenchymal tissue from where it may metasta-
size to distant sites. The neoplastic epithelial 
islands may invade adjacent structures such as 
blood vessels, peripheral nerves, and skeletal 
muscle. An infl ammatory infi ltrate of varying 
intensity is observed in proximity to the malig-
nant epithelial islands. 

 Tumor histopathology may have a role in per-
sonalized medicine for oral cavity SCC by 
informing treatment selection. For example, in 
some locations, depth of invasion informs treat-
ment selection. For fl oor of the mouth and tongue 
lesions, local control, survival rates, and nodal 
disease are poorer at tumor thicknesses greater 
than 4 mm than those that are less than 4 mm 
[ 66 ]. Neck dissection is advocated for tumors 
>2 mm depth of invasion due to association with 

a high rate (40 %) of occult metastatic disease 
[ 67 ,  68 ]. 

 Currently, tumor stage dictates treatment 
selection. For example, surgery is the treatment 
of choice in early-stage oral cavity SCC [ 8 ]. In 
contrast, late-stage disease exhibiting metastases 
to lymph nodes, extracapsular spread of nodal 
disease, and distant metastases is treated more 
aggressively since these tumor characteristics are 
correlated with poor prognosis [ 69 – 72 ]. However, 
disease-specifi c mortality rates for stage I/II oral 
cavity SCC vary from 3 to 37 % [ 16 – 18 ]. These 
fi ndings suggest that some patients with early- 
stage SCC who are at greater risk of treatment 
failure would benefi t from aggressive initial 
treatment. The histologic risk model attempts to 
address this defi ciency in selection of treatment 
by tumor stage. The risk assessment is based on 
worst pattern of invasion, perineural invasion, 
and lymphocytic host response at the tumor- 
stroma interface [ 19 ,  73 – 75 ]. Patterns of invasion 
are classifi ed as broad pushing islands, fi ngerlike 
tumor islands, large islands, single-cell tumor 
cords, and satellite islands. Recognizing that a 
tumor may have multiple patterns of invasion, the 
worst pattern is scored. Scores for perineural 
invasion are based on involvement of small or 
large (>1 mm) nerves. The lymphocytic host 
response is graded as strong, intermediate, or 
weak. A low-risk score is correlated with a low 
likelihood of locoregional recurrence, whereas a 
high-risk score would indicate an aggressive 
lesion [ 19 ]. Small clusters of tumor cells or wide 
distances between tumor islands are predictive of 
regional lymph node involvement at initial pre-
sentation and locoregional recurrence [ 76 ]. 
Lymph node metastases at initial presentation are 
correlated with poor survival [ 77 – 81 ]. In  contrast, 
tumors with pushing invasive fronts, solid cords, 
or strands of SCC cells are less likely to exhibit 
locoregional spread or recurrence [ 76 ]. 

 Another risk assessment model is based on 
pattern of invasion at the invasive front and lym-
phocytic infi ltration at the tumor-stroma inter-
face, keratinization of tumor islands, nuclear 
pleomorphism, and mitoses per high power fi eld 
[ 82 ,  83 ]. Essentially, the rationale for the risk 
assessment models that incorporate pattern of 
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invasion is that early-stage tumors with aggres-
sive cells at the invasive front of the tumor will 
behave aggressively despite the early detection 
[ 76 ,  82 – 84 ]. Using the risk profi le, local recur-
rence and overall survival were correlated with 
pattern of invasion of SCC cells at the invasive 
front [ 76 ,  82 ,  83 ]. For example, the microscopic 
risk profi le of some early-stage oral cavity SCC 
correlates with risk of treatment failure [ 19 ]. 
However, the positive predictive value for locore-
gional progression of low-stage oral cavity SCC 
with a worst pattern of invasion type 5 is 42 % 
[ 75 ]. Although this is not a perfect model for pre-
diction of tumor progression in oral cavity SCC, 
it has been shown to have predictive value [ 19 ]. 

 Microscopically, SCC exhibit keratinizing or 
nonkeratinizing histopathology, with most tumors 
exhibiting a keratinizing morphology [ 84 ]. The 
tumors may be described as well,  moderately, or 
poorly differentiated; well- differentiated lesions 
exhibit prominent keratin pearl formation, inter-
cellular bridges, and minimal nuclear pleomor-
phism [ 85 ]. The poorly differentiated lesions 
exhibit prominent nuclear pleomorphism, a high 
mitotic index, and atypical mitoses and may 
require immunohistochemical confi rmation of 
the epithelial differentiation of tumor cells [ 20 ]. 
The Broder grading system, based on the extent 
of keratinization and cellular pleomorphism, is 
not strongly correlated with prognosis due to the 
wide variation in differentiation within the same 
tumor [ 84 ]. HPV-positive SCC exhibits basaloid, 
nonkeratinizing histopathologic features with 
or without central necrosis that were previously 
misinterpreted as poorly differentiated SCC [ 44 , 
 86 – 88 ]. Recognition that the morphologic appear-
ance of HPV-positive SCC resembles the reticu-
lated epithelium of the tonsillar crypts, which is 
the epithelial origin of these tumors, led to reclas-
sifi cation as well- differentiated tumors [ 88 ]. 

 The adequacy of surgical resection is evalu-
ated by clear margins defi ned as tumor-free tis-
sue ≥ 5 mm from the tumor in the fi xed 
specimen [ 89 ]. Tumor at the surgical margins 
was correlated with a decrease in patient sur-
vival and an increase in locoregional recurrence 
[ 90 ]. However, another study reported that mar-
gin  status does not independently predict local 
 recurrence or overall survival, but in high-risk 

patients, clear margins in conjunction with 
 histologic risk assessment and adjuvant radia-
tion increased local disease-free survival [ 73 ]. 

 Based on HPV status, pack-years of tobacco 
smoking, tumor stage, and nodal stage, a classifi -
cation of patients as low, intermediate, or high 
risk of death has been proposed [ 43 ].  

    Other Tumor Biomarkers 
 Biomarkers are likely to have an important role in 
selecting patients with SCC head and neck who 
will benefi t from specifi c treatments while reduc-
ing morbidity in nonresponders. Chemotherapy 
and radiation are important treatment modalities 
for unresectable or locally advanced head and 
neck SCC, SCC in which organ preservation is 
important, and as adjuvant therapy in high-risk 
disease that has been treated with surgery [ 91 ]. 
Due to the critical location of these tumors, func-
tional and cosmetic results are important issues. 
Unfortunately, a signifi cant number of patients 
will not respond to chemotherapy and radiation but 
will be exposed to the toxic effects. Molecular bio-
markers are studied extensively to predict response 
to treatment. However, given the heterogeneity of 
head and neck SCC, it is important to defi ne the 
patient population and standardize quantifi cation 
of the tissue biomarkers, to facilitate interpreta-
tion of the data. The goal of identifi cation of a 
biomarker signature is to facilitate selection of 
patients for the most appropriate therapy, thereby 
enhancing survival and reducing morbidity. 

   Epidermal Growth Factor Receptor 
(EGFR or ErbB-1 or HER1) 
 Epidermal growth factor receptor ( EGFR or 
ErbB-1 or HER1) , a transmembrane glycoprotein 
from the receptor tyrosine kinase family, is 
 activated by multiple autocrine ligands, including 
epidermal growth factor (EGF), transforming 
growth factor alpha (TGFα), and amphiregulin 
[ 4 ,  92 ]. EGFRvIII is a constitutively active 
mutant form of EGFR with a truncated ligand- 
binding domain, which is the consequence of a 
deletion mutation in exons 2–7 [ 93 ]. EGFR, 
which is encoded by a gene on chromosome 7 
[ 94 ], is overexpressed in SCC due to gene 
 amplifi cation and induction of gene transcription 
[ 4 ,  95 ]. Induction of EGFR leads to receptor 
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 dimerization, phosphorylation, and induction of 
downstream signaling cascades including PI3K/
AKT, MAPK, and JAK/STAT (signal transducer 
and activator of transcription) pathways [ 96 – 98 ]. 

   EGFR in Personalized Medicine 
 Head and neck cancers variably express EGFR 
[ 92 ]. Overexpression of EGFR, phosphoryla-
tion of EGFR, and increased gene copy number 
are correlated with poor prognosis [ 99 – 101 ]. 
Overexpression of EGFR or its ligand TGFα 
reduced disease-free survival and cause-spe-
cifi c survival in head and neck SCC patients 
[ 99 ]. In an immunohistochemical study on tis-
sue sections, overexpression of EGFR was an 
independent prognostic indicator for low dis-
ease-free survival and overall survival and high 
locoregional recurrence [ 92 ]. SCCs with 
increased EGFR gene copy number (high poly-
somy and gene amplifi cation) have poorer over-
all survival in comparison to tumors without 
these alterations [ 100 ]. Although overexpres-
sion of EGFR is correlated with adverse out-
come, correlation between pretreatment EGFR 
expression and response to therapy is inconsis-
tent [ 102 ,  103 ].   

   p53 
 p53 is a tumor suppressor protein encoded by a 
gene on chromosome 17p13, which is fre-
quently mutated in SCC [ 104 ,  105 ]. One-third 
to two- thirds SCC exhibit p53 mutations, usu-
ally in exons fi ve to eight [ 106 – 108 ]. While the 
wild- type protein is rapidly degraded, the 
mutant protein has a prolonged half-life and can 
be detected in almost 70 % of SCC [ 85 ,  109 , 
 110 ]. Mutations in the p53 pathway, either 
upstream or downstream of p53 or of p53 itself, 
lead to loss of p53-mediated activity and may 
disrupt p53- mediated cell cycle regulation and 
apoptosis [ 4 ]. p53 is also inactivated by 
E6-mediated ubiquitination; E6 is an oncopro-
tein encoded by the HPV16 genome [ 111 ]. 
Inactivation of p53 and Rb signaling pathways 
is common to SCC induced by HPV, tobacco, 
and alcohol [ 23 ]. Loss of normal function of 
p53, either by mutation or inactivation, disrupts 
the cell response to DNA damage and impairs 
growth control. DNA damage induces ataxia 

telangiectasia (ATM), which activates p53. 
Downstream effectors of p53 include bcl2 and 
bax, proteins that regulate apoptosis [ 112 ]. 
Thus, loss of p53 function impacts tumor growth 
and response to therapy. 

 Head and neck SCC patients with wild-type 
p53 have better prognosis than those with disrup-
tive mutations that render p53 nonfunctional 
[ 113 ]. However, these cases were not stratifi ed by 
HPV status. Therefore, the poor outcome in 
patients with p53 mutations may have been due 
to HPV-negative status. In cancers with unknown 
primary tumors in the head and neck region, 
overexpression of p53 correlated with poor 
disease- free survival and poor overall survival 
[ 114 ]. In this study, patients with HPV-positive 
metastases and absent or low p53 expression had 
better survival than patients with absent or low 
p53 alone.  

   Bcl2 (B-Cell Lymphoma 2) 
 B-cell lymphoma 2 (Bcl2) is an oncogenic pro-
tein that promotes tumor growth by promoting 
cell survival and inhibiting apoptosis. Therefore, 
Bcl2 would likely impact therapies such as 
radiation and chemotherapy that induce cell 
death. In advanced oropharyngeal SCC, high 
expression of Bcl2 in tumor tissue of pretreat-
ment biopsies was correlated with resistance to 
cisplatin and radiation treatment and tumor 
recurrence [ 115 ]. Moreover, in laryngeal SCC, 
high Bcl2 expression is correlated with resis-
tance to radiation treatment [ 116 ] and is 
inversely correlated with disease-free survival 
and overall survival [ 117 ]. This suggests that 
radiation, which induces apoptosis of tumor 
cells, would not be an appropriate therapy for 
tumors overexpressing Bcl2. This is of clinical 
signifi cance because in laryngeal SCC, radia-
tion is an important treatment modality to 
enable voice preservation and minimize cos-
metic challenges [ 117 ]. 

 In general, HPV-positive oropharyngeal SCC 
respond well to treatment. However, high 
expression of Bcl2 was correlated with distant 
metastases in HPV-positive oropharyngeal SCC 
[ 118 ]. This suggests that high expression of 
Bcl2 in pretreatment biopsies is of independent 
prognostic signifi cance in HPV-positive SCC 
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[ 118 ]. In this group of patients, more aggressive 
treatment may be appropriate if the fi ndings are 
validated in larger studies [ 118 ].  

   DNA Repair Proteins (ERCC1 
and XRCC1) 
 ERCC1 (excision repair cross-complementing 
rodent repair defi ciency) and XRCC1 (X-ray 
repair complementing defective repair in 
Chinese hamster cells 1) are proteins that pro-
mote DNA repair. Chemotherapy and radiation 
induce cell death via DNA damage; effi cient 
DNA repair is associated with cell survival and 
resistance to these treatment modalities. 
Cisplatin, an important chemotherapeutic agent 
in SCC, induces DNA adduct formation with 
subsequent inter- and intra-strand cross-links. 
Radiation induces double-strand breaks in the 
DNA, a dangerous form of DNA damage. 
Signifi cant repair pathways for these forms of 
DNA damage are homologous recombination, 
nonhomologous end joining, and the nucleotide 
excision pathways. Not surprisingly, proteins 
involved in DNA repair and survival are poten-
tial biomarkers for prediction of the response to 
chemotherapy and radiation. ERCC1 promotes 
nucleotide excision repair and removal of plati-
num-induced DNA adducts [ 119 ]. Low ERCC1 
was correlated with responsiveness to chemo-
therapy and better survival [ 120 ,  121 ]. High 
ERCC1 expression in tissue specimens was 
inversely correlated with progression- free sur-
vival and overall survival [ 121 ]. In a more recent 
study on patients treated with surgery and radia-
tion/chemoradiation, low ERCC1 was corre-
lated with longer median survival than high 
ERCC1 [ 122 ]. 

 Given its role in single-strand DNA repair 
and DNA base excision, XRCC1 was investi-
gated as a predictor of resistance to chemora-
diation. High XRCC1 on pretreatment biopsies 
was correlated with poor overall survival and 
progression-free survival [ 123 ]. In this study, 
p16 was used as a surrogate marker for 
HPV. Patients with HPV- positive/low XRCC1 
had a better prognosis than HPV-positive SCC/
high XRCC1 [ 123 ]. The signifi cance of XRCC1 
expression in patient outcome is emphasized by 

additional fi ndings showing that HPV positive/
high XRCC1 and HPV negative/low XRCC1 
had similar survival [ 123 ].  

   CCND1 and Cyclin D1 
 Overexpression of cyclin D1 or amplifi cation of 
its gene CCND1 occurs in 17–79 % of SCC [ 85 ]. 
In laryngeal cancer, overexpression of cyclin D1 
correlated with tumor extension, advanced stage, 
lymph node metastases, smoking, and alcohol 
consumption, all of which are negative prognos-
tic factors [ 124 ]. Furthermore, expression of 
cyclin D1 correlated with reduced disease-free 
survival and overall survival. The cyclin- 
dependent kinases, cdk4 and cdk6, mediate 
cyclin D1-induced phosphorylation of Rb, 
thereby facilitating cell cycle progression to the S 
phase [ 20 ,  124 ].  

   EMT (Epithelial to Mesenchymal 
Transition) Biomarkers 
 E-cadherin, a transmembrane glycoprotein, is a 
major component of the adherens junctions that 
anchor epithelial cells to each other. This 
calcium- dependent cell surface protein exhibits 
cytoplasmic and extracellular domains that medi-
ate homophilic interactions between epithelial 
cells to facilitate adhesion [ 5 ]. Expression of 
E-cadherin is low during cancer progression 
[ 125 ]. E-cadherin at the cell surface is linked to 
the cytoskeleton via β-catenin. During malignant 
transformation, sequestration of E-cadherin in 
the nucleus or loss of expression reduces cell-cell 
adhesion. β-catenin is released, translocates to 
the nucleus, and induces transcription of EMT 
genes that promote invasion and metastasis of 
tumor cells [ 5 ]. A meta-analysis of studies inves-
tigating E-cadherin expression in SCC showed 
that downregulation of E-cadherin correlated 
with reduced disease-free survival [ 126 ]. High 
free β-catenin and high active rap1, a ras-like 
protein, were correlated with more advanced 
N-stage lesions [ 127 ]. 

 SCC may occur at different sites and has mul-
tiple histopathologic presentations. Currently, the 
only valuable biomarker for response to treatment 
is HPV status. Ultimately, given the heterogeneity 
of SCC, it is likely that a panel of biomarkers may 
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be the most appropriate approach to facilitate 
treatment selection. In fact, the favorable progno-
sis in HPV-positive SCC has been attributed to a 
molecular signature that includes low or inactive 
p53, low expression of cyclin D and pRb, upregu-
lation of p16, and downregulation of EGFR [ 8 ]. 
Rb is a tumor suppressor protein that is inacti-
vated by E7, the HPV16 oncoprotein.    

    Targeted Therapy 

 Targeted therapy is treatment directed against spe-
cifi c molecules that promote tumor progression. 
Targeted therapy is different from personalized 
medicine since targeted therapy is not currently 
used in the context of selected patients. While sev-
eral targeted therapies have been tested, the EGFR 
antagonist cetuximab is the only FDA (US Food 
and Drug Administration)-approved targeted ther-
apy for SCC [ 4 ]. It is anticipated that once the 
appropriate subpopulations of patients are identi-
fi ed, targeted therapies will be clinically success-
ful for SCC. Identifi cation of the appropriate 
subpopulations may require revisiting previous 
studies in view of newer fi ndings. For example, 
previous studies suggested that white patients have 
signifi cantly better survival than black patients 
with SCC [ 128 ]. However, after accounting for the 
greater prevalence of HPV- positive SCC in white 
patients and HPV-negative SCC in black patients, 
the survival disparity is greatly reduced [ 40 ,  129 ]. 
Perhaps reevaluation of treatment response in pre-
vious clinical trials after stratifi cation for HPV sta-
tus may improve our understanding of the impact 
of targeted treatment in SCC. 

 A challenge to the development of personal-
ized medicine for SCC is tumor heterogeneity. 
Multiple primary tumors may develop due to 
“fi eld cancerization,” which is the transformation 
of epithelium at multiple sites due to prolonged 
contact with carcinogens [ 130 ]. These multiple 
primary tumors may have distinct molecular 
lesions, such as different p53 mutations in differ-
ent tumors from the same patient [ 131 ]. 
Therefore, the molecular lesions in each tumor 
would need to be characterized even if the tumors 
arose in the same patient. 

 Targeted therapy that has been tested for SCC 
and some promising targets will be discussed in 
this section. Targeted therapy evaluated for SCC 
includes inhibitors of EGFR and anti-angiogenic 
therapies [ 12 ]. 

   EGFR 
 EGFR is a receptor tyrosine kinase that is overex-
pressed in approximately 90 % of SCC and is cor-
related with poor prognosis and treatment resistance 
[ 92 ]. EGFR is a transmembrane receptor exhibiting 
three segments; the extracellular domain binds 
ligands, the transmembrane region is hydrophobic, 
and the intracellular domain has tyrosine kinase 
activity. Stimulation of the receptor by EGF, TGFα, 
or amphiregulin induces receptor dimerization and 
downstream signaling cascades. The signaling 
mechanisms induce invasion, metastasis, angio-
genesis, cell survival, and proliferation, which pro-
mote tumor progression. Therefore, EGFR has 
been an intense focus of targeted therapy in head 
and neck SCC. Therapy targeting EGFR is directed 
against the extracellular and intracellular domains, 
including monoclonal antibodies and tyrosine 
kinase inhibitors, respectively [ 12 ]. 

   Monoclonal Antibodies Targeting the 
Extracellular Domain of EGFR Include 
Cetuximab (Erbitux TM ) and Panitumumab 
(Vectibix TM ) 
  Cetuximab ( Erbitux TM  )  was the fi rst (and currently 
only) molecular therapy to receive approval by the 
FDA [ 4 ,  132 ] for treatment of locally advanced, 
recurrent, and metastatic SCC. Cetuximab com-
bined with radiation therapy is currently a standard 
of care [ 132 ,  133 ] for locally or regionally 
advanced SCC [ 132 ,  134 – 136 ]. It has also been 
approved for use in recurrent or metastatic disease 
as a single agent, if platinum-based therapy fails 
[ 132 ,  134 – 136 ]. Cetuximab can be used in combi-
nation with platinum (cisplatin or carboplatin) and 
5-fl uorouracil for incurable SCC [ 132 ,  134 – 136 ]. 
In fact, in patients with recurrent/metastatic or 
unresectable SCC, the combination of cetuximab, 
platinum, and 5-fl uorouracil is a category one rec-
ommendation [ 59 ]. A category one recommenda-
tion indicates that there is NCCN (National 
Comprehensive Cancer Network) consensus that 
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the treatment is appropriate due to the strong sup-
porting evidence [ 59 ]. 

 Cetuximab is a murine-chick chimeric mono-
clonal antibody that binds to EGFR with greater 
affi nity than EGF or TGFα [ 137 – 139 ], thereby 
acting as a competitive antagonist to initiation of 
downstream signaling cascades and functional 
effects. Cetuximab also reduces EGFR expres-
sion via receptor internalization [ 140 ]. Moreover, 
cetuximab appears to exert its effects via immune 
mechanisms, including complement-mediated 
cytotoxicity, antibody-dependent cell-mediated 
cytotoxicity, and adaptive immunity [ 141 – 143 ]. 

  Panitumumab  (Vectibix TM ) is a fully human-
ized monoclonal antibody that was expected to 
have less hypersensitivity reactions than cetux-
imab [ 144 ]. Panitumumab is currently in clinical 
trials for use in head and neck SCC [ 144 ].  

   Tyrosine Kinase Inhibitors 
( Gefi tinib  and  Erlotinib ) 
 Tyrosine kinase inhibitors including  gefi tinib  
(Iressa™)  and erlotinib  (Tarceva™) are small 
molecule antagonists that target the intracellular 
domain of EGFR. Tyrosine kinase inhibitors have 
been explored for treatment of SCC, but have not 
been approved for use.  Gefi tinib  enhances the 
risk of hemorrhage, and its use in head and neck 
SCC is not supported [ 145 ]. In phase II studies, 
 erlotinib  appeared to be a promising treatment of 
metastatic head and neck cancer, but subsequent 
studies did not support its use [ 146 ]. 

 Relative to treatments targeting EGFR, 
antibody- based therapy appears to be more effec-
tive than TKI-based treatment [ 12 ]. Other mono-
clonal antibodies (zalutumumab, Nimotuzumab) 
and tyrosine kinase inhibitors (afatinib, dacomi-
tinib, and lapatinib) are in clinical trials for treat-
ment of SCC [ 147 ]. 

 The clinical effi cacy of antibody or small mol-
ecule targeted therapy against EGFR is modest 
even though EGFR is highly expressed in SCC [ 8 ].   

   Anti-angiogenic Therapy 
 Given the role of angiogenesis in SCC progres-
sion, factors that promote angiogenesis, such as 
vascular endothelial growth factor (VEGF), have 
been explored as treatment targets. High VEGF 
expression is correlated with poor clinical out-

come [ 148 ]. Therefore, inhibitors of this cytokine 
and its receptor have been investigated as poten-
tial therapy for SCC. Tumor angiogenesis in 
recurrent or metastatic SCC has been targeted by 
monoclonal antibodies against VEGF (bevaci-
zumab or Avastin™) or tyrosine kinase inhibitors 
(sorafenib or Nexavar™, sunitinib or Sutent™) 
that target VEGFR, platelet-derived growth fac-
tor receptor, and c-kit/stem cell factor [ 12 ]. The 
utility of anti-angiogenic therapy for treatment of 
SCC is unresolved; the ultimate value of these 
agents will depend on the severity of vascular 
complications [ 149 ]. Combination targeted ther-
apy with anti-EGFR and anti-angiogenic agents 
appeared to have some value but require careful 
evaluation given the adverse effects of this com-
bination in treatment of colon cancer [ 150 ].  

   Adenovirus-p53 
 p53 has a critical role in cell proliferation and 
apoptosis. The high recurrence rate in SCC has 
been correlated with aberrations in p53 at histo-
logically normal margins [ 151 ]. Intraoperative 
injections of adenovirus p53 were administered 
in a multi-institutional phase 2 trial in SCC 
patients [ 152 ]. Although disease control 
appeared to be promising, the results were 
inconclusive due to the small sample size. This 
study showed that gene therapy for p53 is tech-
nically feasible.  

   Other Targeted Therapies 
 Several other inhibitors are at various stages of 
evaluation for treatment of SCC [ 153 ]. These 
include vorinostat (histone deacetylase inhibi-
tor), bortezomib (proteasome inhibitor), and 
dasatinib (inhibitor of src kinase, c-kit and 
PDGFR). Due to promising results in SCC cell 
lines, other targets for future clinical trials are the 
mTOR pathway and IGF-1R (insulin-like growth 
factor one receptor) [ 149 ,  154 ], either as single or 
combination therapy with cetuximab.   

    Personalized Medicine with Targeted 
Therapy 

 In SCC, targeted therapy inhibits tumor progres-
sion by inhibiting critical or specifi c molecules 
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in  signaling pathways that promote tumor 
growth and spread [ 155 ]. Although targeted 
therapy has been developed for SCC, it is not 
used in the context of personalized medicine. 
For example, cetuximab is a targeted therapy 
that has been approved for clinical use in head 
and neck cancer [ 4 ]. Biomarkers or criteria for 
selection of patients who will respond to this 
therapy have not been validated [ 155 ]. However, 
personalized medicine is a reasonable expecta-
tion given emerging biomarkers that will facili-
tate treatment selection and predict response to 
therapy. 

 Although several biomarkers have been 
explored in SCC, predictive biomarkers of sen-
sitivity or resistance to cetuximab have not been 
validated [ 140 ,  156 – 158 ]. Overexpression of 
EGFR was not correlated with response to 
cetuximab [ 135 ]. In fact, low expression of 
EGFR was correlated with enhanced response 
to EGFR antagonists [ 102 ,  134 ]. Consequently, 
since EGFR expression is low in HPV-positive 
SCC [ 159 ,  160 ], the prediction was that these 
cancers would respond well to anti-EGFR treat-
ment [ 6 ]. A clinical trial with cetuximab sug-
gests that HPV status may have a favorable 
effect on response to treatment, but the HPV 
status was not directly investigated [ 6 ]. Patients 
with a profi le of HPV- positive SCC (oropharyn-
geal SCC, male, younger age, better perfor-
mance status) responded better to cetuximab 
than those who did not have this profi le [ 134 ]. In 
contrast, in a phase III SPECTURM trial [ 161 ] 
for safety and effi cacy of panitumumab in com-
bination with cisplatin and 5-fl uorouracil for 
treatment of recurrent or metastatic SCC, pani-
tumumab improved overall survival in HPV-
negative but not HPV-positive tumors [ 65 ]. 
Additional studies are required to clarify the 
impact of HPV status on response to anti-EGFR 
therapy [ 6 ]. 

 Molecular predictive markers of response to 
anti-EGFR therapy include mutations and 
amplifi cation of the EGFR gene [ 162 ]. 
Although amplifi cation of the EGFR gene and 
mutant EGFR (EGFRvIII) are potential bio-
markers of response to therapy, they have not 
been validated in the context of anti-EGFR 
therapy [ 149 ]. 

 Based on gene expression patterns, head and 
neck SCC has been subclassifi ed as type I or 
basal, type 2 or mesenchymal, type 3 or atypical, 
and type 4 or classical [ 163 ]. These subtypes are 
correlated with activation of specifi c genes. 
Currently, the individual subtypes are not corre-
lated with prognosis. Similarly, the gene expres-
sion signatures of HPV-positive and HPV-negative 
SCC were elucidated [ 164 ]. Although these sig-
natures are not correlated with prognosis, they 
will likely be informative in the context of tar-
geted therapy [ 6 ]. 

 The identifi cation of HPV involvement in 
oropharyngeal SCC may lead to reevaluation 
of the success of targeted therapy. For exam-
ple, previous studies suggested racial differ-
ences in the outcome of chemoradiotherapy 
treatment for SCC [ 40 ,  128 ,  129 ] However, this 
disparity may be linked to differences in the 
prevalence of the treatment-responsive HPV-
positive SCC, which is more common in white 
patients [ 40 ,  129 ]. 

 Severity of skin rash, which typically occurs 
on the face and upper torso, is correlated with 
response to anti-EGFR therapies [ 102 ,  103 ]. This 
presentation may be due to the signifi cant role of 
EGFR in skin physiology [ 165 ]. A rash of grade 
2 or higher severity was correlated with improved 
overall survival in a cetuximab plus radiation trial 
[ 134 ]. However, skin rash is not an independently 
validated marker of response to anti-EGFR ther-
apy [ 149 ].   

    Conclusions 

 Personalized medicine for oral cancer, with 
emphasis on selection of current and future 
therapies, was discussed in this chapter. 
Specifi cally, treatment selection of radiation, 
chemotherapy, and surgery and customized 
strategies for selection of targeted therapy 
were discussed. Currently personalized medi-
cine in oral cancer is based on tumor stage and 
location, but not tumor biology. Evolving 
approaches to customize therapy based on the 
biology of the individual tumor were dis-
cussed. Furthermore, targeted therapy and 
potential biomarkers to match therapy to 
patients were also discussed.     
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      Clinical Diagnostics and Patient 
Stratifi cation for Use in the 
Dental Offi ce                     

     Alexandra     B.     Plonka       and     William     V.     Giannobile     

    Abstract  

  Diagnostics and prognostics in dentistry can be applied to stratify patients 
according to risk for individualized disease forecasting and, ultimately, 
targeting resources to maximize health outcomes. Traditional clinical 
measures of periodontal disease show a history of tissue destruction but 
are unable to determine biologic onset or initiation of infl ammation and 
fail to predict susceptibility to or progression of disease. The state of the 
art in periodontal diagnostics is point-of-care (POC) periodontal methods 
(use of microbial, protein biomarker, and genetic measures). POC meth-
ods may use lab-on-a-chip (LOC) devices to analyze oral fl uids such as 
saliva. This technology can be applied for patient risk stratifi cation and 
predictive modeling to optimize personalized care in the dental offi ce to 
target healthcare resources to those at highest risk.  

         Introduction 

 Developing a personalized dental treatment plan 
begins with a diagnosis, which is the identifi ca-
tion of all conditions or diseases. Diagnoses are 
driven from medical and dental histories, patient- 
reported symptoms, and clinical and radiographic 
exam fi ndings [ 1 ,  2 ]. A step further is  prognosis—
predicting the progress, course, and outcome of a 
disease [ 3 ]. Diagnostics and prognostics in den-
tistry can be applied to stratify patients according 
to risk for individualized disease, forecasting, 
and ultimately targeting resources to maximize 
health outcomes. This chapter will highlight 
state-of-the-art point-of-care (POC) periodontal 
diagnostics (use of microbial, protein biomarker, 
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and genetic measures) and their application for 
patient risk stratifi cation to optimize personalized 
care in the dental offi ce.  

    Diagnostics in Periodontics: 
Limitations of Traditional 
Diagnostics 

 Periodontal disease is a chronic host- 
infl ammatory response to polymicrobial infec-
tion (Fig.  5.1 ). In addition to its breadth of 
contributing factors, variety of diagnostic signs, 
and systemic health associations, it is a leading 

cause of tooth loss and affects almost 50 % of the 
US population [ 5 ]. These characteristics and 
resulting multidisciplinary treatment ramifi ca-
tions allow the use of periodontics as a key proto-
type for dental diagnostics. Periodontal diagnosis 
and prognosis are primarily based upon clinical 
information such as periodontal probing, clinical 
attachment levels, bleeding or suppuration upon 
probing, radiographic bone loss, furcation 
involvement, and tooth mobility.

   The common limitation of physical and radio-
graphic measures is their primarily historic illus-
tration of tissue destruction rather than current 
display of active infl ammation or prediction of 
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molecular circuitry, leading
to disease progression
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  Fig. 5.1    Periodontal disease is initiated by bacterial 
plaque biofi lm and its components such as lipopolysac-
charide ( LPS ), to which the host responds with a proin-
fl ammatory cascade, involving immune cell reactive 
oxygen species ( ROS ). The host interacts with these com-
ponents via toll-like-receptors ( TLRs ), effecting down-
stream mediators nuclear-factor kappa beta ( NFkb ), 

mitogen-activated protein kinase ( MAPK ), and 
sphingosine- 1-phosphate lyase ( SPL ). Susceptibility and 
tissue destruction are modifi ed by environmental, genetic, 
and epigenetic factors, such as alterations to epithelial cell 
adenylate cyclase ( AC ) and DNA methyltransferase 
( DNMT ) (From Larsson et al. [ 4 ]. Reproduced with per-
mission from the American Academy of Periodontology)       

 

A.B. Plonka and W.V. Giannobile



63

future disease [ 6 ]. Periimplantitis is further ham-
pered by a lack of consensus on disease identifi -
cation and classifi cation [ 7 ,  8 ]. A personalized 
approach to patient management would allow for 
subclinical disease detection, prior to the onset of 
potentially irreversible clinical signs of tissue 
loss. Subclinical disease may be identifi ed by one 
or a combination of genetic changes or predispo-
sitions, microbial tests, and host markers, as 
shown in Fig.  5.2  [ 9 ]. Genetic (single-gene), 
genomic (gene-gene-interaction), or epigenetic 
(altered gene expression) tests can identify inher-
ited or acquired risk factors to predict susceptibil-
ity to periodontal disease, as well as allow more 
accurate diagnosis, prognosis, and treatment 
planning [ 4 ,  10 ,  11 ]. The onset of periodontal 
infection can be determined by testing for patho-
gens and their genes [ 9 ]. Biomarkers are proteins 
that indicate host-response to disease or tissue 
breakdown. Saliva is an easily accessible medium 
to identify genetic and microbial biomarkers to 
allow for the use of rapid point-of-care (POC) 
diagnostics. Traditional laboratory-based tests 
such as enzyme-linked immunosorbent assays 
(ELISA) to detect proteins and polymerase chain 
reaction (PCR) to identify RNA and DNA are 
now being adapted in miniaturized systems as 
handheld or chairside devices [ 12 ].

   The goal of implementing POC salivary diag-
nostics to the clinic is to identify, at the chairside, 
the onset of infl ammation and determine which 
patients are at highest risk for disease progres-
sion in order to develop personalized treatment 

plans tailored to the needs of each individual 
patient. In addition to identifying disease or risk 
at earlier stages of the disease timeline, these 
methods may be faster, easier to obtain, and 
require less training and personnel than conven-
tional clinical parameters using “signatures of 
periodontal disease” [ 12 – 14 ]. 

    Risk Stratifi cation: What Is It? 

 In addition to identifi cation of disease, treatment 
planning, and monitoring, biologic information 
may be used as risk factors to determine the like-
lihood of disease occurrence or progression. Risk 
stratifi cation involves assessing a patient’s sus-
ceptibility to disease and targeting resources 
toward groups at highest risk and limiting unnec-
essary treatment recommendations for patients at 
minimal or zero risk. The goals of risk stratifi ca-
tion, listed in Table  5.1 , include using diagnostic 
information to forecast health risks, prioritize and 
target treatment interventions, and mitigate 
adverse outcomes.

   Ultimately, risk stratifi cation aims to correctly 
identify and appropriately funnel healthcare 
efforts toward the classic “Pareto’s principle,” in 
which 20 % of the population require 80 % of the 
resources [ 15 ]. 

 The highest-level information for risk stratifi -
cation is the implementation of clinical, biologic, 
or genetic risk factors. Risk factors have been 
verifi ed in longitudinal studies to be associated 

Inherited/acquired
genetic factors

Genetic tests Microbial tests

Detectable subclinical phase

Salivary protein
biomarkers

Clinical examination or
intraoral imaging

Biological onset
of disease

Disease detection
by screening Test

Anatomical Loss
of tooth support

  Fig. 5.2    Timeline of periodontal disease progression. 
Genetic tests can elucidate inherited periodontal disease 
risk factors. Periodontal disease is initiated by pathogen 
infection, which can be detected at onset by microbial 
tests. Protein biomarkers found in saliva can allow for 

screening of disease activity and progression. Clinical 
diagnostic methods show destruction to the periodontal 
attachment apparatus (Reprinted from Giannobile [ 9 ]. 
Copyright © 2012, with permission from Elsevier)       
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with a patient’s increased predilection for disease 
and can be environmental, biologic, or behavioral 
in nature [ 16 ,  17 ]. Proven risk factors for peri-
odontal disease include tobacco smoking, diabe-
tes mellitus, and specifi c pathogens [ 18 – 20 ]. 

  Risk determinants , or background characteris-
tics, are risk factors that are not modifi able, such 
as age, genetics, or gender [ 21 – 24 ]. Risk indica-
tors are possible risk factors that have been iden-
tifi ed in cross-sectional but not longitudinal 
studies. Examples of  risk indicators  for peri-
odontal disease are the systemic conditions 
osteoporosis, rheumatoid arthritis, and obesity 
[ 25 ,  26 ].  Risk predictors  are associated with, but 
do not cause, disease. Finally,  risk markers  
include a previous history of periodontal disease 
and bleeding on probing [ 27 – 29 ]. 

 Patients may be stratifi ed according to biologic 
or metabolic phenotypes (“metabotypes”), or dis-
ease presentations [ 30 ]. Such phenotypes may be 
determined by a combination of oral- fl uid bio-
markers, microbiologic profi les, and clinical fea-
tures of disease [ 9 ,  31 ,  32 ]. Metabotypes are 
caused by the same epigenetic processes that are 
responsible for susceptibility to disease occur-
rence, progression, and therapeutic outcomes and 
are directly related to disease risk factors [ 33 ]. 
They provide a compilation of the effects of an 
individual’s environmental exposure, biochemical 
and physiologic processes, and microbiome [ 30 ]. 
Increased understanding of phenotypes may 
improve disease classifi cation, diagnosis, and 
treatment effectiveness. Phenotypes may be based 

on a variety of information modalities; other 
examples include transcriptomes, or gene expres-
sion signatures [ 34 ]. 

 Predictive modeling may be used to optimize 
risk stratifi cation and clinical decision making 
and allow cost-benefi t analysis of treatment rec-
ommendations for a given patient group [ 30 ]. 
Predictive modeling involves applying historical 
associations between risk factors and target dis-
ease events to predict future outcomes based on 
mathematical formulae. These formulae can be 
applied to populations to rank (or stratify) per-
sons according to risk and prioritize target inter-
ventions, resulting in increased effi ciency, cost 
savings, and improved overall health [ 35 ]. 
Building a predictive model requires identifying 
a target outcome, such as healthcare costs or dis-
ease status, followed by the time interval until 
which the prediction is desired. Thirdly, health 
data is used as predictive information. Finally, 
data is tested and weighted according to its infl u-
ence on the target outcome, until the most effec-
tive combination of risk factors is reached. 
Models are assessed based on their performance 
at maximizing true positives and true negatives, 
indicating identifi cation of those at highest risk. 
Similarly, the model’s false positive/negative 
rates should approach 0 % [ 15 ].  

    Application of Saliva Diagnostics to 
Periodontology 

 Historically, treatment recommendations have 
derived from mean data from large epidemio-
logic studies [ 15 ]. Key to personalized medicine 
is assessing all available and specifi c risk factors 
on an individual level, to maximize the quality 
and quantity of information to be used for risk 
stratifi cation [ 15 ]. A potentially simple and rapid 
way in which potential risk factors may be identi-
fi ed chairside in the dental offi ce setting is 
through the application of salivary diagnostics. 
Information gleaned from such tests (most cur-
rently in various stages of development) may pre-
empt traditional clinical signs and provide 
information on patient risk at the biochemical, 
molecular, and/or genetic levels [ 36 ,  37 ]. Salivary 

   Table 5.1    Risk stratifi cation applied to periodontal dis-
ease management   

 Goal  Application 

 Forecast patient health 
risks 

 Periodontal diseases 
 Tooth loss 

 Prioritize treatment 
interventions 

 Initial and advanced 
periodontal therapy 
 Periodontal maintenance 
 Nonsurgical debridement 
 Periodontal surgery 

 Mitigate adverse 
outcomes 

 Oral infection 
 Gingival infl ammation 
 Periodontal bone loss 
 Tooth loss 
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and gingival crevicular fl uid (GCF) are rich 
sources of biomarkers in the oral cavity, which 
are quantifi able biologic parameters that have 
been validated to be signs of disease processes, 
provide information regarding pharmacologic 
interventions, and verify health status [ 14 ,  38 ]. 
Ideally, biomarkers provide information prior to 
the onset of potentially irreversible clinical 
sequelae and allow for prevention or early inter-
vention with personalized treatment 
recommendations. 

 Salivary and GCF biomarkers can be used to 
address elements along the spectrum of peri-
odontal disease development. Biomarkers may 
provide information on oral microbes, host 
immune response factors, and tissue breakdown 
products [ 39 ]. Analyzing “clusters” of biomark-
ers can provide enhanced information regarding 
disease status and effects of treatment [ 14 ,  40 ]. 
Biomarkers must be validated as accurate for dis-
ease detection and proven to have utility beyond 
traditional microscopic analytic methods 
(Fig  5.3 ) [ 10 ]. For a given sample media, such as 
saliva, an appropriate laboratory method is 
selected based on the biochemical mechanism to 
be evaluated. After the biomarker identifi cation 
and quantifi cation test has been validated, the 
role of the biomarker within the biologic or 
pathologic process is analyzed and compared 
with current accepted diagnostic practices. When 
treatment algorithms are developed for the clini-
cian, biomarkers could be easily applied to per-

sonalized medicine or a variety of other healthcare 
applications [ 9 ].

   Key biomarkers for risk assessment of peri-
odontal and peri-implant disease progression are 
the use of periodontal pathogens (such as red 
complex bacteria of  Porphyromonas gingivalis , 
 Treponema denticola , and  Tanerella forsythia ) 
[ 42 – 44 ], matrix metalloproteinase-8 (MMP-8) 
[ 45 ], and interleukin-1 beta (IL-1) [ 46 ], for 
example. 

    Microbial Assessment and Periodontal 
Diagnostics 
 Generally, an empirical approach to periodontal 
therapy involves initial mechanical scaling and 
root planing followed by reevaluation and poten-
tial surgical intervention. For special patient pop-
ulations, microbial analysis such as DNA probes, 
PCR-based testing, and culture and sensitivity 
analysis can provide an added benefi t to select 
and determine effectiveness of adjunctive antibi-
otics; for example, in patients refractory to treat-
ment, medically compromised, or with aggressive 
disease or acute infections. Microbial testing 
methods are limited in their ability to culture or 
otherwise detect bacterial species. Microbial test-
ing may also be performed to assess response to 
therapy [ 47 – 50 ] or potential antibiotic resistance 
[ 51 ]. When associated with improvements in 
clinical parameters, microbial testing may be 
used in clinical trials to assess effectiveness of 
treatment modalities, such as combination antibi-
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otic therapy, laser or photodynamic therapy, or 
implant technology [ 52 – 56 ]. The importance of 
microbial profi ling alone or in combination with 
other biomarkers in diagnostics is to intercept 
patients susceptible to disease [ 37 ,  57 – 59 ] or at 
risk of progression or recurrence of chronic or 
aggressive periodontal disease [ 14 ,  60 – 62 ] or 
periimplantitis [ 51 ,  63 – 65 ] In addition to local-
ized periodontal disease applications, salivary 
tests can also identify systemic infections such as 
H1N1 virus or HIV [ 66 ,  67 ]. 

 The most important pathogens contributing to 
the development and progression of periodontal 
disease were initially identifi ed by DNA probes 
and DNA-DNA checkerboard hybridization and 
grouped into complexes by Socransky and col-
leagues [ 20 ]. The “red complex” bacteria, Gram- 
negative obligate anaerobes  P. gingivalis, T. 
denticola, and T. forsythia , are signifi cantly 
associated with increased probing depth and 
BOP. Another common feature of these bacteria 
is their ability to hydrolyze the substrate 
N-benzoyl-DL-arginine-2-naphthylamide 
(BANA) using a trypsin-like enzyme, which can 
be detected by a chairside test for periodontal 
disease [ 68 ]. Currently, the fi eld of microbial 
biomarker analysis is evolving with the develop-
ment of detection methods, as many species have 
yet to be identifi ed. In the intersection of micro-
biology and genetics, the human microbiome 
consists of all microorganisms inhabiting the 
oral cavity and their corresponding genome. 
Identifi cation of the human oral microbiome, 
made possible by “high- throughput” methods, 
such as 16S rRNA or 454 pyrosequencing, 
allows for comparison between states of health 
and disease [ 69 ,  70 ].  

    Host-Response Factors 
 The infl ammatory component of periodontal 
disease can be captured by host-response bio-
markers, which consist of immune system cell 
products and infl ammatory mediators. These 
products tend to increase as the body responds 
to active infection and in instances of chronic 
infl ammation and with treatment ideally resolve 
towards baseline levels. Examples include cyto-
kines, such as interleukin-1 beta (IL-1β), and 

host-cell enzymes, such as polymorphonuclear 
lymphocyte (PMN) cell collagenase MMP-8. 
Periodontal pathogens initially elicit a non-
specifi c  infl ammatory response. Subsequently, 
T- and B-lymphocytes produce cell signaling 
cytokines. Interleukins are cytokines that facili-
tate interactions between leukocytes and host 
epithelial cells, endothelial cells, and fi broblasts. 
Some cytokines, such as interleukin-1β (IL-1β), 
interleukin- 6 (IL-6), and tumor necrosis factor 
(TNF)-α, may induce bone resorption. Specifi c 
interleukin-1 gene variants  IL1A  and  IL1B  are 
signifi cantly associated with chronic periodonti-
tis in Caucasian individuals [ 71 ]. Salivary IL-1β 
has been implicated in peri-implant infl ammation 
[ 72 ]. Other host cells act as chemokines to recruit 
additional proinfl ammatory cells such as PMNs 
and macrophages. Continuing the infl ammatory 
cascade, PMNs and macrophages secrete proin-
fl ammatory and tissue-destructive mediators that 
can be monitored in saliva and GCF. Such host- 
derived enzymes, like matrix-metalloproteinases 
(MMPs), degrade the periodontal attachment 
apparatus. 

 These host-response components can be mon-
itored in saliva and GCF. PMN-derived MMP-8 
(gelatinase) signifi cantly decreases after peri-
odontal therapy and maintenance, but persistently 
elevated MMP-8 may indicate a refractory site at 
risk of further breakdown, both applicable to 
monitoring, one goal of risk stratifi cation 
[ 73 – 75 ]. Salivary MMP-8 may also be applied to 
risk stratifi cation by discriminating between peri-
odontitis patients with severe versus slight alveo-
lar bone loss [ 76 ]. Peri-implant disease may have 
biomarker expression profi les similar to or unique 
from periimplantitis [ 77 ,  78 ].  

    Tissue Breakdown Products 
 Osteocalcin (OCN), the main non-collagenous 
protein in bone matrix, may promote osteoclast 
differentiation and bone resorption and is a 
marker for bone turnover and when increased in 
oral fl uids may predict periodontal bone loss 
[ 79 ]. A collagen degradation product, pyridino-
line cross-linked carboxyterminal telopeptide of 
type I collagen (ICTP), is specifi c to bone, and its 
serum levels are elevated in bone resorptive 
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 diseases [ 39 ]. More so than OCN, GCF ICTP 
may have potential in predicting periodontal 
breakdown and response to treatment; however, 
reports vary [ 76 ,  80 ]. Salivary OCN and ICTP 
may be decreased, while can be MMP-8 increased 
in smokers [ 81 – 83 ]. 

 Independently, biomarkers may be limited 
with respect to their ability to predict disease pro-
gression. Combining host-response and micro-
bial oral-fl uid biomarkers with clinical measures 
may allow for determination of characteristic 
profi les with higher sensitivity and specifi city for 
periodontal disease progression [ 13 ,  37 ,  71 ]. This 
information can also be used to explore peri- 
implant health and disease [ 42 ].   

    Application of Personalized Medicine 
and Risk Stratifi cation in Clinical 
Practice 

 Personalized medicine has been an area of intense 
research focus over the past years and a strategic 
initiative of the National Institute of Dental and 
Craniofacial Research. Biomarkers may be 
detected chairside through POC saliva or GCF 
collection and analyzed using microfl uidic lab- 
on- a-chip (LOC) technology [ 12 ,  84 – 86 ]. 
Microfl uidic technology involves the processing 
of small fl uid samples within precisely controlled 
“microscale” channels. Microfl uidic platforms 
can improve test sensitivity, collection, and anal-
ysis speed and effi ciency, and device portability, 
while minimizing sample size, material quantity, 
and cost [ 87 ]. Biomarkers like salivary MMP-8 
are prototypes in the development of microfl uidic 
assays for POC technology [ 88 ]. Other chairside 
technology includes “test sticks” which have 
been developed for detection of MMP-8 in peri-
odontitis diagnosis [ 89 ]. 

 Saliva has the advantage of ease and speed of 
collection over GCF sampling and, in addition to 
periodontal disease, has been applied for detec-
tion of systemic diseases such as oral cancer, 
breast cancer, and Sjogren’s syndrome [ 90 ,  91 ]. 
Although simpler to collect than GCF, challenges 
facing the use of saliva as a diagnostic media 
include its variations in fl ow rate and overall 

quantity, which can be affected by medications, 
time of day, and other patient-related factors [ 9 ]. 

 Microfl uidic devices have also been devel-
oped to detect salivary bacteria [ 37 ]. Combining 
host-response biomarkers with microbial analy-
sis addresses multiple components of the peri-
odontal disease process and may optimize 
diagnosis of disease progression or stability 
[ 14 ,  37 ,  92 ,  93 ]. Application of biomarker tech-
nology within clinical research is guided by the 
desired study outcome and could improve the 
quality of study fi ndings and translation to per-
sonalized medicine approaches (Fig.  5.4 ) [ 41 ].

   Risk stratifi cation has been applied in dentistry 
as recently illustrated in the  Michigan Periodontal 
Prevention Study . The goal of this investigation 
was to determine the benefi t of the biannual pre-
ventive care model in preventing tooth loss over 
the long term. In this retrospective cohort study 
of 5117 patients, individuals were divided into 
high or low risk based on presence or absence 
of at least one of the following risk factors: his-
tory of periodontal disease, current or recent 
cigarette smoking, and/or presence of interleu-
kin-1 genotype polymorphisms. Assessing insur-
ance claims information, the results of the study 
found no difference in tooth loss outcomes based 
on recall interval for low- risk patients (possess-
ing no risk factors); however, high-risk patients 
demonstrated signifi cantly less tooth loss over 
the 16-year observation period when the preven-
tive recall was more frequent (twice yearly versus 
once yearly). Further, the study applied predic-
tive modeling to show a healthcare-cost savings 
of over $2.2 million when risk stratifi cation was 
applied to the study population. Application of 
this strategy to the US insured adult population 
could lead to signifi cant healthcare savings [ 85 , 
 94 ,  95 ]. 

 Risk for periodontal disease can be combined 
with that for caries and oral cancer to tailor recall 
intervals during treatment and maintenance [ 96 ]. 
Risk stratifi cation could be applied to many oral 
and systemic diseases with the increased breadth 
of information that genome-wide sequencing 
provides, strengthening dentistry’s integration 
into primary care for large healthcare impact 
[ 95 ,  97 ].   
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    Conclusions 

 The fi eld of clinical diagnostics and prognos-
tics for the customization of patient care has 
advanced considerably over the past two 
decades (Fig.  5.5 ) [ 98 ]. The emerging utility 
of specifi c biomarkers of periodontal dis-
eases has shown value in identifying early 
pathologic progression phases of the disease. 
However, the clinical regulatory path of bio-
marker selection to measure bone destruction 
or loss of clinical attachment is plagued on 
endpoints fraught with low sensitivity. The 
use of “signatures” of multiple biomarkers to 
predict disease progression offers stronger 
promise, given the pleotropic nature of peri-
odontitis. The use of LOC diagnostics allows 

for real-time assessment of disease status 
with potential POC chairside application. 
Lastly, the use of prognostic measures for 
predicting or forecasting of disease activa-
tion offers strong potential. The implementa-
tion of patient stratifi cation in dentistry 
allows for the better identifi cation of low- risk 
and high-risk patients in an era of limited 
resources to use “one-size-fi ts-all” protocols 
that waste precious resources available to our 
patients.
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    Abstract  

  The view of personalized care has evolved with the advent of modern 
molecular and genomic science, the completion of the Human Genome 
Project, the launching of the Human Microbiome Project, the focus on the 
individual in western societies, the explosion of Big Data, and business 
models and political systems becoming interwoven with health care. 
Dentistry is embracing this new paradigm that focuses on health care that 
is personalized, predictive, preventive, and participatory. Whether using 
“omic” technology, handheld devices, or sampling of various body sub-
stances, health and dental care are poised to write the next chapter in our 
historical text of personalization of oral health care. Notable advances in 
personalization of oral care include knowledge gained in oral cancer, peri-
odontal disease, and caries. These advances, with an emphasis on metabo-
lomics, will be discussed within the framework of the current status of 
these diseases, their limitations, and the emerging opportunities in these 
fi elds in terms of disease diagnosis.  

         Introduction 

 The personalization of oral and general health 
care has reached a new zenith. For some, person-
alized care may summon visions of a dentist or 
doctor paying a house call. In historical and 

 religious texts, we learn that essential oils and 
botanicals were at the heart of personalized heal-
ing practices used by ancient healers including 
the Egyptians, Chinese, and Greeks. In present 
times, the view of personalized care has evolved 
with the advent of modern molecular and 
genomic science, the completion of the Human 
Genome Project, the launching of the Human 
Microbiome Project, the focus on the individual 
in western societies, the explosion of Big Data, 
and business models and political systems 
becoming interwoven with health care. Dentistry 
is embracing this new paradigm that focuses on 
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health care that is personalized, predictive, pre-
ventive, and participatory. Whether using “omic” 
technology,  handheld devices, or sampling of 
various body substances, health and dental care 
are poised to write the next chapter in our histori-
cal text of personalization of oral health care. 
Notable advances in personalization of oral care 
include knowledge gained in oral cancer, peri-
odontal disease, and caries. These advances will 
be discussed within the framework of the current 
status of these diseases, the limitations, and the 
emerging opportunities in these fi elds in terms of 
disease diagnosis.  

    Current Status of Personalized 
Approaches to the Diagnosis of Oral 
Diseases and Their Limitations 

 Current diagnostic strategies for oral diseases are 
based on knowledge gained from somewhat sub-
jective interpretation of clinical observations, 
clinical examination, radiographic examination, 
and, in some cases, histological examination. 
Borrowing from historical knowledge, much of 
what we espouse in oral and physical diagnosis 
has not changed much from our early origins and 
dates back to Grecian medicine, Hippocrates, 
Egypt, Crete, and Babylonia. In the  Iliad  (ca 
1200 B.C.), Homer had 150 anatomic terms to 
describe 141 wounds. Hippocrates and his con-
temporaries were masters of observation, and this 
ability of observation is still our most powerful 
tool. However, this approach is changing with the 
advent of personalized health. 

 In the fi eld of periodontology, diagnosis of 
periodontal disease is based on a radiographic 
examination and clinical examination that requires 
the use of a periodontal probe to measure and 
diagnose historical or past disease. These diagnos-
tic aids are simple and easy to use. They are cost-
effective and relatively noninvasive. Therefore, 
clinicians frequently employ them to make diag-
noses and predict the destructive activity of peri-
odontal disease. Markers that have been used to 
evaluate periodontal status, both to determine 
diagnosis or prognosis, include probing depth, 
clinical attachment level, bleeding on probing, 

suppuration, gingival redness, and plaque accumu-
lation. These vary in terms of their sensitivity and 
specifi city, yet changes in probing depth; clinical 
attachment levels; bleeding on probing and its 
absence, especially when recorded continuously 
over time; and plaque represent the best available 
markers of disease with good specifi city and good 
positive and negative predictive values [ 1 , 2 ]. 

 The value of a diagnostic test or biomarker is 
determined based on its sensitivity, specifi city, 
positive predictive value, and negative predictive 
value. Sensitivity is the probability of the test 
being positive when the disease is truly present. 
A test with a sensitivity of 1.0 would detect the 
disease in all cases with no false negatives. 
Specifi city is the probability of the test being 
negative when the disease is not present. A test 
with a specifi city of 1.0 would detect disease in 
all cases with no false positives. Positive predic-
tive value is the probability that the disease is 
present when the test is positive. Negative predic-
tive value is the probability that the disease is 
absent when the test is negative. Predictive values 
are infl uenced by the prevalence of disease in a 
population. A higher prevalence of a disease 
within a particular population will lead to a 
higher predictive value compared to a population 
with a lower prevalence of the disease. Given the 
high prevalence of periodontal disease in the US 
population and around the world [ 3 , 4 ], biomark-
ers with good predictive values can potentially be 
developed for this disease. 

 However, the current diagnostic markers 
for periodontal disease are inherently limited. 
For example, clinical attachment loss readings 
obtained with a periodontal probe and radio-
graphic evaluations of alveolar bone loss only 
measure damage from past episodes of disease 
and not current or active disease. In addition, 
a minimum threshold of 2- to 3-mm change is 
required before a site can be identifi ed as having 
experienced a breakdown (i.e., low sensitivity) 
and longer monitoring periods (2–5 years) may be 
needed before markers of disease reach a higher 
level of sensitivity and meaningful diagnostic 
value [ 1 , 5 , 6 ]. Furthermore, probing pressure and 
infl ammation can infl uence the measurements 
obtained [ 7 – 13 ]. 
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 Signifi cant efforts have been made to identify 
risk indicators or biomarkers of subclinical peri-
odontal disease or biomarkers that can predict 
disease progression and that have a higher sensi-
tivity. A biomarker is a substance that is mea-
sured objectively and evaluated as an indicator of 
normal biologic processes, pathogenic processes, 
or pharmacologic responses to a therapeutic 
intervention [ 14 ]. These biomarkers are generally 
derived from site-specifi c dental plaque or gingi-
val crevicular fl uid (GCF) or from saliva or serum 
for whole-mouth/body analyses. Periodontal dis-
ease biomarkers attempt to capture subclinical 
aspects of the disease or the initiation of the peri-
odontal lesion and thus have focused on examin-
ing the initiating microbiological fl ora, the 
infl ammatory reaction to these pathogens, the 
extracellular matrix breakdown components that 
ensue, or the cellular damages that result from 
these insults. In-depth reviews of biomarkers 
obtained from GCF and saliva have been 
described for periodontal disease diagnosis, dis-
ease progression, and disease susceptibility [ 15 –
 17 ]. Over 65 GCF components have been 
reported as potential markers for diagnosis and 
progression of periodontal disease. A problem 
with these biomarkers includes the inability to 
distinguish gingivitis from periodontitis, since 
most of these are based on general infl ammatory 
proteins or enzymes or nonspecifi c tissue break-
down products. Those markers that focus on bone 
breakdown may hold greater promise in distin-
guishing between gingivitis and periodontitis, 
and thus the need for longitudinal studies to eval-
uate their diagnostic potential is warranted. 

 Periodontal diseases are initiated by bacterial 
species living in polymicrobial biofi lms at or 
below the gingival margin, and disease progres-
sion ensues largely as a result of the infl amma-
tion initiated by specifi c subgingival species in a 
susceptible host. Thus, microbiological sampling 
using traditional culture methods and various 
identifi cation approaches have been used to iden-
tify a series of bacteria that are associated with 
periodontal diseases. Classic studies that focused 
on analyses of subgingival plaque samples have 
identifi ed bacterial complexes that are associated 
with severe forms of periodontal disease and 

increased pocket depths and bleeding on probing 
[ 18 ]. One such complex, the red or fi rst complex 
of bacteria, is comprised of  Porphyromonas gin-
givalis ,  Treponema denticola ,  and Tannerella 
forsythia . Longitudinal monitoring of these com-
plex biofi lms reveals the effects of treatment on 
the dynamic composition of these biofi lm com-
munities [ 19 ]. Oral biofi lms are one of the best- 
studied biofi lms of the human body, and thus 
many lessons have been learned in periodontal 
microbiology from their years of study [ 20 ]. 

 Currently, academic-based commercial labo-
ratories offer microbial analyses of patient sam-
ples to assist with disease diagnosis. These 
analytical platforms use conventional culturing 
methods for limited sets of periodontal/oral 
pathogens from plaque samples [ 21 , 22 ]. Thus, 
one of the limitations of these culturing and iden-
tifi cation approaches is the limited numbers of 
species that can be identifi ed using these meth-
ods. Furthermore, it is becoming apparent that 
oral biofi lms and companion salivary constitu-
ents are exquisitely complex, containing mem-
bers of methanogenic Archaea and bacteriophages 
that have been previously missed due to the lim-
ited methods used for their identifi cation [ 23 – 25 ]. 
Given this emerging knowledge about the com-
plexity of the oral biome, caution is being advised 
about disturbing the long-term community resi-
dents of these ecological niches with the use of 
antibiotics and probiotics [ 26 ].  

    Emerging Opportunities 
for the Application 
of a Personalized Approach 
to Dental or Craniofacial Disease 
Diagnostics 

 Emerging opportunities for the application of a 
personalized approach to dental and craniofacial 
diseases are largely reliant on the development of 
“omics” technology. Integrating omics technol-
ogy, including genomics, proteomics, transcrip-
tomics, and metabolomics, provides a more 
complete picture of a functional signature of a 
cell or organism. With the completion of the 
human genome and microbiome projects, 
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advancements in the identifi cation of disease sig-
natures and biomarkers have been made [ 27 ]. An 
integrative personal omics profi le that is based on 
genomic, transcriptomic, proteomic, metabolo-
mic, and autoantibody data, such as a circos plot, 
may someday be used as a “RiskOGram,” for 
early diagnosis of subclinical disease, for disease 
monitoring, or for treatment follow-up [ 28 ]. 

 Novel systems biology approaches hold prom-
ise for unraveling new details about the patho-
genesis of periodontal disease. For example, with 
emerging data on the human microbiome, great 
advances can be made in understanding the syn-
ergistic interactions between humans and the 
normal fl ora of the human body and the oral cav-
ity. This is a vast area that remains largely unex-
plored yet holds great promise, given that there 
are ten times more bacteria than the number of 
human cells in our body. We need to understand 
the delicate ecology that exists between the sym-
biotic, commensal, and pathologic microbes that 
share our body space. 

 With the advent of the human microbiome 
project, detailed profi les of the uncultivable and 
hard-to-detect microbes that comprise the poly-
microbial biofi lms of the oral cavity and that may 
be associated with periodontal disease or caries 
are now becoming possible. Commercial labora-
tories and research-focused laboratories have 
taken a lead role in this area. One such laboratory 
provides personalized human oral microbe iden-
tifi cation using next generation sequencing [ 29 ]. 
The human oral microbe identifi cation microar-
ray, known as HOMIN can detect about 270 of 
the most prevalent cultivated and not-yet- 
cultivated oral bacterial species from plaque sam-
ples. HOMIN technology has been used by 
investigators and teams from academic and pri-
vate institutions, government, and industry and 
presented in numerous publications. Another 
commercial lab provides testing of saliva using 
PCR-based approaches for detection of a set of 
four periodontal pathogens [ 30 ]. 

 However, microbial examination requires 
sampling and submission of a sample to a distant 
site that requires time for analyses. This is not 
optimum in a clinical setting, especially when 
clinical probing and bleeding on probing provide 

information about the quality of the disease. 
Thus, novel point-of-care diagnostics are still 
needed to address this shortcoming. 

 In addition to the microbiome, expressed 
genome, and proteome, scientists can now study 
a substantial component of the expressed metab-
olome. Such an analysis demands an in-depth 
understanding of how metabolic pathways may 
be involved in the pathogenesis of different dis-
eases. Mass spectrometry- and NMR-based 
metabolomics offer innovative, noninvasive plat-
forms for the development of marker panels that 
are characteristic of disease phenotypes or cellu-
lar processes that are readily measured in biofl u-
ids/biospecimens/tissues (tissue biopsy, plasma/
serum, urine, saliva, breath). Metabolomic profi l-
ing yields a signature set of functional metabo-
lites of disease phenotypes. 

 Analyses of the various “omes” (metabolome, 
proteome, genome) are complementary, but iden-
tifying a panel of key metabolites that defi nes a 
given condition or disease provides an accurate 
readout of the cellular physiology of this process. 
Individual metabolites play an important role in 
representing endpoints of molecular pathways per-
turbed by events in the other “omes.” Importantly, 
the metabolome is relatively small (~3200 com-
pounds), highly conserved, and highly defi ned. 
Thus, metabolomic data sets are more computa-
tionally approachable, more amenable to interpre-
tation, and more precise in characterization. The 
metabolome can be integrated into systems biol-
ogy or with other omics datasets. 

 Metabolomics, which is based on mass spec-
troscopy and nuclear magnetic resonance spec-
troscopy, measures changes in small molecules 
or metabolites. The human metabolome contains 
approximately 5000 discrete metabolites. 
Metabolomic analyses have been applied to 
chronic disease including diabetes, obesity, car-
diovascular disease, cancer, mental disorders, 
and drug toxicity. 

 Within dentistry, metabolomic approaches 
have been applied to a few disease conditions 
including head and neck cancer diagnosis, peri-
odontal disease diagnosis, and caries. Although 
diagnosis of head and neck cancer has been 
 traditionally based on histological examination 
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of a tissue biopsy specimen, metabolomic 
approaches offer new possibilities. Within den-
tistry, head and neck cancer diagnosis has been 
the most extensively studied in terms of metabo-
lomic approaches (Table  6.1 ). A 2002 study 
explored the diagnostic potential of  1 H magnetic 
resonance spectroscopy in head and neck squa-
mous cell carcinoma (HNSCC) tissues from 40 
subjects (135 specimens) and found that the reso-
nance from taurine, choline, glutamic acid, lactic 
acid, and lipid had diagnostic potential [ 31 ].

   A 2008 study proposed a metabolomic-based 
diagnostic approach for oral squamous cell carci-
noma (OSCC) ( n  = 20) and its precancerous 
lesions, including oral lichen planus ( n  = 20) and 
oral leukoplakia ( n  = 7), using saliva samples and 
HPLC/MS analysis. Statistical analysis of the 
metabolomic data distinguished these different 
pathologic conditions [ 32 ]. 

 Using NMR-based approaches, two studies in 
2009 examined the metabolomic profi les of 
HNSCC and OSCC. One group, which examined 
serum from 15 OSCC patients and 10 healthy 
controls, was able to discriminate between the 
two groups and between different stages of dis-
ease. Metabolites that were differentially altered 
in the OSCC group compared to the healthy con-
trols, included metabolites in choline pathways, 
glucose/Krebs cycle, the urea cycle, and acetoac-
etate pathways [ 33 ]. The other NMR-based study 
examined plasma from patients who had OSCC 
( n  = 33), oral leukoplakia ( n  = 5), and healthy con-
trols ( n  = 28) and found that they could differenti-
ate the OSCC patients from those with oral 
leukoplakia and controls based on differential 
metabolites, including tyrosine, aspartic acid, glu-
cose, myoinositol, taurine, arginine, choline, cre-
atinine, lipids, glutamic acid, proline, arginine, 
3-hydroxybutyrate, valine, and isoleucine [ 34 ]. 

 A study that analyzed a variety of conditions, 
including, oral cancer ( n  = 69), breast cancer 
( n  = 30), pancreatic cancer ( n  = 18), periodontal 
disease ( n  = 11), and healthy controls ( n  = 87), 
performed metabolomic analysis using capillary 
electrophoresis time-of-fl ight mass spectroscopy 
and found that 57 principal metabolites could 
predict the probability of being affected by each 
disease [ 35 ]. 

 A 2010 study used ultraperformance liquid 
chromatography coupled with quadrupole/time- 
of- fl ight mass spectrometry (LC/Q-TOF MS) to 
explore its diagnostic potential in distinguishing 
between OSCC ( n  = 37), oral leukoplakia ( n  = 32), 
and healthy controls ( n  = 34) using saliva samples 
[ 37 ]. This study found that these groups have 
characteristic salivary metabolic signatures and 
that a panel of three metabolites (valine, lactic 
acid, and phenylalanine) in combination yielded 
satisfactory accuracy (0.89, 0.97), sensitivity 
(86.5 and 94.6 %), specifi city (82.4 and 84.4 %), 
and positive predictive value (81.6 and 87.5 %) in 
distinguishing OSCC from the controls or oral 
leukoplakia, respectively. 

 A 2011 study used LC/MS to examine the 
metabolomic energy profi le of 15 HNSCC cell 
lines and found that glucose is required for sur-
vival and glutamine is needed for maximal prolif-
eration for these cells [ 38 ]. They found that 
glucose deprivation triggers increased glutamate, 
glutathione, and 5-oxoproline, whereas normal 
DMEM/media leads to increased glucose, 
6-phosphogluconate, mannose-6-phosphate, ino-
sine, and adenine. They also reported that inhibi-
tion of glucose catabolism inhibited cell 
proliferation and anchorage-independent growth 
across a range of HNSCC cell lines. They sug-
gested that the presence of wild-type p53 was a 
potential mechanism conferring relative resis-
tance to antiglycolytic strategies in HNSCC. 

 Another study used high-resolution magic 
angle spinning (HR-MAS) to explore the meta-
bolic signatures of HNSCC, which included 
matched normal adjacent tissue (NAT) and pri-
mary tumor originating from the tongue, lip, 
larynx, and the oral cavity and associated lymph 
node metastatic tissues (LN-Met) [ 36 ]. A total of 
43 tissues (18 NAT, 18 tumor, and 7 LN-Met) from 
22 HNSCC patients were analyzed. This study 
found NMR metabolic profi les that could differ-
entiate normal from tumor tissues. Furthermore, 
primary and metastatic tumor tissues showed 
elevated levels of lactate, amino acids (including 
leucine, isoleucine, valine, alanine, glutamine, 
glutamate, aspartate, glycine, phenylalanine, 
and tyrosine), choline-containing compounds, 
creatine, taurine, glutathione, and decreased 
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levels of triglycerides. These elevated metabo-
lites were associated with highly active glycoly-
sis, increased amino acid infl ux (anaplerosis) 
into the TCA cycle, altered energy metabolism, 
membrane choline phospholipid metabolism, 
and oxidative and osmotic defense mechanisms. 
Also, decreased levels of triglycerides suggested 
active lipolysis followed by β-oxidation of fatty 
acids that may exist to deliver bioenergy for rapid 
tumor cell proliferation and growth. 

 Another study by the same group used 1H 
NMR-based metabolic profi ling of HNSCC cells 
from fi ve different patients that were derived from 
various sites of the upper aerodigestive tract, 
including the fl oor of mouth, tongue, and larynx 
[ 39 ]. Primary cultures of normal human oral kera-
tinocytes (NHOK) from three different donors 
were used for comparison. HNSCC cells exhibited 
signifi cantly altered levels of various metabolites 
that clearly revealed dysregulation in multiple 
metabolic processes, including the Warburg 
effect, oxidative phosphorylation, energy metabo-
lism, TCA cycle anaplerotic fl ux, glutaminoly-
sis, hexosamine pathway, osmoregulatory, and 
antioxidant mechanisms. In addition, signifi cant 
alterations in the ratios of phosphatidylcholine/
lysophosphatidylcholine and phosphocholine/
glycerophosphocholine and elevated arachidonic 
acid observed in HNSCC cells reveal an altered 
membrane choline phospholipid metabolism 
(MCPM). Furthermore, signifi cantly increased 
activity of phospholipase A2 (PLA2) especially 
cytosolic PLA2 (cPLA2) observed in all the 
HNSCC cells confi rmed an altered MCPM. Thus, 
cPLA2 may serve as a potential therapeutic target 
for anticancer therapy of HNSCC. 

 Recently, a 2013 study used GC/MS to per-
form metabolomic analyses of serum and tissue 

samples from 25 HNSCC subjects (17 serum, 19 
tissues) and found opposing results between tis-
sues and serum samples with respect to certain 
metabolites [ 40 ]. In serum, several metabolites 
related to the glycolytic pathway, like glucose, 
were elevated, whereas the levels of several 
amino acids were lower in HNSSC patients. In 
contrast to serum, the levels of many metabolites 
related to the glycolytic pathway were lower in 
tumor tissues compared to control tissues, and 
the levels of several amino acids, such as valine, 
tyrosine, serine, and methionine, were higher. 
The metabolites with the greatest fold change 
between oral cancer/HNSCC and normal tissues 
included uracil (6.28/6.2), glutamic acid (5.9/4.2), 
aspartic acid (5.5/3.9), and asparagine (5.5/4.7). 

 Another recent study explored the metabolo-
mic profi le of anionic metabolites in head and 
neck cancer cells by capillary ion chromatogra-
phy with orbitrap mass spectrometry and found 
that these methods were highly sensitive allowing 
for excellent separation of polar metabolites [ 41 ]. 

 Thus, metabolomic studies of HNSCC indi-
cate that while examination of tissues and cells 
can distinguish between disease states, salivary 
diagnostics offer a new noninvasive platform to 
aid in the diagnosis of this disease and its differ-
ent states and therefore warrant further study. 

 Limited studies on metabolomic analyses of 
plaque and saliva related to caries have also been con-
ducted (Table  6.2 ). A study of fi ve healthy subjects 
used capillary electrophoresis-mass spectrometry 
(Human Metabolome Technologies) to examine the 
metabolome present in oral plaque and oral cario-
genic bacteria, including  Streptococcus mutans , 
 Streptococcus sanguinis ,  Actinomyces oris , and 
 Actinomyces naeslundii  [ 42 ]. Similar profi les were 
identifi ed for the oral plaque and oral bacteria, which 

   Table 6.2    Metabolomic analyses of cariogenic-associated specimens   

 Study  Subjects  Samples  Method  Metabolites 

 Takahashi 
et al. [ 42 ] 

 5 Healthy 
subjects 

 Oral plaque and oral 
cariogenic bacteria 
( Streptococcus , 
 Actinomyces ) 

 Capillary 
 Electrophoresis 
 MS 

 Similar profi les for plaque and oral 
bacteria; EMP, pentose phosphate 
pathway, TCA cycle 

 Foxman 
et al. (2013) 

 25 Sibling pairs  Saliva  LC/MS 
 GC/MS 

 Profi le of metabolites in children 
with decayed teeth more similar 
than those with healthy teeth 
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consisted of increased metabolites in the Embden-
Meyerhof- Parnas (EMP) pathway and pentose phos-
phate pathway, but decreased metabolites in the 
tricarboxylate acid (TCA) cycle. Another study of 25 
sibling pairs used LC/MS and GC/MS (Metabolon, 
Inc.) to examine the metabolome present in saliva of 
these children [ 43 ]. The profi les of metabolites in 
children with decayed teeth were more similar than 
those with healthy teeth; however, there was also a 
strong effect of sibship on the metabolite profi les.

   Metabolomic approaches have also been applied 
to periodontal disease diagnosis (Table  6.3 ). A 
metabolomic study of gingival  crevicular fl uid 
(GCF) from periodontitis, gingivitis, and healthy 
sites from 22 individuals with chronic periodon-
titis was performed using GC/MS and LC/MS 
(Metabolon, Inc.) [ 44 ]. This study found elevated 
levels of inosine, hypoxanthine, xanthine, gua-
nosine, and guanine at diseased sites, indicating 
an increased purine degradation pathway, which 
yields reactive oxygen species (ROS). This sug-
gests that diseased sites exhibit oxidative stress. In 
diseased sites, they also found increased levels of 

amino acids, indicative of degradation of host cel-
lular components, plus increased levels of bacterial 
products, including cadaverine, and a decrease in 
antioxidants, including glutathione, ascorbic acid, 
and uric acid. Thus, metabolomic analyses of peri-
odontally diseased sites refl ect the host-bacterial 
interactions within and highlight a depletion of anti-
oxidants, degradation of host cellular components, 
and a buildup of bacterial products in GCF. These 
metabolites may serve as biomarkers of periodontal 
diseases.

   A related study by the same group selected a 
panel of ten markers from their previous metabo-
lomic study for further exploration [ 45 ]. These ten 
markers were examined in GCF from healthy, gin-
givitis, and periodontitis sites from 39 chronic 
periodontitis subjects who were assigned to a tri-
closan-containing dentifrice group or a control 
dentifrice group. The GCF samples were analyzed 
using three approaches: gas chromatrography/
mass spectrometry (GC/MS), ultrahigh perfor-
mance liquid chromatography/tandem mass spec-
trometry (UHPLD/MS/MS) optimized for basic 

   Table 6.3    Metabolomic analyses of periodontitis-associated specimens   

 Study  Subjects  Disease  Tissue/fl uid  Method  Metabolites 

 Barnes 
et al. [ 44 ] 

 22 subjects 
with chronic 
perio (330 
sites) 

 Healthy, 
gingivitis, 
periodontitis 
sites 

 GCF  GC/MS 
 LC/MS 

  ↑ inosine, hypoxanthine, 
xanthine, guanosine, guanine 
at diseased sites= ↑ purine 
degradation pathway (ROS) 
  ↑ amino acids= degradation 
host components 
  ↑ bacterial products 
(cadaverine) 
  ↓ anti-oxidants (glutathione, 
ascorbic acid, uric acid) 

 Barnes 
et al. [ 45 ] 

 39 subjects 
with chronic 
perio 

 Healthy, 
gingivitis, 
periodontitis 
sites 

 GCF  GC/MS; UHLC/MS/MS; 
basic and acidic species 

 Tricolsan-containing 
dentifrice reduces inosine, 
lysine, putrescine, and 
xanthine at gingivitis sites 

 Sugimoto 
et al. [ 35 ] 

 11 subjects 
(oral, breast, 
and pancreatic 
cancer, and 
periodontal 
disease) 

 11 Disease 
 87 Healthy 

 Saliva  CE-TOF-MS  57 metabolites can predict 
each disease 

 Barnes 
et al. [ 46 ] 

 68 subjects  34 Disease 
 34 Healthy 

 Saliva  UHPLC/MS/tandem MS   ↑ lipids, peptides, amino 
acids, carbohydrates 
(glucose), nucleotides 
(macromolecular 
degradation) in disease 
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species, and UHPLD/MS/MS optimized for acidic 
species (Metabolon, Inc.). The study found that 
ten markers (cadaverine, lysine, putrescine, isoleu-
cine, leucine, phenylalanine, choline, hypoxan-
thine, xanthine, inosine) were elevated in the 
diseased sites, and the triclosan- containing dentri-
fi ce reduced the level of inosine, lysine, putres-
cine, and xanthine at gingivitis sites by 1 week. 

 Another study by the same group evaluated 34 
periodontally diseased and 34 healthy subjects 
using untargeted metabolomic analysis of saliva 
employing ultrahigh performance liquid chroma-
tography/tandem mass spectrometry (UHPLD/
MS/MS) optimized for basic species, UHPLD/
MS/MS optimized for acidic species, and gas 
chromatrography/mass spectrometry (GC/MS) 
(Metabolon, Inc.) [ 46 ]. With this approach, a total 
of 390 metabolites were detected in these samples. 
High levels of lipids plus altered peptides, amino 
acids, carbohydrates, and nucleotides were 
detected in samples from periodontitis patients, 
indicating macromolecular degradation. In addi-
tion, this study found altered levels of triacylglyc-
erol, glycerolphospholipids, polysaccharides, and 
polynucleotides in individuals with periodontal 
disease, partially refl ecting the enhanced host-bac-
terial interactions in the diseased state as further 
evidenced by increased levels of bacterially modi-
fi ed amino acids and carnitine metabolites. 

 A fi nal study of 87 healthy and 11 diseased 
subjects that analyzed a variety of conditions, 
including periodontal disease, oral cancer, breast 
cancer, and pancreatic cancer, performed metab-
olomic analysis using capillary electrophoresis 
time-of-fl ight mass spectroscopy and found that 
57 metabolites could predict each disease [ 35 ]. 

 Thus, metabolomic approaches hold promise 
for advancing periodontal disease diagnosis. 
Combining these methods with other current 
diagnostic methods may enhance clinicians’ abil-
ity to diagnose and predict periodontal disease 
progression.  

    Conclusions 

 Predicting periodontal disease progression 
relies on clinical and radiographic examina-
tions and a thorough medical history, since 
conditions, such as uncontrolled diabetes, 

immune and vascular defi ciencies, and smok-
ing, can contribute to disease pathogenesis 
and increase the risk for progression. Several 
studies evaluating the relationship between 
smoking and periodontal disease indicate 
increased risk for tooth loss, reduction in clin-
ical outcomes, and dose effects from smoking 
[ 47 – 49 ]. Meta-analyses and literature reviews 
similarly show that diabetes increases the risk 
for periodontal disease, and the two have a 
bidirectional relationship, such that periodon-
tal treatment may improve glycemic control 
[ 50 – 52 ]. In addition, genetic information 
could help determine risk or susceptibility for 
periodontal disease, since studies conducted 
on twins revealed that 50 % of the clinical 
severity of periodontal disease can be 
explained by  genetics [ 53 , 54 ]. Specifi c genetic 
information, such as the presence of genetic 
polymorphisms in the infl ammatory cytokine, 
IL-1, can also provide predictive information 
about the risk of periodontal disease [ 47 , 55 ]. 
A patient’s DNA can be captured with a saliva-
saline matrix oral rinse sample (MyPerioID) 
[ 30 ], which is sent to a laboratory for rapid 
analysis of genotypic status for IL-1. This test 
is based on the premise that a single nucleo-
tide polymorphism of the IL-1 gene is a sus-
ceptibility factor for periodontal disease [ 56 ]. 
IL-1 polymorphisms indicate risk of tooth loss 
[ 47 ] and advancing periodontal diseases [ 57 ]. 
Genome-wide association studies of peri-
odontal disease have also identifi ed potential 
genetic polymorphisms associated with 
chronic periodontitis- related phenotypes and 
warrant additional study [ 58 ]. In the future, 
these approaches can be complemented by 
laboratory tests for microbial plaque biofi lm 
(MyPerioPath;   http://www.oraldna.com/peri-
odontal-testing.html    ) [ 59 ]. Coupled with these 
tests, the use of salivary- or GCF-based OMIC 
technologies to identify disease-specifi c bio-
marker profi les can help rank or stratify a 
patient’s risk for disease progression based on 
a combination of risk factors. 

 Thus, OMIC-based biomarkers, including 
those obtained from metabolomics, can aid or 
be used to identify baseline risk, preclinical 
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progression, and disease initiation and progres-
sion along the continuum of a disease. These 
can also assist in monitoring treatment and for 
treatment follow- up. Coupling the OMICs with 
big data and data management systems are 
other emerging areas that afford new opportu-
nities for personalized general and oral health 
care. The use of handheld devices and point-of-
care diagnostics are other future areas that hold 
great promise for personalized care. Handheld 
devices can be used to monitor health status 
[ 60 – 62 ]. These devices, like a glucometer for 
monitoring blood glucose levels in diabetics, 
may use a fi nger-prick, or saliva, or a breath 
sample to analyze DNA mutations, proteins, 
metabolites, or other body components to mon-
itor health or disease control. Thus, these might 
serve as a personalized or remote monitoring 
device. These individual DNA sequences, pro-
teins, or metabolites would be part of a patient’s 
medical and dental record and would be used to 
track health history, optimize wellness, or track 
potential disease. Coupling of these OMIC 
approaches with smartphone devices could per-
sonalize health care even further and could 
reach global or underserved communities that 
do not have access to care. One could envision 
receiving individualized health-related text 
messages based on readouts from breath, saliva, 
or fi nger-prick sampling to help in health man-
agement. With a wellness focus in mind, these 
approaches could also be used to tailor and 
optimize nutrition and preventive approaches 
for the individual patient. Furthermore, big data 
and systems approaches could be used to design 
drugs to target individual disease networks. 
The future looks bright for improving oral dis-
ease diagnosis and prognosis with the applica-
tion of metabolomics and other OMIC 
technologies to saliva, serum, or breath analy-
ses for the individual patient.     
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    Abstract  

  Our understanding of dental caries was transformed over the past century 
to recognize that this chronic disease is an infectious and complex condi-
tion involving host, biofi lm, and environmental factors. The severity and 
distribution of dental caries, or its clinical phenotype, is highly variable in 
the population. During the past 20 years, the genomic era has provided 
new insights into the interactions of host, oral fl ora, and environmental 
factors that make dental caries similar to many other complex hereditary 
conditions. Our knowledge of the contributions of an individual’s genome 
to their risk and resistance to dental caries has grown tremendously over 
the past decade. New insights continue to be gained as our understanding 
of the interactions between our genome, oral microbiome, microbial 
metabolomics, and environmental infl uences advances. Knowledge of, 
and the ability to predict, these underlying determinants of disease and 
health will ultimately provide approaches to accurately predict risk and 
activity of dental caries in an individual, allowing personalized approaches 
to preventing and managing this common disease of humans.  

         Introduction 

 The transformation in medicine over the past 120 
years has been remarkable, with medical educa-
tion and patient care becoming based on a founda-
tion of science. The scientifi c foundation that 

unpins our understanding of dental caries also 
changed during this period. In 1891 W.D. Miller 
published his observations that tooth decay or 
dental caries was caused by infection of the oral 
cavity with bacteria that produced acid, thereby 
leading to destruction of the mineralized dental 
tissues [ 1 ]. Much of the research since these early 
observations has focused on understanding and 
treating dental caries. There has been tremendous 
effort to understand the microbiological contribu-
tions of dental caries since Keyes classic experi-
ments in the 1960s showed that specifi c organisms 
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were associated with dental caries [ 2 ]. With 
advances in technologies to interrogate the oral 
microbiome, we are now coming to realize that 
the complexity and diversity of the oral fl ora 
appears to be critical in imparting resistance and 
risk for having dental caries. It is well known that 
dental caries is a complex disease involving fac-
tors related to the host, the oral biofi lm, the envi-
ronment, and the interactions of these three key 
elements over time. Since sequencing of the 
human genome, elucidation of the human micro-
biome, the human and microbial metabolomes, 
and the explosion in biotechnology and bioinfor-
matics, the complexity of these key elements and 
intricacies of their interactions are changing the 
way we think about dental caries as a disease. Our 
ability to examine the human genome, microbi-
ome, and interactions between these genomic, 
microbiomic, and environmental factors is pro-
viding new knowledge of the pathogenesis of den-
tal caries and novel approaches to advance health 
care. Consequently, our approaches to assessing 
an individual’s risk/resistance to develop dental 
caries and how focused and individualized inter-
ventions might be applied also are changing. 

 Dental caries is the most common chronic dis-
ease affl icting humans. Industrialized countries 
are spending 5–10 % of their public health expen-
ditures on oral health [ 3 ]. Despite extensive 
research, our ability to accurately predict those 
likely to develop disease before they have clinical 
symptoms remains suboptimal. This chapter 
reviews our current understanding of genetically 
determined risk and resistance for dental caries in 
humans and how this knowledge is currently 
used and could potentially be used in the man-
agement of dental caries.  

    Dental Caries Phenotypes 

 Dental caries is the clinical presentation that 
results from the imbalance of tooth mineral con-
tent and oral biofi lm acid production. The recur-
ring cyclical demineralization of the mineralized 
dental tissues by bacterially produced acids is the 
disease mechanism that can result in the destruc-
tion of the dentition. Clinically, dental caries is 

typically measured using the decayed, missing, 
and fi lled teeth or surfaces (DMFT and DMFS 
for permanent dentition and dmft and dmfs for 
the primary dentition) caries index tool. More 
refi ned measurements of dental caries also exist, 
such as the International Caries Detection and 
Assessment System (ICDAS) [ 4 ]. Studies to 
identify the genetic contributions to a disease 
process are hampered by having clinical pheno-
type measures that are diffi cult for even experi-
enced clinicians to consistently arrive at similar 
diagnoses [ 5 ,  6 ]. Caries diagnostics remain prob-
lematic for ideally characterizing genetic contri-
butions to this complex disease. Pit and fi ssure 
caries is still best diagnosed by visual appear-
ance, and there are not systems with good sensi-
tivity and specifi city to evaluate differences 
between developmentally hypomineralized 
enamel and early stages of dental caries [ 7 ,  8 ]. 
Improved caries detection systems and diagnos-
tics remain an important area for future research. 
Having objective and accurate diagnostic tools 
for dental caries will help advance our under-
standing of heredity and its role in this complex 
disease and its pathogenesis. 

 Clinicians are well aware that there are differ-
ences in the way dental caries manifests in 
patients. Pit and fi ssure caries can have a differ-
ent signifi cance than smooth-surface caries when 
considering caries risk. Risk factors for dental 
caries are not uniformly distributed across all 
teeth and tooth surfaces (Fig.  7.1a, b ). The pres-
ence of enamel defects is known to be strongly 
associated with the presence and progression of 
dental caries [ 9 ,  10 ].

   Enamel defects promote colonization by 
oral bacteria associated with dental caries [ 11 ] 
and compromise the tooth’s surface resistance 
to caries. The etiology of enamel defects is 
known to be extremely diverse, with nearly 
100 genetic [ 12 ] and over 100 environmental 
causes of enamel defects having been docu-
mented [ 13 ,  14 ]. 

 It is not surprising that protective and risk fac-
tors differ from site to site given differences in 
tooth morphology, location of salivary gland 
ducts, clearance of food, exposure differences for 
different tooth surfaces, and many other factors 
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that are not uniform throughout the mouth. The 
distribution of caries on different teeth also is 
known to be associated with differing levels of 
future risk for disease, although current caries 
risk assessment tools typically do not take these 
factors into account. For example, an individual 
with carious lesions on the mandibular incisor 
teeth is usually thought to be affected by a high 
caries attack rate and level of disease because 
these teeth tend to be protected from caries due to 
their physical location anterior to the mandibular 
salivary ducts. 

 While differences in pit and fi ssure and 
smooth-surface caries have long been considered 

as different types of disease patterns, it is only 
relatively recently that distinct patterns of dental 
caries in the primary and permanent dentitions 
and at the tooth and surface level have been asso-
ciated with heritability [ 15 ]. These studies indi-
cate that some caries patterns have a greater 
heritable contribution compared with others. 
Recent studies by Schaffer et al. using hierarchi-
cal analyses indicate there are multiple distinct 
clusters of teeth that differ in their caries experi-
ence. They found that these groups could be clas-
sifi ed as (C1) pit and fi ssure molar surfaces, (C2) 
mandibular anterior surfaces, (C3) posterior non- 
pit and fi ssures surfaces, (D4) maxillary anterior 
surfaces, and (C5) mid-dentition surfaces [ 16 ]. 
Furthermore, they found that the heritability and 
environmental factors contributing to caries in 
these various clusters differed. So while caries in 
the mandibular anterior teeth appear to have a 
considerable heritability factor, caries in the 
maxillary anterior teeth appear to have a much 
stronger environmental determinant. A genome- 
wide association study (GWAS) examining pos-
sible loci in the genome associated with dental 
caries in the permanent dentition showed differ-
ent loci for pit and fi ssure caries and smooth- 
surface caries [ 17 ,  18 ]. Collectively, these studies 
show that the observed patterns of dental caries, 
or dental caries phenotypes, are associated with 
different protective and risk factors. There also is 
evidence suggesting that different suites of genes, 
having varying levels of effect, likely explain a 
portion of the variation seen between heritability 
in the primary and permanent dentitions [ 19 ]. 
Understanding the differing contributions of 
these factors could allow better disease risk 
assessment and individualized interventions that 
can address the genetic and environmental fac-
tors associated with the specifi c disease pheno-
type or clinical presentation. 

    Heritability of Dental Caries 

 Dental caries is typically referred to as an infec-
tious and transmissible disease and not as a 
hereditary disease [ 20 ,  21 ]. Frequently, when 
dental practitioners think about the heritability 

a

b

  Fig. 7.1    ( a ,  b ) Caries patterns or phenotypes vary tre-
mendously, as illustrated in these contrasting clinical dis-
ease levels. The child ( a ) has enamel defects and caries in 
the facial surfaces of the primary canines and molars as 
well as the proximal surfaces of the maxillary anterior 
teeth and cervical areas. In contrast, ( b ) limited pit and 
fi ssure caries of the 6-year molars was the only disease 
seen in this individual (image  b  courtesy Andrea 
Zandona). The genetic contributions to the risk of dental 
caries is likely quite different in these two individuals, as 
are the management approaches       

 

7 Genomics of Dental Caries and Caries Risk Assessment



90

of dental caries and the potential magnitude of 
that genetics contributes to this disease, it is 
commonly believed that genetics plays a role, 
but that it is not as great a determinant as envi-
ronmental interactions. Dental school curricula 
traditionally focus on environmental factors 
such as the oral biofi lm and specifi c bacterial 
species (e.g . ,  Streptococcus mutans  and  lacto-
bacillus ), fl uoride exposure, and diet when 
reviewing the etiology of dental caries [ 22 ,  23 ]. 
While current caries risk assessments do evalu-
ate an individual’s caries experience, they tend 
not to evaluate an individual’s family history of 
this disease to determine if heritability might be 
playing a contributing role to the disease [ 23 ,  24 ]. 
Caries risk assessments of pediatric patients do 
address if the caregiver has active caries or has 
had caries in the past 12 months [ 25 ]. The ratio-
nale for assessing caregiver caries is because 
there is an association between caregiver and 
infant caries, and this is especially strong when 
the mothers have untreated dental caries [ 26 ]. 
The assessment of caregiver caries is primarily 
directed at assessing the potential risk of trans-
missibility of the microbes associated with car-
ies, and not heritability of the disease [ 25 ]. 
Interestingly, a study assessing caries status in 
32-year-olds showed that self-reported poor 
maternal health when the children were young 
continued to be associated with higher caries 
levels in offspring as they became adults [ 27 ]. 
This suggests that assessing the family history 
for dental caries could be of benefi t for deter-
mining risk of developing dental caries even in 
adults. 

 The concept that genetics plays a role in den-
tal caries is certainly not a new one. Many ani-
mal and human studies have shown the 
importance genetics as a determinant of dental 
caries [ 28 ,  29 ]. Twin studies have been used for 
over 50 years to evaluate the potential role of 
heredity in dental caries [ 30 ,  31 ]. Adequately 
powered studies show a higher concordance of 
caries in monozygotic twins compared with 
dizygotic twins or siblings, supporting the role 
of genetics as a dental caries determinant [ 32 – 34 ]. 
The specifi c factors proposed as being infl u-
enced by genetics are varied and include such 

factors as taste preference, salivary factors, 
immune response, tooth morphology, enamel 
composition and structure, and behavior. Other 
hereditary factors that can affect oral function 
and food clearance also can be associated with 
increased dental caries risk. For example, indi-
viduals who have generalized recessive dystro-
phic epidermolysis bullosa (OMIM # 226600) 
tend to consume a soft diet and typically eat very 
slowly due to the oral ulcerations and oral scar-
ring caused by fragile skin and mucosal surfaces 
due to mutations in their type VII collagen genes 
( COL7A1 ). They also suffer from oral mucosal 
scarring due to recurrent ulceration that results 
in binding and immobility of the tongue and oral 
vestibules, further hampering oral clearance. 
Consequently, many individuals with this condi-
tion suffer from rampant tooth decay (Fig.  7.2 ) 
that has an unusual clinical pattern, with caries 
often starting around the cervical area of the 
teeth adjacent to the scared and abnormal soft 
tissue [ 35 ]. The following sections will evaluate 
each of these risk factors and what is known 
related to their genetic determinants.

  Fig. 7.2    This child with generalized recessive dystrophic 
epidermolysis bullosa suffers from severe mucosal fragil-
ity and intraoral soft tissue scarring that contribute greatly 
to her caries risk due to consumption of a high- 
carbohydrate and soft diet that is diffi cult to clear from the 
oral cavity       
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        Diet and Taste Related To Caries 

 The relationship of diet and genetics related to 
dental caries has been assessed by a number of 
approaches. Several different hereditary condi-
tions that cause dietary modifi cations have been 
associated with decreased and increased caries 
risk. Human studies have investigated caries lev-
els in people with hereditary fructose intolerance 
(HIF) (OMIM #22960), a rare autosomal reces-
sive hereditary condition caused by mutations in 
the gene coding for aldose B. Individuals with 
HIF greatly restrict their intake of fructose and 
sucrose, resulting in a marked reduction in dental 
caries experience [ 36 ]. As mentioned earlier, indi-
viduals affected with generalized recessive dys-
trophic epidermolysis bullosa (OMIM# 22660) 
have marked fragility of the skin and mucosa and 
have a need for high caloric intake due to prob-
lems with eating and uptake of nutrients, as well 
as high energy expenditures directed at tissue 
repair [ 37 ]. Consequently, affected individuals 
tend to eat slowly, have a delayed oral clearance 
of food, consume carbohydrate-rich diets with 
high calorie foods to achieve adequate intake, and 
suffer from a high caries attack rate [ 37 ]. 

 Taste preference for an individual is determined 
by genetics and environmental exposures, and the 
possible association of taste preference differences 
to caries is not a new concept [ 38 ]. The sense of 
taste evolved to assist humans in detecting impor-
tant sources of nutrients (e.g., sugars, salts, amino 
acids) and to protect them from possible poison-
ous substances like acids and alkyloids [ 39 ]. 
Environmental exposures that infl uence taste pref-
erence begin in utero as the developing fetus is 
subjected to different nutrient components derived 
from the mother through the amniotic fl uid [ 40 ]. 
These exposures continue through contact with 
components from foods the mother eats being 
passed to the infant while nursing on the mother’s 
breast milk [ 41 ]. As the infant diet changes and 
there are new exposures to different fl avors and 
textures, food preferences continue to develop. 
Interestingly, a number of taste genes have been 
associated with differing levels of dental caries. 

 Many taste buds reside in the oral cavity and 
largely on the tongue in the fungiform, foliate, 

and circumvallate papillae. While these oral taste 
buds are critical in taste sensation, there is now 
great interest in the role of taste receptors in other 
tissues such as the airway and GI tract [ 39 ]. There 
are many known taste receptors that exist on taste 
bud cells. These receptors are coded for by fami-
lies of genes that reside in clusters in the human 
genome [ 39 ]. The receptors are G-coupled pro-
tein receptors that are characterized by their 
7-alpha helical transmembrane domains [ 39 ]. 
Searching Online Mendelian Inheritance in 
Man® (OMIM) [ 42 ] using the term “taste” 
results in 95 separate entries, with most of these 
being descriptions of the genes coding for the 
 different known taste receptors such taste recep-
tor type 1 member 1 (gene:  TAS1R1 ; OMIM 
#606225). Recent studies indicate there are asso-
ciations of differing caries levels in people with 
genetic variations in their taste genes [ 43 ,  44 ]. 
The  TAS1R1  gene codes for a receptor whose 
protein product forms a heterotrimer with the 
protein TAS1R3 that then mediates umami 
( distinct form of saltiness) perception. The 
 TAS1R1 gene is located on chromosome 1p36 and 
is associated with a cluster of other taste receptor 
genes such as  TAS1R2  that codes for a receptor 
involved in sweet perception. The  TASR38  taste 
receptor gene that is involved in perception of 
glucosinolates has been associated with lower 
caries rates [ 43 ]. Other genes that may be 
involved in dietary preference that are associated 
with caries include the guanine nucleotide- 
binding protein, alpha transducing 3  (GNAT3)  
gene [ 43 ]. Gustaducin is the protein product of 
the  GNAT3  gene and is present in all forms of 
taste buds. Gustaducin is thought to play a role in 
transduction of taste perception. Evaluation of 
caries and sucrose taste preference in twins 
reveals that both are associated with genetic 
determinants and understanding the heritability 
of these traits may add to our ability to assess an 
individual’s caries risk [ 45 ]. 

    Saliva and Caries 

 Saliva has long been known to be a key host 
defense mechanism to dental caries development, 
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providing a vehicle for fl uoride, calcium, and 
phosphate ions; an aqueous medium to allow dif-
fusion of these ions to the dental tissues; buffer-
ing; lubrication; digestive capacity of food 
substrates; and immunological factors, to name 
just a few critical salivary functions. Individuals 
with xerostomia, due to a lack of saliva formation, 
are at increased risk for developing dental caries. 
There are several hereditary conditions associated 
with abnormal saliva, such as aplasia of the lacri-
mal and salivary gland (OMIM # 180920). This 
autosomal dominant condition, caused by muta-
tions in the  FGF10  gene that is a growth factor 
critical for development of these exocrine glands, 
causes marked aplasia in the lacrimal and salivary 
gland development and, consequently, a drastic 
reduction in salivary formation and fl ow. 
Individuals with this condition typically suffer 
from markedly increase levels of dental caries. 
Not surprisingly, multiple genes coding for saliva  
have been associated with dental caries [ 46 ]. 

 The proline-rich salivary proteins have long 
been considered as protective against the forma-
tion of dental caries [ 47 ]. Genetic variations in 
alleles coding for the protein-rich protein, HaeIII 
subfamily 1  (PRH1)  gene are associated with 
both  Streptococcus mutans  colonization and den-
tal caries risk [ 48 ]. In addition to genes that are 
critical to salivary gland development, such as 
 FGF10 , there are many genes important in nor-
mal salivary formation and rate of fl ow. Variation 
in one such gene, Aquaporin 5 ( AQP5 ), has been 
shown to be protective against caries [ 49 ]. Saliva 
has a complex buffering system that is considered 
critical in helping regulate the oral environment 
to a healthy pH level. There are a number of sali-
vary carbonic anhydrase genes that play a role in 
buffering capacity, and studies suggest that poly-
morphisms in some these genes, suca as  CA6 , are 
associated with differing levels of this enzyme in 
saliva [ 50 ]. While these polymorphisms do 
appear associated with differences in buffering 
capacity in saliva, they have not been associated 
with differing risk or protection levels to dental 
caries [ 51 ]. It seems likely, given the many differ-
ent functions of saliva, that suites genes and 
genetic variations in saliva formation, fl ow, and 
function will be associated with differing levels 

of risk and protection for caries. Salivary pro-
teomics offers another potentially valuable tool 
for caries risk assessment in addition to the more 
traditional salivary fl ow rate and buffering capac-
ity. Proteomics could assess the presence and dif-
fering levels of function in salivary protein 
variants that could infl uence caries risk and 
resistance.  

    Immune System and Caries 

 A certain segment of the population is consid-
ered to be immune from dental caries, and part 
of this resistance to disease is thought to ema-
nate from the immune system. Saliva provides a 
rich medium to support the oral cavities’ immune 
response and does so with many different genes 
that have antimicrobial properties such as the 
salivary peroxidase system. Several genes 
 coding for salivary proteins with antimicrobial 
properties have been associated with caries sus-
ceptibility such as Lactotransferrin  (LTF)  [ 52 ]. 
Others have failed to confi rm this association in 
different populations [ 53 ]. Variations in the sali-
vary protein T-cell receptor alpha chain variable 
4 and the gene that codes for this protein  (TRAV4)  
are associated with low caries experience [ 54 ]. 
Individuals having a missense mutation in 
 TRAV4  had higher caries levels, and it was pre-
dicted that this mutation caused a diminution in 
the possible protective role of this protein in car-
ies resistance [ 54 ]. The protein beta defensin 1 
(DEFB1) is an antimicrobial peptide secreted in 
saliva that is implicated in antimicrobial defense 
of epithelia surfaces and has been both dental 
caries and periodontal disease. Haplotype stud-
ies of  DEFB1  indicate that different allelic vari-
ants are associated with increased DMFT scores, 
while other allelic variants are associated with a 
low DMFT score suggesting these functional 
polymorphisms are possible markers for caries 
risk [ 55 ]. Other salivary proteins that appear to 
play a role in oral immunity, such as the mucins, 
have been implicated in dental caries, but the 
role of genetics and genetic variability contribut-
ing to caries risk and the immune system remains 
to be defi ned [ 56 ,  57 ].  
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    Tooth-Associated Factors and Caries 

 The mineralized tissues of the tooth are the pri-
mary defense against the development of dental 
caries. Tooth development is the culmination of 
exquisitely orchestrated processes that are under 
strict molecular control. These developmental 
processes are affected by a variety of environ-
mental infl uences such as diet, infection, trauma, 
and other factors. There also is evidence that an 
individual’s response to different environmental 
exposures, such as fl uoride that can result in 
enamel fl uorosis, can vary depending on genetic 
constitution [ 58 ]. There are thousands of genes 
expressed by the cells that form the human 
enamel, the ameloblasts, so it is not surprising 
that there are over 90 conditions with enamel 
defects that are known to be hereditary [ 12 ]. The 
ameloblasts must differentiate into highly spe-
cialized cells that secrete a unique extracellular 
matrix, process this matrix in a highly controlled 
fashion, regulate the microenvironment with 
regard to pH and ion content, and are motile 
moving away from the dentin enamel junction. 
The genes participating in these many different 
enamel-forming processes have been identifi ed 
through a variety of approaches. Numerous genes 
participating in enamel development are now 
known to be associated with hereditary defects of 
enamel such as the various forms of amelogene-
sis imperfecta. Clinical studies indicate that 
enamel defects are strongly associated with early 
and greater colonization with streptococcus 
mutations and with the formation of dental caries 
[ 9 ,  11 ]. It has been proposed that certain cases of 
early childhood caries are the direct result of 
enamel hypoplasia that causes early development 
and progression of a severe disease phenotype 
[ 10 ]. So while there are many environmental 
exposures that can affect the quantity and quality 
of enamel, there are many enamel defects directly 
caused by genetic mutations, and there are likely 
to be many gene-environment interactions 
involved in abnormal enamel formation. For 
example, individuals with X-linked nephrogenic 
diabetes insipidus (OMIM # 304800) suffer from 
dental fl uorosis due to their polydipsia and renal 
dysfunction [ 59 ]. First permanent molars fre-

quently have enamel hypomineralization (about 
5–30 % of populations around the world are 
affected) [ 60 ] and also are frequently affected 
with dental caries. The condition known as molar 
incisor hypomineralization has traditionally been 
thought to be environmental in etiology, while 
more recent studies indicate there are possibly 
gene variants that contribute to the condition 
[ 14 ,  61 ,  62 ]. 

 Genes involved in producing and processing 
the enamel extracelluar matrix proteins amelo-
genin  (AMELX),  enamelin  (ENAM),  matrix 
metalloproteinase 20  (MMP20),  and kallikrein 4 
 (KLK4)  have all been shown to cause different 
forms of amelogenesis imperfecta [ 63 ]. Variations 
in the genetic code of these genes – which are not 
causative of amelogenesis imperfecta – have 
been associated with either increased or decreased 
levels of dental caries in different populations in 
a number of studies [ 49 ,  64 ,  65 ]. Not surpris-
ingly, the infl uence these genes have on dental 
caries in a population can be modifi ed by envi-
ronmental factors such as fl uoride exposure [ 66 ]. 

 Humans with mutations in genes coding for 
laminin type V (i.e.,  LAMA3 ) can have junctional 
epidermolysis bullosa that is associated with fra-
gility of the skin and blistering, as well as enamel 
hypoplasia due to abnormal cell-cell attachment 
of the ameloblasts [ 67 ]. Individuals with this 
autosomal recessive trait are at markedly 
increased risk for developing dental caries, pri-
marily due to their defective enamel [ 35 ]. 
Although not well understood, the genetic deter-
minants of the pits and fi ssures of teeth also are 
likely involved in contributing to the heritability 
of dental caries. Studies have mapped pit and fi s-
sure caries in families, showing there can be 
strong similarities in the caries patterns over mul-
tiple generations in certain families. Other 
enamel-associated genes including ameloblastin 
 (AMBN),  tuftelin  (TUFT1),  and  tuftelin- interacting 
protein 11  (TFIP11)  also have been associated 
with variation in caries rates. 

 Given that dental development is so controlled 
at the molecular level, there will likely be many 
additional genes involved in tooth formation that 
are discovered to be associated with caries risk 
and resistance. The shape and size of teeth,  cuspal 
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pattern, pit and fi ssure morphology, and enamel 
composition and structure are all genetically 
determined traits that likely play a role in the risk 
and resistance to dental caries. Future studies, in 
large populations, are needed to decipher the 
diversity and magnitude of contributions that 
these different genes and genetic variants 
involved in determining tooth level traits have 
toward the formation of dental caries.  

    Oral Microbiome 

 The Human Microbiome Project has been gather-
ing information for over a decade to study the 
role of microbes in human health and disease and 
has characterized the microbial communities 
inhabiting different body surfaces including the 
oral cavity. Over the past two decades, new tech-
nologies, such as 16S rRNA gene sequencing, 
have allowed a more comprehensive understand-
ing of the oral microbiome and its relationship to 
caries and health. The human oral microbiome is 
extremely diverse, with over 600 taxa and likely 
twice that many microbial species [ 68 ,  69 ]. 
Maintaining a stable and healthy oral microbiota 
that is associated with oral health, in contrast to 
dysbiosis or a microbial shift toward disease and 
how this shift occurs, is a concept that is not fully 
understood [ 70 ]. Metagenomics, or the genomic 
study of uncultured microorganisms, allows the 
investigation of the diverse microbiota in the oral 
cavity and how it changes in conditions of health 
and disease and is likely to contribute to develop-
ing personalized dental medicine for the manage-
ment of dental caries [ 70 ]. Knowledge gained 
using these approaches indicates that the caries- 
associated microorganisms are more diverse than 
previously believed and that greater microbial 
diversity is seen in children without dental caries 
and better oral health compared with children 
who have dental caries [ 71 ]. 

 Another approach to understanding the possi-
ble pathological mechanisms involved in dental 
caries involves evaluation of the metabolomics 
profi le of the biofi lm, taken from either plaque or 
saliva samples or microbial cultures [ 72 ]. Initial 
studies suggest that the oral microbial metabo-

lites associated with acid production, such as 
pyruvate, and the pentose-phosphate pathway 
can be measured and that these pathways show 
increased activity (more metabolites produced) 
when bacteria such as  Streptococcus  are chal-
lenged with glucose [ 73 ]. Combining informa-
tion about the diversity and types of microbes in 
the biofi lm and its metabolic activity provides a 
new approach and potentially powerful tool for 
evaluating an individual’s caries risk. While some 
early prototype devices have been developed to 
measure the oral biofi lms’ metabolic activity, 
there are no commercially available systems to 
evaluate the microbiome and/or its metabolomics 
as part of a validated caries risk assessment. One 
commercially available system measures plaque 
ATP levels that is indicative of microbial meta-
bolic activity, but has not been shown to be pre-
dictive of caries activity risk.   

    Conclusions 

 At this time, the most informative factor in car-
ies risk assessment is the presence of caries 
activity. Those with dental caries or a history 
of disease are more likely to develop disease in 
the future. Other factors, such as environmen-
tal exposures to fl uoride and carbohydrates, 
have value in predicting caries risk. In the 
United States, dental caries is disproportion-
ately represented in populations of lower 
socioeconomic status. Lower socioeconomic 
status is associated with many different poten-
tial risk factors for dental caries including 
access to care, dental literacy, ability to pur-
chase oral health-care products, and diet, to 
name a few. It also is possible that differences 
in genetics and the oral microbiome exist in 
lower socioeconomic populations and that 
these differences contribute to their risk of 
developing dental caries. We know that there 
are differences in the dental anatomy and tooth 
size in different populations and differences in 
the prevalence of missing teeth and malocclu-
sions, so it would not seem unreasonable that 
there are genetic differences that could contrib-
ute to dental caries risk or resistance. 

 As our knowledge of the human genome 
and epigenetics continues to evolve and is 
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integrated with our understanding of the 
microbiome and its metabolome, there is tre-
mendous opportunity for advancing risk 
assessment and management of dental caries 
(Fig.  7.3 ). It seems likely that there will be 
many different genes and many different 
genetic variants that will contribute to an indi-
vidual’s risk and resistance for developing 
dental caries. Some of these genetic variants 
are already known and recommendations have 
been developed. For example, individuals 
with conditions such as generalized recessive 
dystrophic epidermolysis bullosa or salivary 
fl ow insuffi ciency should receive early and 
aggressive oral health- care and dietary coun-
seling. Understanding the genomic and micro-
biomic contributions to an individual’s caries 
risk would increase our ability to develop 
more targeted or personalized treatment 
approaches. If there is a family history of pit 
and fi ssure caries and genetic risk factors were 
identifi ed to support this, then specifi c preven-

tive approaches such as pit and fi ssure sealants 
could be applied. The familial and genetic 
information could even help determine which 
teeth would benefi t most from sealants. 
Alternatively, if an individual’s genomic and 
microbiomic assessments indicated a risk for 
smooth-surface and proximal caries, then 
other preventive measures could be taken, 
such as fl uorides and dietary measures. It may 
be possible in the future to evaluate patient 
compliance with dietary measures by evaluat-
ing the microbiome and the level of dysbiosis 
that is contributing to the development of den-
tal caries.

   Population-based caries management 
approaches such as water fl uoridation are very 
successful, but they do not require any assess-
ment of the disease risk in the population. The 
challenge is to identify the individuals in the 
population who have disproportionately high 
dental caries attack rates and apply targeted 
interventions. In the near future, it will be pos-
sible to evaluate an individual’s genome and 
to study specifi c gene sets that contribute to 
their risk or resistance to dental caries. It may 
also be possible to have relatively inexpensive 
approaches to evaluate the microbiome and or 
its metabolome to add further information to 
their caries risk assessment. These new tech-
nological approaches will allow earlier and 
more accurate risk assessments and the ability 
to individualize the management of dental car-
ies. Future studies on the cost and necessary 
resources to implement these types of assess-
ments at the population level are needed as we 
move forward into these new areas of diagnos-
tics, disease prediction, and personalized 
intervention.     
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    Abstract  

  Over the years, the multifactorial and interactive nature of periodontal dis-
ease challenged clinicians in an attempt to delineate a pattern for its 
destructive progression. Periodontal disease is caused by persistent infl am-
mation of the periodontium in response to the colonization of microbes 
upon the tooth surface near the gingival margin and a subsequent biofi lm 
formation resulting in irreversible attachment loss of marginal alveolar 
bone and associated periodontal ligament and migration of the junctional 
epithelium. In spite of the infectious nature of periodontal disease, identi-
fi cation of the oral microbiome and a complete understanding of its patho-
genic pathway seem the most logical step toward the development of 
newer and effective approaches for periodontal therapy.  

         Introduction 

 Periodontitis is a multifactorial infl ammatory dis-
ease that disrupts the periodontium, which col-
lectively includes the gingiva, alveolar bone, 
periodontal ligament, and cementum. This dis-
ease is pervasive throughout human history and 
remains a public health concern today, affecting 
individuals on a global scale [ 1 ,  2 ]. Defi ning fea-
tures of this disease include the spread of infl am-
matory infi ltrate progressively deeper into the 
periodontal tissue, resulting in irreversible attach-
ment loss of marginal alveolar bone and associ-
ated periodontal ligament and migration of the 
junctional epithelium [ 3 ]. 

 Clinical presentation of periodontitis involves 
bone loss, periodontal pocket formation, and 
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 possibly gingival recession; however, patterns of 
bone loss can be more variable between patients 
[ 4 ]. Periodontitis can be broadly categorized as 
either chronic or aggressive and further charac-
terized by the extent of bone loss and severity of 
the disease [ 5 ]. Slowly progressing chronic peri-
odontitis characteristically displays generalized 
horizontal bone loss, which affects most teeth 
and occurs over an extended period of time [ 6 ,  7 ]. 
Alternatively, in rapidly advancing aggressive 
periodontitis, bone loss can be highly irregular at 
specifi c sites, creating deeper pockets and infra- 
bony defects in a short period of time [ 8 ]. In addi-
tion to local effects, recent studies have shown 
systemic effects of periodontal diseases through 
increased risk of atherosclerosis, rheumatoid 
arthritis, respiratory infections, adverse preg-
nancy outcomes, and cancer [ 9 – 15 ].  

    Risk Factors of Periodontal Disease 
Initiation and Progression 

 Periodontal disease is caused by persistent 
infl ammation of the periodontium in response to 
the colonization of microbes on the tooth surface 
near the gingival margin and subsequent biofi lm 
formation [ 16 ]. Bacterial colonization is an 
unavoidable event; salivary glycoproteins form a 
pellicle upon the tooth surface shortly following 
a professional cleaning [ 17 ]. Within minutes, pri-
mary colonizing bacteria (primarily gram- 
positive streptococci) adhere to the pellicle and 
begin proliferating [ 18 ]. Following the primary 
colonizers, a diverse group of microorganisms 
colonize, forming a unique microenvironment 
that increases in diversity as time passes [ 19 ]. 

 Biofi lm diversity and maturation depend on 
retention features and environmental factors, 
such as nutrients and oral hygiene practices 
[ 20 ,  21 ]. Plaque is physically retained by cal-
culus deposits, anatomical features such as 
crowded dentition, and iatrogenic features 
such as overhanging restorations [ 22 ]. Though 
onset of periodontal disease is determined by 
presence of bacterial plaque biofi lm, many 
studies have shown that plaque biofi lm is nec-
essary but insuffi cient to initiate the disease 

process, suggesting that there are other patient-
specifi c factors involved [ 23 ]. 

 To this end, susceptibility of the patient to dis-
ease onset and progression is guided by a number 
of different factors, as the host is ultimately 
responsible for periodontal tissue destruction in 
response to the plaque biofi lm formation [ 24 ]. 
Host response and susceptibility are further 
guided by genetic, environmental, and lifestyle 
factors, which directly affect the progression of 
an existing disease process [ 25 ]. These patient- 
specifi c risk factors for progressive periodontal 
disease include smoking, genetic factors, epigen-
etic modifi cations, diabetes, and stress. 
Understanding the mechanisms by which these 
components function in the context of health and 
disease can help clinicians elucidate personalized 
preventative strategies for at-risk patients. 

    Smoking 

 Smoking has been well established as a risk fac-
tor for periodontal disease. It has been reported to 
increase the risk of periodontal disease two- to 
eightfold [ 26 ]. Furthermore, there is a dose- 
response relationship between the number of 
cigarettes smoked per day and the odds ratio of 
periodontal disease, whereby there was an 
increased risk of periodontal disease in patients 
who smoked a higher number of cigarettes [ 27 ]. 
Furthermore, the study by Tomar and Asma [ 27 ], 
with the use of epidemiologic formulas, calcu-
lated that 41.9 % of periodontitis cases in the 
United States’ adult population were attributed to 
current smoking. Several clinical studies demon-
strate further that smokers have both increased 
susceptibility and severity of disease and disease 
progression [ 28 – 31 ]. Despite exacerbated peri-
odontal disease progression, smokers present 
clinically with decreased infl ammation, includ-
ing decreased gingival bleeding, erythema, and 
gingival exudate [ 32 – 34 ]. 

 Smoking may affect periodontal tissue break-
down in a number of different ways, including 
disruption of periodontal cell migration and/or 
function, diminished microcirculation, and dys-
regulated infl ammatory response [ 35 ]. Ryder 
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et al. demonstrated that smoke exposure to pri-
mary peripheral neutrophils impaired migration 
through upregulation of adhesion integrins, 
downregulation of  l -selectin, and alterations in 
F-actin kinetics [ 36 ,  37 ]. Gingival fi broblasts and 
osteoblasts exposed to cigarette smoke increased 
production of matrix metalloproteinases (MMPs) 
and decreased production of tissue inhibitors of 
MMPs (TIMPs) [ 38 – 40 ]. In addition, epithelial 
cells and periodontal ligament cells showed 
decreased survival and proliferation in the pres-
ence of cigarette smoke [ 41 ,  42 ]. Furthermore, 
animal studies confi rmed these in vitro data dem-
onstrating smoking and tobacco-associated par-
ticulate increased alveolar bone loss, increased 
MMP levels, decreased fi broblast-like cell prolif-
eration, and reduced periodontal tissue repair 
[ 43 – 46 ]. 

 In humans, however, the mechanism of peri-
odontal breakdown observed in response to 
tobacco use has not been fully elucidated. 
Consensus of literature is present on the deleteri-
ous effects of typical periodontal treatment ther-
apy, scaling, and root planning in smokers 
[ 47 – 49 ]. The use of adjuncts such as antimicrobi-
als and anti-infl ammatory agents has been uti-
lized in the treatment of smokers. However, 
inconsistencies in clinical reports have yielded 
meta-analyses with inconclusive results [ 50 ]. 
Taken together, these results highlight the com-
plex nature of the host response within the 
tobacco-periodontal disease relationship and 
variant response among sampled patients.  

    Diabetes 

 Diabetes is characterized by chronic hyperglyce-
mia as a result of defects in insulin secretion, 
insulin action, or both. In addition, diabetic 
patients have disturbances in carbohydrate, pro-
tein, and fat metabolism [ 51 ]. These combined 
metabolic disturbances can result in long-term 
damage to many vital organs and increase risk of 
other diseases, including periodontal disease 
[ 52 – 54 ]. 

 Diabetes affects periodontal disease by 
increasing its prevalence, severity, extent, and 

progression [ 55 ]. The relationship between dia-
betes and periodontal disease was suspected 
with the observation that the severity of peri-
odontitis was statistically worse in individuals 
with diabetes compared to those individuals 
without diabetes [ 56 ,  57 ]. Longitudinal studies 
have demonstrated that poor glycemic control is 
associated with increased rate of attachment loss 
and alveolar bone loss for both males and 
females [ 58 – 60 ]. 

 The relationship between diabetes and peri-
odontal disease has been expressed as bidirec-
tional (1) due to the associations reported of 
periodontal disease severity and glycemic control 
and (2) through the biological mechanism that 
infl ammation can dysregulate glycemia [ 61 ]. To 
this point, patients with worsened glycemic con-
trol showed increased risk of periodontal disease 
[ 62 ]. Likewise, periodontal disease adversely 
affected glycemic control in diabetic patients [ 63 , 
 64 ]. This relationship is corroborated evidence 
that treatment of periodontitis can decrease ele-
vated levels of glycated hemoglobin [ 65 – 67 ]. 

 Treatment of periodontal disease associated 
with diabetes is not without complications. 
Diabetic patients generally have delayed wound 
healing and a diminished response to periodontal 
treatment [ 68 ]. Mechanisms for these outcomes 
include a hyperreactive infl ammatory response, 
increased cellular apoptosis, increased levels of 
pro-infl ammatory mediators such as advanced 
glycation end-products (AGEs), and altered 
immune response such as impaired phagocytosis 
and neutrophil chemotaxis [ 69 – 71 ]. 

 Due to rising global incidence of diabetes 
mellitus, clinicians must be able to identify this 
disease in both diagnosed and undiagnosed 
patients. Additionally, dental clinicians must 
work with both the individual patient and com-
prehensive medical team to manage both local 
and systemic effects of diabetes mellitus.  

    Genetic Factors 

 Periodontal disease is initiated by colonization of 
microorganisms and subsequent biofi lm forma-
tion; however, genetic factors may also modify 
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the susceptibility of the host. Genetic factors that 
may infl uence the onset of periodontal disease 
include specifi c genes, gene-gene interactions, 
and gene-environmental interactions [ 55 ]. 

 Strong evidence that genetic factors infl uence 
the risk of periodontitis is rooted in studies between 
adult twins [ 72 ]. Specifi cally, Michalowicz et al. 
demonstrated that monozygotic twins were more 
similar than dizygotic twins [ 73 ]. Additionally, 
this work showed that chronic periodontitis was 
estimated to have an approximately 50 % herita-
bility, thus signifying that about half of the vari-
ance in periodontal disease is attributed to genetic 
factors. The authors further pointed out that there 
was no evidence for the heritability for gingivitis. 

 In addition to twin studies, familial aggrega-
tion studies have demonstrated that aggressive 
periodontitis is an inherited autosomal dominant 
trait in black families [ 74 ]. Other familial aggre-
gate studies have demonstrated that aggressive 
periodontitis is very high among specifi c fami-
lies, affecting siblings up to 40–50 % [ 75 ]. In the 
case of aggressive periodontitis, studies often 
concomitantly report an underlying cause of leu-
kocyte dysfunction, which may also be genetic. 

 Familial aggregation studies have also reported 
a basis for shared environmental factors in addi-
tion to shared genetic factors, which in many 
cases cannot be distinguished. Shearer et al. dem-
onstrated that parents with poor oral hygiene tend 
to have children with poor oral hygiene; however, 
they were unable to distinguish between genetic 
and environmental factors [ 76 ]. 

 Association studies have also been conducted 
to determine to the relationship of genetic poly-
morphisms and chronic periodontitis [ 77 ,  78 ]. 
Karimbux et al. [ 79 ] identifi ed two interleukin 
(IL) gene variations that increased the risk of 
chronic periodontitis in adult whites: IL-1A 
(odds ratio = 1.48) and IL-1B (odds ratio =1.54). 
In addition, other genetic polymorphisms have 
been identifi ed to potentially infl uence the onset 
of periodontal disease, including IL-6 and Toll- 
like receptors (TLRs) [ 80 – 82 ]. 

 Furthermore, genome-wide association studies 
have also been conducted and provide a larger 
analysis of the entire genome for more than a mil-
lion polymorphisms [ 83 ]. While polymorphisms 

have not been statistically signifi cantly associated 
with chronic periodontitis, one study reported an 
associated genetic polymorphism with aggressive 
periodontitis [ 84 ,  85 ]. Schaefer et al. demon-
strated a single nucleotide polymorphism associ-
ated with intron 2 of glucosyltransferase 6 domain 
containing 1 (GLT6D1) correlated with general-
ized aggressive periodontitis [ 85 ]. This fi nding 
was recently replicated in the study of aggressive 
periodontitis in a Sudanese population [ 86 ]. 

 The potential of genome-wide association 
studies provides a means to more clearly identify 
the mechanisms involved in the onset and pro-
gression of periodontal disease. Precisely identi-
fying the etiology of a patient’s disease will 
support personalized treatment and improve 
patient care.  

    Epigenetics 

 Changes in the gene expression that are not 
related to alterations in the DNA sequence serve 
as the basis for epigenetics. Such modifi cations 
are associated with chemical alterations of the 
DNA and packing proteins responsible for the 
shape and structure of the chromatin, leading to 
activation or inactivation of genes [ 87 ]. DNA 
methylation and histone modifi cations represent 
two of the major epigenetic modifi cations as 
result of the exposure to environmental factors. 
While different possible mechanisms of DNA 
methylation in periodontal disease have been 
suggested [ 88 ,  89 ], studies emphasizing histone 
modifi cation mechanisms remain scarce and 
limited [ 90 ]. 

 Epigenetic modifi cations have been identifi ed 
among carcinogenesis and autoimmune and 
chronic infl ammatory diseases, such as periodon-
titis. As discussed earlier, the multifactorial 
nature of periodontal disease and its destructive 
progression can be impacted by several risk fac-
tors [ 91 ]. In such instances, it has been hypothe-
sized that the constant exposure of these 
environmental factors to the gingival tissues is 
capable of modifying gene expression and thus 
increasing the susceptibility for disease activity 
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or explains the presence of unresponsive sites 
despite receiving periodontal therapy. 

 The epigenetic patterns of environmental fac-
tors associated with periodontal disease have not 
been fully elucidated. Identifi cation of these DNA 
modifi cations may represent a viable approach for 
patient stratifi cation, adjustments in recalls for 
dental care, and more personalized treatment 
according to the patient’s disease susceptibility.  

    Stress 

 Stress was fi rst identifi ed to negatively impact the 
periodontal tissues in necrotizing periodontal dis-
eases [ 92 ]. However, there might be connections 
between stress and chronic diseases, including 
periodontitis [ 93 ,  94 ]. Several studies have 
reported that stress increased the odds of peri-
odontal disease more than twofold [ 95 ,  96 ]. 
Furthermore, Genco et al. [ 95 ] reported that indi-
viduals who were under stress, such as fi nancial 
strain, but who had developed effective coping 
methods had no increased risk of periodontal dis-
ease relative to individuals without stress. 

 The mechanisms by which stress affects a 
patient’s susceptibility to periodontal diseases 
include both immune modulation and behavior 
modifi cation. Stress modulates immune response 
via neurons located in the hypothalamic- pituitary- 
adrenal axis that produce biological mediators 
that modulate immune cell activity [ 97 ]. When 
activated through stress, the hypothalamic- 
pituitary- adrenal axis stimulates secretion of cor-
ticotropin-releasing hormone and glucocorticoid 
hormones [ 98 ]. Immune cells have receptors for 
these biological mediators, and stimulation of 
these receptors may lead to immune dysregulation 
[ 97 ]. Immune dysfunction as a result of stress is 
expressed in a number of ways, including 
decreased natural killer cells, decreased antibody 
production to vaccination, increased susceptibil-
ity to infectious diseases, and latent virus activa-
tion [ 99 ]. Immune suppression caused through the 
hypothalamic-pituitary-adrenal axis increases 
susceptibility to periodontal infections [ 100 ]. 

 Additionally, the autonomic nervous system 
may be activated by stress. Stimulation of the 

autonomic nervous system induces catechol-
amine release [ 101 ]. In turn, catecholamines pro-
mote release of proteases and prostaglandins 
[ 102 ]. Increased proteases and prostaglandins in 
the periodontal tissues can amplify periodontal 
tissue destruction [ 101 ,  103 ]. As such, there are 
multiple biological mechanisms by which stress 
infl uences the onset and progression of periodon-
tal disease. 

 In addition to the biological mechanisms 
involved in stress-mediated susceptibility to peri-
odontal disease, stress also modifi es behaviors 
that can promote periodontal disease [ 103 ]. 
These behaviors include increased smoking, 
decreased oral hygiene, and/or fewer dental visits 
[ 95 ]. Combining the biological mechanisms and 
behavior modifi cations induced by stress, the 
effects of stress can be harmful to both the peri-
odontal health and systemic health of patients. 
Identifying patients at risk for periodontal dis-
ease who have poor stress-coping skills may be 
important in the development of a personalized 
treatment strategy for those patients.   

    Pathogenesis of Periodontal 
Disease 

 Over the years, the multifactorial and interactive 
nature of periodontal disease challenged clini-
cians in an attempt to delineate a pattern for its 
destructive progression. A series of cross- 
sectional studies by Löe and colleagues initiated 
a new era in understanding periodontitis by using 
an untreated population of Sri Lankan tea work-
ers to evaluate the natural progression of peri-
odontal disease [ 104 – 107 ]. Their fi ndings 
reported different rates of progression patterns, 
with a small part of the population in whom gin-
givitis never progressed to periodontal disease 
[ 108 ]. Later studies revealed a dynamic condition 
with random and asynchronous periods of dis-
ease exacerbation and remission, as well as 
 periods of inactivity, suggesting linear and non-
linear destructive patterns [ 109 ,  110 ]. 

 Despite its natural progression, the main fi nd-
ing focused on the impact of biofi lm upon the 
gingival tissues as a true etiology for the 
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 development of periodontal disease. The follow-
ing section will discuss the ecological commu-
nity of the periodontium and the host 
immunological and adaptive responses against 
the periodontopathic microorganisms. 

    Microbiome 

 In spite of the infectious nature of periodontal 
disease, identifi cation of the healthy and patho-
genic microorganism seems the most logical step 
toward the development of an effective periodon-
tal therapy. Limited by technological advances, 
early studies used DNA probes; polymerase 
chain reactions (PCRs) and immunoessays were 
molecular diagnostic tests meant to fulfi ll this 
purpose. Cross-sectional studies in combination 
with culture techniques allowed a clear identifi -
cation of early and late colonizers within the bio-
fi lm [ 111 ]. Interestingly, the short-term transition 
from a nonmotile gram-positive bacteria (i.e., 
cocci and  Actinomyces  sp.) to a motile, anaerobic 
gram-negative bacteria ( Veillonella  and 
 Bacteroides  sp.) was commonly observed as the 
natural recolonization pattern after providing 
periodontal treatment [ 112 ]. 

 Socransky and colleagues divided the micro-
bial populations in complexes according to their 
association with disease activity [ 110 ]. Members 
of the red complex (i.e.,  Porphyromonas gingiva-
lis ,  Treponema denticola ,  Tannerella forsythia ) 
and orange complex ( Fusobacterium, Prevotella , 
and  Campylobacter  spp.) are considered meaning-
ful in the periodontal diagnosis due to their high 
correlation with deep probing depths and bleeding 
on probing in patients affected with chronic peri-
odontitis. On the contrary,  Aggregatibacter actino-
mycetemcomitans  was associated as the main 
etiological microorganism of aggressive periodon-
titis. These fi ndings suggested a more appropriate 
and effective approach by targeting specifi c bacte-
ria with the use of systemic or locally delivered 
antibiotics [ 112 ,  113 ]. 

 Recently, newer molecular approaches made 
possible the ability to identify unrecognized spe-
cies in the etiology of periodontal diseases and 
thus expanded our knowledge of the diversity of 

these oral microbiomes [ 114 ,  115 ]. As a matter of 
fact, microorganisms of the Archaea and Eukarya 
domains, in addition to new bacterial candidates 
(i.e.,  Filifactor alocis ), revealed moderate asso-
ciation in periodontitis-affected patients [ 116 ]. 

 To a certain point, the understanding of the 
composition of the subgingival biofi lm extends 
beyond the limits of the oral cavity. A collection 
of 16S ribosomal RNA gene sequencing has been 
used by the Human Microbiome Project to estab-
lish the dynamic association of microbial com-
munities across different sites across the human 
body. Patients’ interactions between their sur-
rounding environments can shape the structure of 
the human microbiome. Aside from its complex-
ity, the oral microbiome refl ects unstable patterns 
from an intra- and interpersonal perspective when 
compared to other ecosystems [ 117 ].  

    Host Response 

 In a pristine periodontium, the epithelium turn-
over and the attachment apparatus serve as an 
effective barrier against the microbiological inva-
sion and associated endotoxins in their attempt to 
penetrate into the underlying tissues. Saliva and 
gingival crevicular fl uid (GCF) secretion act as 
defense mechanisms by removing or preventing 
further microbial aggregation upon the tooth sur-
face. Furthermore, the homeostasis of the oral 
cavity is enhanced by humoral immune response 
through complement proteins and specifi c anti-
bodies contained among these oral fl uids. 

 Diffusion of bacterial endotoxins through the 
junctional epithelium will trigger an increased 
production of infl ammatory mediators, including a 
variety of interleukins, prostaglandin E2 (PG2), 
histamine, and MMPs from keratinocytes, fi bro-
blasts, macrophages, and endothelial or mast cells. 
Activation of these mediators leads to a hyperemic 
effect of the surrounding blood  vessels by altering 
the vascular permeability. Opening of the endothe-
lial cell junctions facilitates the extravasation of 
the vessel content in the extracellular matrix and 
the migration of leukocytes to the sulcus area in 
response to the chemotactic stimuli elicited by 
IL-8 and intercellular attachment molecule-1. 
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 Underneath the subgingival biofi lm, a cell bar-
ricade is formed following the expression of cell 
adhesion molecules and pro-infl ammatory agents 
for leukocyte recruitment to prevent its further 
apical advancement. In early stages of infl amma-
tion, neutrophils represent the most abundant cell 
population within this infl ammatory infi ltrate, 
which might also include monocytes, lympho-
cytes, Langerhans cells, and other antigen- 
presenting cells. Nevertheless, the predominance 
of specifi c leukocytes will eventually shift over 
time from a polymorphonuclear toward a mono-
nuclear concentrate. 

 Macrophages are crucial players in the transi-
tion of early to advanced lesion. Several cytokines 
from lipopolysaccharide-activated macrophages, 
such as tumor necrosis factor-α (TNF-α), IL-1B, 
PG2, and MMPs (such as MMP- 1, MMP-3, 
MMP-8, MMP-9, and MMP-13), function as 
 chemoattractant signals for mononuclear recruit-
ment and are capable of inducing collagen degra-
dation [ 118 ]. Macrophage- mediated expression 
of TIMPs has the ability to suppress collagenase 
activity and primarily acts as adaptive mediators. 
For such reason, the sole presence of macro-
phages, monocytes, T and B lymphocytes, and 
plasma cells provides evidence for the chronic 
nature of periodontal disease and potential risk for 
further disease progression [ 119 ,  120 ]. 

 Receptor activator of nuclear factor kappa-B 
ligand (RANKL) is a cell-surface protein critical, 
which binds to its specifi c receptor RANK on 
hematopoietic cells for osteoclastic differentia-
tion and activation [ 121 ]. Conversely, osteoprote-
gerin (OPG) binds to RANKL to inhibit the 
differentiation process [ 122 ,  123 ]. Bone resorp-
tion is regulated by the RANK/RANKL/OPG 
interaction. Once the balance of these bone medi-
ators is disrupted as a result of the plaque-induced 
collagen degradation, an advanced lesion is 
established. GCF increased levels of RANKL 
and reduced levels of OPG have been reported 
during periodontal disease. 

 As previously discussed, the progression of 
the disease might differ between individuals in 
response to several risk factors. Eventually, 
tooth loss will occur if the disease remains 
untreated.   

    Management Strategies 

 Proper management of all systemic and local fac-
tors affecting the periodontal condition is essen-
tial to achieve or maintain a state of health, 
comfort, and function [ 124 ]. Adequate home 
care, patient education, and motivation for com-
pliance of dental care play signifi cant key roles in 
preventing plaque accumulation and future dis-
ease progression before and after providing ini-
tial periodontal therapy. 

 Removal of bacterial biofi lm through mechan-
ical debridement represents the foundation of 
periodontal therapy. Nonsurgical therapy consists 
of a closed-fl ap approach using site-specifi c and 
ultrasonic instrumentation under local and 
regional anesthesia. Scaling and root planning 
are the most widely used methods to create a 
viable environment to promote the formation of 
new attachment upon the denuded root surface. If 
managed properly, signifi cant pocket reduction 
and limited clinical attachment gain are among 
the expected treatment outcomes. 

 Despite efforts to obtain a complete calculus 
removal, surgical approaches have been proposed 
to overcome limitations of nonsurgical therapy 
[ 125 ,  126 ]. Periodontal surgery aims to improve 
the access to the affected sites and create pockets 
accessible for regular home care. Elimination of 
pockets and reduction of infl ammation represent 
the ultimate treatment goals of periodontal 
surgery. 

 A careful assessment of the defect morphology 
is crucial when selecting between resective and 
regenerative procedures. Osseous surgery involves 
removal of the bony supporting tissues to correct 
deformities resulting from periodontal disease 
and increase better tissue adaptation. However, 
aesthetic concerns may arise from these proce-
dures due to increased gingival recession being 
most critical in the anterior zone. On the other 
hand, modern dentistry promotes the use of bone 
grafting, soft tissue grafts, biological agents, and 
barrier membranes to restore lost periodontal 
structures without compromising aesthetics. 

 Ultimately, the use of locally delivered antibi-
otics is advocated to be as effective as mechani-
cal debridement for unresponsive sites; however, 
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these agents are limited to controlling disease 
activity, rather than calculus chemical dissolution 
[ 127 – 130 ]. Regardless of the approach, pocket 
elimination, defect correction, and reduction of 
infl ammation refl ect the successful treatment out-
comes of periodontal therapy [ 131 – 133 ]. 

 Periodontal maintenance is considered an 
extension of active periodontal therapy and con-
sists of procedures to maintain periodontal stabil-
ity. Longitudinal studies have shown the 
importance of periodontal maintenance following 
active periodontal therapy. Recurrence of peri-
odontal disease can be observed in surgically and 
nonsurgically treated patients without regular or 
erratic maintenance recalls [ 134 ,  135 ]. On the con-
trary, long-term results of periodontal therapy can 
be sustained with periodic intervals [ 136 – 138 ]. 

 In order to minimize risk for recurrence of 
periodontal disease or arrest disease progression 
in a timely manner, recall programs ranging 
between 3 and 6 months have been considered 
acceptable [ 139 ,  140 ]. Nowadays, oral hygiene 
and rate of microbial pocket recolonization 
remain as the key components to determine regu-
lar maintenance intervals; however, a personal-
ized risk assessment of contributing factors might 
represent a more valid approach to establish 
adjustments in dental care visits [ 141 ].  

    Conclusions 

 Current clinical periodontal diagnostic criteria 
used in the practice setting have limited utility 
to predict future disease progression [ 142 ]. 
The potential role of host-response biomark-
ers and microbial profi le obtained from oral 
fl uids has been investigated as complementary 
diagnostic tools for periodontal disease (see 
Fig.   5.3    ). Concentrations of host-response 
molecules and total percentage of bacterial 
DNA may represent a more accurate, real-
time disease activity than conventional clini-
cal measurements [ 143 ,  144 ]. 

 Identifying a single predictive biomarker 
for periodontal diseases would be of great sig-
nifi cance [ 142 ,  145 ]. Oral health professionals 
are in need of diagnostic and prognostic tools 
to obtain fast and valuable information in 
order to enhance the decision-making for peri-
odontal therapy [ 146 ,  147 ]. Nevertheless, 
present diagnostic tests require training, major 
resources, and increased cost-effective health-
care delivery [ 148 ]. For that reason, biomark-
ers and microbial assessment with portable 
and simpler microfl uidic screening devices 
might lead to acceptance from the dental com-
munity and a more effi cient therapy (Fig.  8.1 ) 
[ 149 ,  150 ].

  Fig. 8.1    Application of salivary diagnostics to the peri-
odontal practice of the future. A point-of-care diagnostic 
may be available in which a patient provides an oral sam-
ple that is delivered to the chairside or to a laboratory 
device. The result is interpreted by the oral healthcare pro-
vider, who then educates the patient about the fi ndings 
from the biomarker report. The diagnostic test may reveal 

a patient’s susceptibility to disease (e.g., a genetic test) or 
provide a real-time assessment of the patient’s disease sta-
tus via the use of microbiological or protein markers of 
periodontal infection, destruction, or both (Reprinted 
from Giannobile [ 148 ]. Copyright © 2012 with permis-
sion from Elsevier)       
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   Despite signifi cant advances in oral fl uid 
diagnostics, the role of DNA testing has 
shown promising results and represents the 
key component of personalized approaches. 
Gene polymorphisms were initially proposed 
as potential indicators for disease susceptibil-
ity. Kornman and collaborators demonstrated 
an association of IL-1B and periodontal dis-
ease in a specifi c population [ 78 ]. Nowadays, 
the assessment of cell molecular signaling 
from gingival tissues has been used in an 
attempt to develop newer alternatives of peri-
odontal classifi cation systems based on 
genome transcriptomic profi les of chronic and 
aggressive periodontitis [ 151 ]. Drug-assisted 
therapies targeting epigenetic modifi cations 
could be considered to control disease activity 
as observed in cancer research [ 152 ]. 
Pharmacoepigenetic biomarkers may poten-
tially be used to assess the drug effectiveness 
and predict their response. Epigenetic inhibi-
tors (i.e., histone deacetylase inhibitors, DNA 
methyltransferase inhibitors) could represent 
a novel approach to repair any cellular damage 
caused by periodontal disease or oral infl am-
mation [ 87 ]. 

 There should be considerable benefi ts to all 
key stakeholders as new technologies are 
deployed to improve the diagnosis, prognosis, 
and treatment of patients. The complexity of 
 biological systems means that not all genetic 
lesions may manifest as important phenotypic 
changes and disease patterns, making the 
identifi cation of potential biomarkers and new 
targeted treatments more diffi cult. This may 
explain in part why the promise of personal-
ized oral healthcare has been slow to translate 
scientifi c fi ndings directly into improvements 
for patient care and why only a limited num-
ber of targeted treatments are currently avail-
able. Nowadays, for some of the more 
common dental diseases such as periodontitis, 
there is insuffi cient evidence to support the 
routine use of biomarkers in either diagnosis 
or targeted therapies. As such, increased sup-
port for research in areas of personalized med-
icine could potentially have a tremendous 

impact in the future of patient care, especially 
within the context of dentistry. 

 Personalized oral healthcare offers the 
potential to revolutionize the practice of den-
tistry. It also provides a unique window into 
the relationship between new medical tech-
nologies and new models for healthcare deliv-
ery. Using personalized medicine as a test of 
disruptive innovation in healthcare, it will be 
necessary to take a different approach to tech-
nology development. Achieving this, how-
ever, is fraught with diffi culty, as innovations 
are deemed truly disruptive only in hindsight. 
A robust framework for continuing assess-
ment, close scrutiny, and oversight of devel-
oping technologies might help protect the 
integrity of this process while enabling the 
rapid deployment of scientifi c discovery into 
the patient care environment. While there is 
unquestioned risk in this largely untested 
approach to healthcare, the benefi ts of invest-
ing in disruptive innovations that will truly 
revolutionize our approach to disease diagno-
sis and treatment are worth the risk.     
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      The Brain as a Therapeutic Target 
in TMD and Orofacial Pain: 
The Next Frontier in Personalized 
Pain Medicine and Health 
Technology                     

     Alexandre     F.     DaSilva     

    Abstract  

  There is growing evidence that the cause for the chronicity in many TMD 
and orofacial pain patients may lie in the brain, instead of the peripheral 
areas where the symptoms reside. Accumulating data, stemming primarily 
from the area of neuroimaging, show that the transition from acute to 
chronic pain appears to be due to an alteration of specifi c neural systems 
as a maladaptation to the prolonged suffering, a phenomenon called neu-
roplasticity. As described by William James, a pioneering American psy-
chologist, in his book  The Principles of Psychology  (1890): “ Plasticity  
[…]  means the possession of a structure weak enough to yield to an infl u-
ence ,  but strong enough not to yield all at once .” He attributed this inher-
ent ability of adaptive changes to any organic matter, especially the 
nervous system, granting it a special degree of plasticity. Based on this 
principle, prolonged pain may induce ingrained alterations in the brain, 
which could explain the resilience of TMD and orofacial pain to conven-
tional treatments in countless patients. 

 This chapter will describe new technologies that represent a change of 
paradigm in personalized treatment of pain patients: They objectively 
evaluate and modulate in vivo neuromechanisms in the brain depending on 
the patient’s symptoms, even in the clinical environment, reaching far 
beyond the traditional clinical translational models.  

         Introduction 

 Temporomandibular disorders (TMD) and orofa-
cial pain are chronic conditions that highly affect 
patients’ quality of life and productivity in our soci-
ety. For example, TMD prevalence ranges from 8 
to 15 % for women and 3 to 10 % for men [ 1 ]. A 
sizable number of TMD patients have a tendency 
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for chronicity and aggravation of their symptoms. 
In a study of 45,711 US households, nearly 11 % 
described TMD symptoms that persisted over a 
6-month period [ 2 ]. In another large population-
based study, 10 % of participants who reported 
TMD had severe pain upon jaw function [ 3 ]. 
Patients suffering from chronic TMD are fre-
quently followed by multiple healthcare 
 professionals and are subjected to various treat-
ment modalities, including medications (e.g., tricy-
clic antidepressants, muscle relaxants), occlusal 
adjustment and appliances, trigger point (TP) 
injections, physical therapy, behavioral therapy, 
and surgeries [ 4 ,  5 ]. Approximately 10 % of TMD 
patients will not experience an improvement of 
their symptoms [ 6 ], and around 75 % of patients 
who fail to respond to conservative treatments are 
not suitable for TMJ surgery [ 7 ]. Unfortunately, it 
is not known which patients will benefi t from the 
treatments described above at the acute stages and 
which will be at risk to experience perpetuation 
and/or worsening of the TMD symptoms even 
when the peripheral trigger or etiologic factor is 
eliminated. 

 Other orofacial pain conditions that contribute 
to patient distress are trigeminal neuropathic pain 
(TNP) disorders, such as post-herpetic and classi-
cal trigeminal neuralgias. They are debilitating 
chronic conditions that usually affect older 
adults, and their excruciating symptoms can be 
either spontaneous or intensely evoked by a light 
touch to the skin. However, one of the most com-
mon pain conditions in the dental offi ce is dentin 
hypersensitivity, which is characterized by pain 
evoked by normally non-noxious thermal stimuli. 
This pain is often caused by unprotected dentinal 
tubules of the tooth caused by erosion, corrosion, 
abrasion, or periodontal recession. When affected 
by this condition, patients have to change their 
daily drinking and feeding habits. 

 The frustration that conventional treatments fail 
to relieve symptoms in a large number of TMD and 
orofacial pain patients [ 6 ] demonstrates that chronic 
pain and dysfunction must, in part, be sustained by 
more than peripheral- dependent mechanisms. It is 
believed that chronic pain may be induced by mal-
adaptive changes that result in hyperexcitability of 
cortical and subcortical systems, rather than by the 

initial peripheral trigger (e.g., trauma), and may be 
infl uenced by other comorbidities, such as depres-
sion and anxiety, depending on the cortical area 
studied. This is reinforced by the fact that TMD and 
orofacial pain patients exhibit greater temporal 
summation on pain and unpleasantness and more 
frequent and stronger aftersensations than healthy 
subjects [ 8 ]. This increased sensitivity to sensory 
stimuli may be the result of peripheral and central 
sensitization and abnormal facilitation and disinhi-
bition of afferent and/or efferent pathways. Previous 
studies show that the trigeminal sensorimotor cor-
tex is susceptible to lasting neuroplastic changes 
following manipulation of afferent sensory and 
motor inputs [ 9 ]. 

 In this chapter we will discuss novel neuroim-
aging and neuromodulatory techniques that have 
provided new tailored approaches into some 
brain mechanisms of chronic TMD and orofacial 
pain disorders. Many insights regarding the 
future of personalized diagnosis and treatment in 
those patients will be covered. First, how can 
brain mechanisms, even at the molecular level, in 
TMD and orofacial pain patients be assessed 
in vivo? Second, how can we apply these tech-
nologies in the clinical environment? Third, how 
can multiple cortical systems be directly and 
safely modulated for therapeutic and research 
purposes in pain patients? The understanding of 
these processes is crucial to determining the neu-
romechanisms involved in the persistence and, 
most importantly, the alleviation of symptoms 
based on the patients’ condition and pain 
disorder.  

    Neuroimaging of TMD and 
Orofacial Pain 

 The cortical mantle is a highly specialized, folded 
structure composed of a thin layer of gray matter. 
Abnormal variations in the thickness of the cortical 
mantle might refl ect pathophysiological changes of 
intrinsic structure and integrity of the cortical lami-
nae. Recently, some studies have shown this corre-
lation in chronic pain diseases such as back pain 
[ 10 ], migraine [ 11 ,  12 ], and  trigeminal neuropathic 
pain [ 13 ].. The implications of an alteration in 
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these diseases are neuroplastic- associated mecha-
nisms for each pain patient. Apkarian and col-
leagues [ 10 ] found reduction in the gray matter of 
the dorsolateral prefrontal cortex (DLPFC) of 
chronic back pain patients when compared to 
healthy controls using a volumetric- based 
approach. Similar results were found using highly 
sensitive and reliable neuroimaging tools [ 14 ] in 
trigeminal pain patients: Cortical thickness changes 
were spatially co-localized with functional allo-
dynic (brush-induced pain) activation [ 13 ]. It seems 
that the pattern of concurrent structural and func-
tional changes in the TNP patients was infl uenced 
by somatotopic localization (sensorimotor cortex), 
known functionality of the specifi c region (sen-
sory-discriminative and affective-motivational), 
underlying activation/deactivation following allo-
dynic stimulation, and the duration of the disorder. 
This suggests that overstimulation of the sensory-
discriminative and affective-motivational neuronal 
systems in chronic pain induces structural altera-
tions in the cortex that is co-localized with ineffi -
cient pain modulation by the opioid system. 
Recently, it was reported that cortical thickness in 
M1 and the anterior mid-cingulate cortices (aMCC) 
were negatively correlated to pain intensity in 
TMD patients [ 15 ]. The authors also reported that 
the gray matter volume in the sensory thalamus 
positively correlated to TMD duration.  

    Molecular Assessment of the Brains 
of TMD and Orofacial Pain Patients 

 Endogenous opioid systems have long been impli-
cated in regulating pain (nociceptive) signals, with 
μ-opioid receptors (μORs) being the primary medi-
ators of opiate analgesia [ 16 ]. Both elements, 
endogenous opioid release and μOR concentra-
tions, are therefore important components for the 
understanding of chronifi cation and alleviation of 
pain in TMD patients. Our center was one of the 
fi rst to publish direct evidence of endogenous 
μ-opioid activation during sustained trigeminal 
pain in healthy humans using PET, measured with 
external imaging as reductions in the in vivo avail-
ability of μOR binding potential (BP ND ) quantifi ed 
with [ 11 C]carfentanil [ 17 ]. Immediate decreases in 

μOR BP ND  were observed in several pain-related 
regions including the thalamus, periaqueductal 
gray matter, and nucleus accumbens, which corre-
lated with reductions of sensory-emotional quali-
ties of the pain task. 

 Comparable fi ndings were observed with [ 11 C]
diprenorphine in central poststroke and infarction 
pain patients [ 18 ,  19 ], which indicated neuroplas-
ticity of receptor-mediated opioid mechanisms at 
rest in response to chronic pain. Using the selec-
tive μOR radiotracer [ 11 C]carfentanil, reductions 
in μOR BP ND  localized in the ACC, nucleus 
accumbens, and amygdala were also observed in 
patients diagnosed with fi bromyalgia syndrome 
[ 20 ]. In this sample, lower receptor concentra-
tions were in fact associated with higher ratings 
of clinical pain. 

 We examined the regional μOR availability 
in vivo of TNP patients who were non-opiate 
users [ 21 ]. The clinical pain profi le of the TNP 
patients recruited for this study was accessed 
using an in-house and free mobile application 
developed by the lab (PainTrek®, University of 
Michigan). This application provides a 3D map 
of orofacial pain that facilitates data entry and 
visualization by pain patients, including the 
elderly, as well as its tracking and analysis. Four 
TNP patients and eight age- and gender-matched 
healthy controls were scanned with PET. TNP 
patients had reduced μOR BP ND  in the nucleus 
accumbens, an area associated with pain modula-
tion and reward/aversive behaviors. Furthermore, 
the μOR BP ND  in the NAc was negatively corre-
lated with the McGill sensory and total pain rat-
ings in the TNP patients. 

 The information above indicates that opioid 
mechanisms are highly infl uenced by the type of 
chronic pain disorder, therapeutic method, and 
cortical area studied. This technology can be 
used at the individual level in an extremely inter-
active way for research, clinical, and educational 
purposes. For instance, we investigated for the 
fi rst time the brain of a migraine patient using 
fully immersive virtual 3D reality in vivo, which 
included unrestricted navigation through the 
 neuroimaging data regarding availability of 
μ-opioid receptors (μOR BP ND ) [ 22 ]. The person-
alized and interactive approach demonstrated a 
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decrease in μ-opioid receptor availability (μOR 
BP ND ) in the brain of the patient during clinical 
pain. Reductions in μOR BP ND  imply that there 
was a higher occupancy and/or a loss of μ-opioid 
receptors in the central nervous system. Acute 
 reductions in μOR BP ND  in pain-matrix regions 
during the ictal scan (headache phase) as com-
pared to the interictal scan (non-headache phase) 
are expected to occur as a consequence of the 
release of endogenous opioids interacting with 
μORs as a modulatory response to the ongoing 
pain, making less μORs available to the radio-
tracer. We have been using this emerging 3D 
technology for data analysis and as a novel edu-
cational tool for our residents (Fig.  9.1 ).

       Assessment of the Brain Activity 
of Orofacial Pain Patients 
in a Dental Chair 

 The advancements in neuroimaging above have 
allowed for the study of many different neuroplas-
tic mechanisms in TMD and orofacial pain 
patients. However, the use of those technologies in 
the clinic is often restricted due to their fi nancial 
and functional characteristics. For instance, the 
patient has to be secluded and immobile in the 

scanner during the evaluation, and the costs of the 
neuroimaging scanners are too expensive for a 
clinical environment. Furthermore, MRI and PET 
scanners look at brain activation in a delayed tem-
poral resolution, leading to possible artifacts in the 
data analysis. 

 Recently, a novel neuroimaging technology 
that enables real-time measurement of brain activ-
ity noninvasively has become available with sev-
eral advantages over MRI and PET imaging; it is 
called functional near-infrared spectroscopy 
(fNIRS). fNIRS measures deoxyhemoglobin and 
oxyhemoglobin concentrations by using the spe-
cifi c absorption of near-infrared light to monitor 
their attenuation changes [ 23 – 25 ], allowing for the 
prompt measure of brain response during pain. 
fNIRS also requires short sessions, has relatively 
low cost, and is movable and safe to use (e.g., no 
radiation). These unique qualities are highly suit-
able to clinical and surgical environments for the 
evaluation of the cortical activity of TMD and oro-
facial pain patients in a personalized manner. 

 We have recently studied patients with hyper-
sensitive teeth by using painful and non-painful 
stimuli in a clinical setting. While in a dental 
chair, subjects were tested using fNIRS to mea-
sure cortical activity during thermal stimulation 
of their affected tooth. In the somatosensory 

  Fig. 9.1    Full virtual reality 3D data navigation in a 
migrainous brain. We investigated for the fi rst time actual 
migraine neuroimaging data in a fully immersive virtual 
3D reality (3D-IIN), which includes unrestricted naviga-
tion through the data (by students, clinicians, and 

researchers) regarding availability of μ-opioid receptors 
(μOR BP ND ) in the brain during the migraine attack 
in vivo. We have been using it for data analysis and as a 
novel educational tool for our residents (From DaSilva 
et al. [ 22 ], used with permission from JoVE)       
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cortex contralateral to the stimulus, there were 
well- defi ned double hemodynamic peaks in the 
homuncular orofacial cortical region: an early 
peak during the cold, but non-painful phase and 
a late peak when the cold pain thresholds were 
trespassed. Furthermore, in the prefrontal corti-
ces there were activations only in the non-pain-
ful phase, before the pain level was reached 
[ 26 ]. Interestingly, the prefrontal cortical areas 
deactivated during the actual dental pain experi-
ence. Then, we further investigated with fNIRS 
the immediate changes in resting-state func-
tional connectivity (RSFC) between those two 
cortical regions, the primary somatosensory and 
bilateral prefrontal cortices, following the den-
tal pain in the clinical environment. Increases in 
RSFC were found between the primary somato-
sensory cortex contralateral to the pain and the 
bilateral prefrontal cortices, as well as the pre-
frontal cortices. However, we noticed a decrease 
in RSFC between the bilateral inferior prefron-
tal cortices, with negative correlation with the 
level of pain intensity. 

 These fi ndings indicate that clinical dental 
pain and experience have an immediate effect on 
the patients’ brains not only during the expecta-
tion and experience of pain in the dental chair but 
also immediately after its occurrence by chang-
ing the sensory and cognitive function and con-
nectivity in the patient’s brain. Hence, these 

studies demonstrated for the fi rst time that the 
individual global dental pain experience in the 
clinical setting elicits multiple hemodynamic 
cortical responses and may induce an ingrained 
aftereffect on the patients’ brains (Fig.  9.2 ).

       Neuromodulation of the Brain 
Activity of Orofacial Pain Patients 

 Therapies that directly modulate brain activity 
might be implemented in the future to relieve 
chronic pain in individuals with TMD and orofa-
cial pain when other conventional options fail. 
Amid the methods of brain neurostimulation, tran-
scranial magnetic stimulation (TMS) and transcra-
nial direct current stimulation (tDCS) are attractive 
as they can change brain activity in a noninvasive 
and safe manner. TMS was developed in 1985 [ 27 ] 
and is based on a time-varying magnetic fi eld that 
creates an electric current and targets brain areas 
using appropriate stimulation coils [ 28 ]. It induces 
cortical modulation that can persist beyond the 
time of stimulation when applied frequently [ 29 ]. 
Although tDCS has dissimilar mechanisms of 
action, animal studies have consistently shown 
that it reliably modulates brain activity [ 30 – 32 ]. 

 tDCS has potential advantages for the research 
of acute and chronic TMD and orofacial pain in 
comparison to TMS, including small portable 

  Fig. 9.2    Dental pain evoked response at the somatosen-
sory cortex. The  red / blue line  separately indicates the 
averaged responses at the lower/upper sensory cortex. The 
 vertical lines  indicate start of painful cooling stimulus and 

pain perception/threshold. The  blue and green dots  indi-
cate the location of fNIRS probes ( blue : light emitter, 
 green : light detector) (From: Racek et al. [ 49 ]. Used with 
permission from SAGE Publications)       
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size and non-expensive cost, and, most impor-
tant, it can provide a more reliable placebo condi-
tion [ 33 ]. Several studies have shown the effi cacy 
of tDCS in pain alleviation [ 34 ]. DCS is based on 
the application of a weak direct current to the 
scalp that fl ows between two electrodes, the 
anode and cathode. Its effects depend on polarity 
of stimulation, such that cathodal stimulation 
tends to induce a decrease in cortical excitability 
and anodal stimulation an increase in cortical 
excitability. In fact, application of tDCS for 
13 min to the motor cortex can modulate cortical 
excitability for hours [ 35 ,  36 ]. Nonetheless, the 
effi cacy of tDCS depends on the electrode mon-
tage and the duration and strength of the session 
[ 37 ,  38 ]. For example, M1 is a reliable target to 
modulate the sensory and motor subthalamic 
activity associated with chronic pain, indepen-
dent of the type of stimulation applied [ 39 – 42 ], 
which also affects other pain-matrix structures. 
This occurs directly and indirectly because of the 
multiple connections between the corticospinal 
tract and thalamus. In fact, we were able to sig-
nifi cantly decrease pain in chronic migraine 
patients following 10 M1-tDCS sessions. In our 
initial investigation, the immediate effect of 
M1-tDCS application induced great thalamic 
activation of the μ-opioid system in trigeminal 
neuropathic pain, even when controlling for pla-
cebo effect. 

 Using a fi nite element (FE) program 
(Simpleware Ltd., Exeter, UK), we analyzed the 
effect of our M1 cortex electrode montage, 
described above, on the current fl ow in the brain, 
taking into consideration the electrical properties 
of cortical and subcortical structures [ 43 ]. The 
human head model was based on a single high- 
spatial- resolution 3T MRI-derived FE from a 
healthy subject. The spatial focality of the analysis 
was restricted to our montage: the anode  electrode 
over the motor cortex and the cathode electrode at 
the forehead above the contralateral supraorbital 
area (SO). Afterward, the head was segmented 
into compartments representing the brain tissues, 
cerebrospinal fl uid, skull, muscle, fatty tissue, 
eyes, blood vessels, and scalp. One good analogy 
of our forward-tDCS analysis is the prediction of 
earthquake diffusion, taking into consideration a 

particular seismic strength and the terrain’s geog-
raphy and geology. Here, instead, it is the current 
strength, size/location of electrodes, head/brain 
anatomy, and white/gray matter constitution that 
dictate the fl ow of electricity. Our results show for 
the fi rst time that signifi cant electric fi elds are gen-
erated, not only in target cortical regions (M1) as 
previously reported but also in the posterior thala-
mus (e.g., VPM) and other pain-matrix regions: 
insula, ACC, and even the brain stem. Using this 
tDCS montage, we were able to decrease pain lev-
els in patients with chronic migraine. Therefore, 
derived from our forward-tDCS analysis, this 
direct modulation of the pain matrix, especially 
the thalamus, may explain the therapeutic effects 
associated with our protocol. 

 Subsequently, we developed a unique protocol 
where the tDCS stimulation (20 min) is per-
formed during the actual PET session without 
creating artifacts on the μOR BP ND  or posing 
risks to the patient (e.g., controlling amount of 
resistance). To the best of our knowledge, this 
was the fi rst time we are able to demonstrate that 
there is an immediate reduction in μ-opioid 
receptor binding in response to an acute motor 
cortex neuromodulation. During a single tDCS 
application, levels of μOR BP ND  in a chronic tri-
geminal pain patient (post-herpetic neuralgia) 
were signifi cantly reduced in the thalamus and 
other pain-matrix structures, including the 
nucleus accumbens, ACC, and insula, as pre-
dicted in our forward-tDCS model. Hence, the 
analgesic effect of tDCS is possibly due to an 
acute increase of endogenous opioid release, by 
direct and indirect effect of M1 stimulation on 
the thalamus and pain matrix [ 44 ]. 

 M1 neuromodulation induces immediate 
changes in sensory perception in healthy subjects 
[ 45 ]. Acute tDCS modulates functional connec-
tivity depending on its polarity [ 46 ], as anodal 
M1 and cathodal SO stimulation immediately 
increases functional coupling between the ipsilat-
eral motor cortex and thalamus. In contrast, cath-
odal M1 modulation with tDCS decreases 
functional coupling between ipsilateral M1 and 
contralateral putamen. 

 We conducted further analysis to demonstrate 
that tDCS can signifi cantly modulate μ-opioid 
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mechanisms and trigeminal pain measures 
in vivo, even immediately [ 47 ]. This is a unique 
advancement in pain translation research in 
humans, previously only possible in animal mod-
els. We examined with PET healthy volunteers 
with no history of chronic pain or systemic disor-
ders. The protocol consisted of two PET scans 
using [ 11 C]carfentanil, a selective μOR radio-
tracer. The fi rst PET provided a baseline evalua-
tion of regional μOR BP ND . During the second 
PET, placebo and active (2 mA) M1(−SO) tDCS 
sessions were delivered sequentially for 20 min 
each, the same tDCS montage in our migraine 
study. When analyzed separately, placebo and 
active tDCS were both associated with an acute 
reduction in μOR BP ND  in the periaqueductal 
gray matter, indicating activation of this neu-
rotransmitter system. In addition, the initial pla-
cebo tDCS phase induced immediate activation 
of μORs in the left thalamus (Thal) and post- 
cingulate cortex (PCC) and, subsequently, in the 
left prefrontal cortex (PreF) and precuneus (PreC) 
during the active tDCS phase. Furthermore, μOR 

system activation was positively correlated with 
improvements of hot and cold pain thresholds, 
measured by quantitative sensory testing. Our 
results suggest that immediate analgesia induced 
by the M1(−SO) tDCS application, placebo and 
active, can be related to the recruitment of shared 
and also dissimilar endogenous mu-opioid 
mechanisms. 

 In order to evaluate the analgesic effect of focally 
targeted M1 modulation, we have developed a novel 
M1 HD-tDCS montage with 2 × 2 electrode design 
and tested it on a cohort of patients with another 
chronic trigeminal pain illness, temporomandibular 
disorder (TMD) [ 48 ]. Our computational model 
simulated the montage’s current fl ow through tis-
sues captured with 3D imaging, accounting for the 
tissue type, tissue shape, tissue resistance, electrode 
positioning, and strength of the current. The great-
est density was focused on the lower region of the 
precentral gyrus/sulcus, targeting the putative 
homuncular craniofacial M1 region, and immedi-
ately within the HD-tDCS ring electrodes. TMD 
patients were randomized into active and placebo 

a b

  Fig. 9.3    ( a ,  b ) M1 HD-tDCS montage: computational 
model of current distribution (right) showing predicted 
focalized peak on the lower homuncular portion of the 

precentral gyrus and sulcus in patients with chronic TMD 
during neuromodulation       
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groups. All patients completed the active or placebo 
5-daily sessions of M1 HD-tDCS according to the 
protocol. There were statistically signifi cant differ-
ences between groups for sensorimotor measure-
ments, including VAS 50 % responders at one 
month follow-up, pain-free mouth opening at one 
week follow-up, and most important “exclusive” 
improvement of contralateral sensory- discriminative 
pain measures as collected by PainTrek (e.g., pain 
intensity, area, and their summation), not ipsilateral 
pain measures, during the treatment week (Fig.  9.3 ).

       Conclusions 

 While understanding brain mechanisms in 
pain is important, equally important is apply-
ing these concepts to the clinical side of sci-
ence. Novel neuroscience-driven technologies 
have improved immensely our ability to navi-
gate and track brain activity related to acute 
and chronic pain at the individual level, even 
amid clinical and surgical procedures in situ, 
especially in patients who cannot express their 
suffering. In addition, we can now noninva-
sively modulate those dysfunctional activities 
in the brain of pain patients based on their own 
needs. Therefore, the brain is presenting itself 
as an objective and more reliable target for 
multiple emerging technologies to advance 
personalized treatment of chronic TMD and 
orofacial pain.     
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    Abstract  

  A prospective healthcare system proposes shifting the focus from disease 
management to disease prevention and health promotion. Dentistry has a 
unique opportunity to embrace this model of healthcare and focus its 
attention on the management of oral health. To prepare future oral health-
care professionals to succeed in this new healthcare environment, dental 
schools will need to provide students with the scientifi c and technical 
knowledge required to understand and assess risk, employ new strategies 
to minimize disease progression, and place a greater emphasis on disease 
prevention. This will require innovative approaches to curriculum that 
include expanding knowledge domains such as genomic medicine and 
health policy and defi ne new competencies to facilitate interprofessional 
education and high-value collaborative care. Dental schools must also 
consider developing career paths and new work force models that will 
accelerate the development of a prospective oral healthcare environment, 
increase access to care, and insure that dentistry maintains its leadership 
role in fostering optimal oral health.  

         Introduction: Prospective 
Healthcare and The Emerging 
Personalized Healthcare 
Environment 

 A healthcare system that shifts the focus from 
disease management to disease prevention and 
health promotion defi nes the emerging “pro-
spective” healthcare environment [ 1 – 7 ]. It is a 
system of care that encourages interprofessional 
education and high-value collaborative care [ 8 –
 13 ]. By embracing this prospective and collab-
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orative model of care, the dental profession can 
focus more on the management of oral health by 
 managing risk and developing innovative diag-
nostic and interventional strategies designed to 
minimize disease progression [ 3 ,  14 ]. In many 
settings there continues to be limited or no 
access to care, and when care is delivered, it is 
often sporadic, uncoordinated, and fragmented 
[ 8 ,  11 – 13 ]. Our current healthcare system 
focuses primarily on disease management and 
less so on health promotion and prevention. In 
many respects, dentists employ the same inef-
fective approach to care delivered by other 
healthcare professionals [ 3 – 7 ]. Dentists, like 
physicians, take a reductionist approach to dis-
ease diagnosis [ 5 ,  6 ]. They use scientifi c princi-
ples to identify the chief complaint, develop a 
series of differentials, and, using diagnostic 
aids, arrive at a diagnosis that guides treatment. 
While this approach has enabled health profes-
sionals to better manage, and in some cases 
cure, disease, it tends to oversimplify and dis-
count the impact of culture, lifestyle choices, 
and environmental infl uences. More impor-
tantly, it tends to look at optimal health as the 
absence of disease rather than the result of a 
well-designed, personalized plan to maintain 
health [ 3 ]. We are a product of our genetic con-
stitution and the environment we live in. 
Lifestyle choices and the availability of care 
will determine our risk for disease and the stage 
at which disease is fi rst detected (Fig.  10.1 ). 
What is missing in today’s healthcare setting is 
a personalized plan for disease prevention and 
health promotion, one that focuses more on pre-
vention, risk assessment, and early intervention 
[ 1 – 8 ,  11 ,  13 ,  15 – 17 ].

   As the prospective healthcare environment 
takes shape, healthcare professionals, including 
dentists, will be expected to place greater empha-
sis on assessing disease risk, focus more on pre-
vention and personalized treatment, and enable 
greater involvement of patients in the decision- 
making process [ 9 ]. Driven largely by the rapid 
acceleration in the cost of providing care, a pro-
spective approach to healthcare has the potential to 
address the need to improve patient care while 
reducing costs and increasing effi ciencies [ 1 – 7 ,  9 ].  

    Personalized Oral Healthcare 
and the Changing Education 
and Practice Environment 

 Providing the patients with the right care at the 
right time that results in a measurable improve-
ment in health outcomes at a lower cost will 
defi ne personalized oral healthcare [ 3 ]. This pro-
cess will require a very different approach to 
healthcare. Providers will be incentivized and 
reimbursed for preventing disease and helping 
patients develop a personal plan for achieving 
optimal oral health. Oral healthcare profession-
als will be expected to manage a diverse work-
force and spend more time promoting health 
literacy and partnering with patients in the provi-
sion of care [ 9 ,  18 ]. They will also need to 
develop a deeper understanding of the complex 
interplay between factors that both determine 
health and those that lead to chronic disease. To 
be successful in this new healthcare environ-
ment, oral healthcare professionals will need to 
be conversant with the emerging sciences of 
genomic medicine, bio- and health-informatics 
and health policy, and be knowledgeable about 
the power and limitation of the emerging “omic” 
technologies [ 19 – 26 ]. 

Lifestyle choices

Increased
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Increased
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Environmental toxins

Access to
care
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Maximum
disease risk

  Fig. 10.1    The impact of genetic constitution, the envi-
ronment, lifestyle choices, and the availability of care on 
disease risk and disease onset are shown       
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 To overcome the current fragmented and unco-
ordinated healthcare environment, dental profes-
sionals will be expected to function in collaborative 
healthcare teams working shoulder to shoulder 
with other healthcare providers and community 
leaders [ 13 ,  27 – 39 ]. Dentists will be expected to 
embrace their health professional colleagues in a 
setting that is both challenging and exciting. The 
IOM report “Health Professions Education, a 
Bridge to Quality” outlines a series of core compe-
tencies for an outcome-based education system 
that better prepares practitioners to meet the needs 
of their patients and enables them to function effec-
tively as a member of a patient- centered healthcare 
team [ 10 ]. First, healthcare professionals will be 
expected to work with other healthcare profession-
als and allied healthcare providers in nonhierarchi-
cal, interdisciplinary teams. Second, healthcare 
professionals will be expected to routinely employ 
evidence-based principals in the care of their 
patients. Third, team members will be expected to 
apply quality improvement in the context of a 
learning healthcare environment [ 40 ,  41 ]. This is 
expected to be an iterative process whereby data 
from patient care and team-based experiences is 
translated into evidence-based practice that leads to 
improved outcomes and increased effi ciencies. In 
this setting the learning healthcare system utilizes 
health information technology, databases, the elec-
tronic healthcare record, and a supporting research 
infrastructure that continues to advance and 
improve patient outcomes. The application of the 
most up-to-date evidence in all aspects of the 
patient care environment will continue to defi ne 

and refi ne those processes that underpin a learning 
healthcare system. Most importantly, patients will 
be expected to participate in the decisions that 
affect their care. Oral health professionals must 
have an understanding of the values and ethics that 
underpin a successful collaborative care environ-
ment and understand and respect the roles and 
responsibilities of the provider team. To be effec-
tive in this setting, the healthcare team must develop 
skills in interprofessional communication and 
understand the goals that promote successful team-
work [ 13 ,  27 ,  29 – 34 ,  36 – 42 ]. 

 Health professional schools will need to provide 
the foundation for a continuous learning environ-
ment that supports new interprofessional compe-
tencies and their adoption across the health 
professions. These competencies will serve to 
guide curricula development, encourage innovative 
approaches to learning and teaching, and advance 
assessment strategies to achieve productive out-
comes. Competencies will be driven by individual 
patient needs and communities of interest. The pro-
posed new competencies will require periodic 
assessment to fi ne-tune and shape the educational 
and practice setting outcomes (Fig.  10.2 ). Ongoing 
evaluation of existing knowledge domains and 
competencies will require the development of a 
creative educational research agenda that will serve 
to strengthen scholarship and promote innovation. 
Continued evaluation and refi nement of competen-
cies will be needed to ensure an optimal environ-
ment for collaborative practice that supports patient 
needs. It will be important to integrate core inter-
professional educational content with current 

Competencies Interprofessional
education

Collaborative
careAssessment

Patients

Communities
of interest

The evolving
Personalized care

environment

  Fig. 10.2    Dentistry has long employed a competency- 
based educational program to guide curricular design. All 
too often however, schools change their objectives to meet 
what the faculty want to teach so that the objectives drive 
the curriculum. Many of these changes lead to incremen-

tal rather than transformative curricular changes that fail 
to improve care or refl ect what patients need and want. As 
healthcare becomes more patient centered, patient needs 
will play a key role in recalibrating patient-centered com-
petencies and in curriculum development       
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accreditation standards for each of the health pro-
fessions. Education programs and accrediting 
agencies will need to set common standards across 
the health professions that support interprofes-
sional education and collaborative care. These new 
core competencies will inform professional licens-
ing and credentialing bodies in defi ning appropri-
ate content for the purpose of developing 
credentialing standards for collaborative practice. 
Figure  10.3 , adapted from Frenk et al. shows how 
the evolving interprofessional and transprofes-
sional education and practice environment may 
take shape and replace the siloed education that 
health professional students now experience [ 43 ].

        Essential Knowledge Domains 
for the New Oral Healthcare 
Professional 

 In the 1894 Gies report, it was acknowledged that 
dentistry should be considered an integral mem-
ber of the university community and strive to 

attain the highest level of scholarly excellence 
[ 44 ]. The report stipulated that the dental 
 professional must be a product of a continuous 
learning environment, one that encourages self-
refl ection and uses the rigorous application of 
scientifi c evidence to advance the profession and 
patient care. These expectations take on even 
greater signifi cance in the emerging prospective 
healthcare environment. Dental schools must 
take the lead in advancing the profession by reaf-
fi rming the rigorous application of science as it 
educates future oral healthcare providers and by 
embracing research and discovery as a core value. 
A fundamental requirement for a successful oral 
healthcare environment in the future will be the 
creation of a more collaborative and integrated 
approach to overall healthcare [ 13 ,  27 – 41 ]. 

 Advances in the “omic” technologies (i.e., 
genomic, proteomics, metabolomics, transcripo-
tomics) are rapidly changing the healthcare land-
scape. What that change will mean in the long 
run, while uncertain, necessitates that oral 
healthcare professionals not only acquire the 
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  Fig. 10.3    The health professions education models 
depicted here contrast the current principal model of 
siloed education with the emerging interprofessional and 
transprofessional models of education and practice. 

Healthcare professionals working in teams with and with-
out nonprofessional providers will become the norm in 
the near future, replacing the ineffi cient silo-like approach 
to healthcare       
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knowledge and skills required to understand 
both the power and limitations of this new tech-
nology but also understand how to apply this 
knowledge to develop a personalized approach 
to care for patients. As lifelong learners, oral 
healthcare professionals will be expected to keep 
pace with the rapidly advancing fi eld of genomic 
medicine to more rationally apply this knowl-
edge to their patients and, most importantly, to 
understand underlying concepts that will be 
required to develop an appreciation for the clini-
cal application of this knowledge to the care of 
their patients [ 18 – 26 ,  45 – 52 ]. 

 Greater emphasis will need to be placed on 
existing and new knowledge domains that better 
prepare oral healthcare professionals to practice 
in a personalized healthcare environment. As 
knowledge of the genetic basis of common oral 
disease continues to advance, healthcare provid-
ers will be expected to have a working knowl-
edge of genomic medicine if they are to manage 
their patients effectively. The knowledge value of 
genomic medicine lies in its application to dis-
ease risk. The healthcare professionals who 
understand the potential impact of genomic med-
icine on patient care will be well prepared to 
effectively apply advances in genomic medicine 
to the care of their patients. At a minimum, oral 
healthcare professionals will need to use genomic 
data to assess risk and how best to inform and 
interpret the results for their patients. This is par-
ticularly true today where over-the-counter 
genetic testing is often used inappropriately to 
assess risk, leading to misinterpretation of results 
[ 53 ]. While there are a number of single-gene 
disorders that affect the orofacial structures, as 
genomic medicine continues to develop a genetic 
basis for many of the most common dental dis-
eases, more will no doubt be revealed [ 45 – 52 ]. 
As with all health-related disciplines, educating 
oral healthcare professionals about genetics and 
genomics will be essential for clinical practice. 
Although medical schools continue to increase 
genetic content of the undergraduate curriculum, 
students in the dental profession in United States 
and Europe continue to lag behind other health-
care professionals in their knowledge of genetic 
and genomic medicine [ 54 – 60 ]. While most den-
tists may believe that genomic medicine is 

peripheral to their practice, the ability to under-
stand the power and limitations of genetic testing 
will be an important part of the oral healthcare 
professional’s toolbox in the emerging personal-
ized healthcare environment [ 56 ]. 

 Another knowledge domain that will be nec-
essary to navigate in the emerging personalized 
oral healthcare environment is healthcare pol-
icy. A number of medical schools have devel-
oped programs to educate physicians about the 
impact of healthcare systems and healthcare 
economics on health policy [ 61 – 63 ]. For exam-
ple, an understanding of the values and impor-
tance of comparative and cost-effective research 
and evidence-based practice will require that 
dental schools develop curricula in this domain. 
If the personalized oral healthcare environment 
is to have a meaningful impact of the oral health 
of patients, dental schools must embrace these 
new educational initiatives.  

    How Interprofessional Education 
and Collaborative Care Will 
Infl uence the Future of Personalized 
Oral Healthcare 

 The long-term outcomes of a successful collabo-
ration among the health professions include opti-
mized patient care, enhanced health system 
effi ciency, lower costs, and an increase in both 
patient and provider satisfaction [ 9 ,  40 ,  41 ]. The 
framework for a successful interprofessional edu-
cation program and collaborative care environ-
ment rests on four core competencies. These are: 
(1) communication that enhances interprofes-
sional collaboration and team work; (2) role clari-
fi cation that defi nes the scope of practice for each 
of the collaborating health professions; (3) under-
standing the roles, responsibility, and value added 
by of each member of the team; and (4) periodic 
critical evaluation to assess the impact of the col-
laborative care team on the health outcomes of 
patients [ 9 – 11 ,  13 ,  43 ]. 

 As interprofessional learning better prepares 
health professional students for an ever-chang-
ing healthcare system, collaborative care and 
teamwork will be key to a successful personal-
ized healthcare environment. Workforce-ready 
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 graduates will need skills to meet increasingly 
complex patient needs, adapt to changing tech-
nology that will infl uence dental practice, and 
function effectively in diverse practice settings. 
Given the prohibitive cost of the current health-
care system and the increasing inaccessibility of 
high-value healthcare to a large segment of the 
population, there is little reason not to embrace 
that collaborative approach to education and 
patient care. Breaking down the current siloed 
approach to health profession education and 
practice care can only enhance the value of each 
of the health professions, while at the same time 
advancing a healthcare system that is more effi -
cient, patient centered, and health management 
driven. In addition to making better use of exist-
ing services, the dental profession must explore 
new workforce models that help meet the oral 
healthcare needs of the growing underserved 
population [ 9 – 11 ,  13 ,  43 ].  

    How a Personalized Oral Healthcare 
Environment Will Reshape Dental 
Practice 

 Collaboration with and integration of the health 
professions will signifi cantly alter the practice 
landscape [ 13 ,  27 – 39 ,  64 ]. Dental students will 
be expected to share educational and patient care 
experiences with other healthcare providers. The 
scope of the dental practice will likely change as 
we see more routine dental procedures being 
performed by other health professionals, freeing 
the dentist to focus more on managing the care 
of patients as part of an integrated healthcare 
team. New dental graduates will be expected to 
serve in leadership and advisory roles in the 
development of oral healthcare policies. The 
emerging prospective healthcare environment 
will continue to put pressure on all health profes-
sions to personalize care and increase access to 
underserved populations. This will require den-
tal schools to expand educational and profes-
sional opportunities for our graduates in support 
of these new opportunities. New graduates must 
have a working knowledge of the latest scientifi c 
advances that shape an emerging prospective 

oral healthcare environment. This will require a 
number of fundamental changes in the educa-
tional content of dental education programs and 
the environment in which dental students are 
educated [ 31 ,  32 ,  54 – 63 ,  65 – 71 ]. 

 The concept of the “Health Home”—where 
primary care providers, families, and patients 
work collaboratively to improve health outcomes 
and quality of life for patients with chronic dis-
abilities and disease—will only become a reality 
when dentistry embraces an integrated healthcare 
environment [ 9 ]. As the concept of prospective 
oral healthcare gains momentum, there will be 
increased pressure on the academic dentistry and 
the profession to focus more on risk assessment 
and disease prevention rather than on restorative 
and surgical care. This will no doubt lead to sig-
nifi cant changes in the scope of dental practice. 
The successful practitioners will focus more on 
helping patients learn to manage their own health 
and less on the management of common chronic 
oral diseases such as dental caries and periodon-
tal disease. 

 A greater focus on managing disease risk and 
disease prevention will be another defi ning fea-
ture of the personalized oral healthcare environ-
ment. New technologies will provide dentists 
with greater capabilities to predict early disease 
onset and minimize disease progression and thus 
initiate treatment that it is more cost-effective 
[ 3 – 7 ]. This concept of prospective healthcare 
will have a transformative effect on the health-
care system. If dentistry is to be part of a prospec-
tive healthcare environment, future practitioners 
must be able to utilize the most up-to-date tech-
nologies that will enable risk assessment and 
facilitate the creation of a personalized health 
plan for their patients. 

 Many of these new technologies that are 
designed to aid in point-of-care decisions about 
disease risk or early diagnoses are evolving rap-
idly and refl ect technological and knowledge- 
driven advances in genomics, proteomics, and 
metabolomics [ 19 – 26 ]. It will no longer be nec-
essary for dentists to rely solely on clinical bio-
markers to assess disease risk, onset, and 
progression. Rather, the identifi cation of patient- 
specifi c molecular profi les that reveal disease 
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susceptibility or predict early disease onset will 
be among the principal tools used by the new 
practitioner. Genomic medicine will be a major 
catalyst in the implementation of point-of-care 
diagnostics and patient-specifi c biomarkers. 
These advances will rapidly accelerate the adop-
tion of personalized oral healthcare [ 19 – 26 , 
 45 – 52 ].  

    Conclusions 

 Both William Gies and Abraham Flexner had a 
profound infl uence on the education of dentists 
and physicians, respectively [ 44 ,  66 ]. Their 
infl uence on the standardization of curricula, 
their emphasis of scientifi c rigor, and their 
insistence on academic integrity remain the 
cornerstone of a modern health professions 
curriculum. There are several opportunities to 
be considered when envisioning a prospective 
oral healthcare curriculum. If students are 
expected to compete successfully in this new 
healthcare environment and be productive 
members of an integrated team of health pro-
fessionals, several important elements in cur-
riculum development must be taken into 
consideration [ 31 ,  32 ]. The emerging prospec-
tive healthcare environment will provide enor-

mous opportunities for innovation and 
leadership. The exploration of new academic 
partnerships with the other health professions 
will enable future dental practitioners to deliver 
the highest quality, patient-centered oral 
healthcare to an increasingly diverse patient 
population. Figure  10.4  envisions what an 
interprofessional curriculum might look like. 
While each of the health professions would 
have their discipline-specifi c competencies 
and course work, there would also be a signifi -
cant investment in a shared educational envi-
ronment. This would extend to collaborative 
practice experiences that would serve as a 
model for the “Health Home.”

   To meet these objectives, it will also be 
necessary to recast traditional dental educa-
tional programs and consider developing 
alternative career tracks that will enable stu-
dents to assume important leadership roles in 
public health, public policy, research, leader-
ship, and community service. This new 
emphasis on alternative career pathways, 
along with the adoption of new knowledge 
domains and reintegration of dental education 
with medicine, will produce a dental graduate 
more capable of managing patient health in a 
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  Fig. 10.4    This depicts how discipline-specifi c and shared education and patient care experiences will prepare health 
professional students for a collaborative care environment       
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more collaborative setting and who will be 
instrumental in leading this change. A recent 
perspective article in the  New England Journal 
of Medicine  points out that the continued arti-
fi cial separation of dentistry from medicine 
and the lack of value place on oral health has 
imposed signifi cant costs on the healthcare 
system and society. Indeed, closer integration 
of oral and general health at the level of edu-
cation and patient care would result in greater 
effi ciencies, lower costs, and improved patient 
outcomes [ 72 ]. 

 Success in meeting the demands of a pro-
spective healthcare environment requires 
empowering graduating dentists with the ability 
to employ the most up-to-date scientifi c knowl-
edge and evidence that informs and transforms 
diagnosis, therapy, and patient care. The link-
ages between oral and systemic health must be 
emphasized through the entire educational 
experience and practice environment will all 
health professional students. The next genera-
tion of dental practitioners must be prepared to 
infl uence oral healthcare policy at the regional 
and national levels and lead teams of healthcare 
providers in developing new strategies to 
improve oral health for local, regional, and 
global communities. The dental practitioner of 
the future will be fully integrated with the other 
health science disciplines and will thrive on 
interdisciplinary and cross-disciplinary collabo-
ration. Creating a collaborative learning and 
practice environment will empower future den-
tal practitioners to function in a more effi cient 
healthcare environment that is focused on man-
aging oral and general health rather than disease 
[ 42 ,  65 ,  67 – 72 ].     

   References 

      1.    Dinan MA, Simmons LA, Snyderman R. Commentary: 
personalized health planning and the patient protec-
tion and Affordable Care Act: an opportunity for aca-
demic medicine to lead health care reform. Acad 
Med. 2010;85(11):1665–8.  

   2.    Hamburg MA, Collins FS. The path to personalized 
medicine. N Engl J Med. 2010;363(4):301–4.  

        3.    Snyderman R. Personalized health care: from theory 
to practice. Biotechnol J. 2012;7(8):973–9.  

   4.    Snyderman R, Dinan MA. Improving health by taking 
it personally. JAMA. 2010;303(4):363–4.  

    5.    Snyderman R, Williams RS. Prospective medicine: 
the next health care transformation. Acad Med. 
2003;78(11):1079–84.  

    6.    Snyderman R, Yoediono Z. Prospective care: a per-
sonalized, preventative approach to medicine. 
Pharmacogenomics. 2006;7(1):5–9.  

       7.    Snyderman R, Yoediono Z. Perspective: prospective 
health care and the role of academic medicine: lead, 
follow, or get out of the way. Acad Med. 
2008;83(8):707–14.  

      8.    Institute of Medicine (U.S.). Committee on an Oral 
Health Initiative. Advancing oral health in America. 
Washington, D.C: National Academies Press; 2011. p. 
xviii, 248.  

          9.    Institute of Medicine (U.S.). Committee on Quality of 
Health Care in America. Crossing the quality chasm: 
a new health system for the 21st century. Washington, 
D.C: National Academy Press; 2001. p. xx, 337.  

    10.    Greiner A, Knebel E, Institute of Medicine (U.S.). 
Board on Health Care Services, Institute of Medicine 
(U.S.). Committee on the Health Professions 
Education Summit. Health professions education: a 
bridge to quality. Washington, D.C: National 
Academies Press; 2003. p. xvi, 175.  

       11.    United States Department of Health and Human 
Services. Healthy people 2010: understanding and 
improving health. Washington, DC: U.S. Dept. of 
Health and Human Services; 2000. p. 63.  

   12.    Committee on Oral Health Access to Services (U.S.), 
National Research Council (U.S.). Board on Children 
Youth and Families, Institute of Medicine (U.S.). 
Board on Health Care Services. Improving access to 
oral health care for vulnerable and underserved popu-
lations. Washington, D.C: National Academies Press; 
2011. p. xvii, 279.  

            13.    United States Department of Health and Human 
Services, National Institute of Dental and Craniofacial 
Research (U.S.). Oral health in America: a report of 
the Surgeon General. Rockville: U.S. Public Health 
Service, Dept. of Health and Human Services; 2000. 
p. xxiv, 308.  

    14.    Polverini PJ. A curriculum for the new dental practi-
tioner: preparing dentists for a prospective oral health 
care environment. Am J Public Health. 2012;
102(2):e1–3.  

    15.    Godman B, Finlayson AE, Cheema PK, Zebedin- 
Brandl E, Gutierrez-Ibarluzea I, Jones J, et al. 
Personalizing health care: feasibility and future impli-
cations. BMC Med. 2013;11:179.  

   16.    Manolio TA. Genomewide association studies and 
assessment of the risk of disease. N Engl J Med. 
2010;363(2):166–76.  

    17.    Payne PR, Marsh CB. Towards a “4I” approach to 
personalized healthcare. Clin Transl Med. 2012;
1(1):14.  

P.J. Polverini



131

     18.    Syurina EV, Brankovic I, Probst-Hensch N, Brand 
A. Genome-based health literacy: a new challenge for 
public health genomics. Public Health Genomics. 
2011;14(4–5):201–10.  

      19.    Chen R, Mias GI, Li-Pook-Than J, Jiang L, Lam HY, 
Chen R, et al. Personal omics profi ling reveals 
dynamic molecular and medical phenotypes. Cell. 
2012;148(6):1293–307.  

   20.    Chen R, Snyder M. Systems biology: personalized 
medicine for the future? Curr Opin Pharmacol. 
2012;12(5):623–8.  

   21.    Chen R, Snyder M. Promise of personalized omics to 
precision medicine. Wiley Interdiscip Rev Syst Biol 
Med. 2013;5(1):73–82.  

   22.    Ginsburg GS, Willard HF. Genomic and personalized 
medicine: foundations and applications. Transl Res. 
2009;154(6):277–87.  

   23.    Langheier JM, Snyderman R. Prospective medicine: 
the role for genomics in personalized health planning. 
Pharmacogenomics. 2004;5(1):1–8.  

   24.    Miller CS, Foley JD, Bailey AL, Campell CL, 
Humphries RL, Christodoulides N, et al. Current 
developments in salivary diagnostics. Biomark Med. 
2010;4(1):171–89.  

   25.    Tanaka H. Omics-based medicine and systems pathol-
ogy. A new perspective for personalized and predic-
tive medicine. Methods Inf Med. 2010;49(2):173–85.  

       26.    Wong DT. Salivary diagnostics powered by nanotech-
nologies, proteomics and genomics. J Am Dent 
Assoc. 2006;137(3):313–21.  

       27.    Accreditation CD. Accreditation standards for dental 
education programs. Chicago: American Dental 
Association; 2010.  

   28.    Blue AV, Mitcham M, Smith T, Raymond J, Greenberg 
R. Changing the future of health professions: embed-
ding interprofessional education within an academic 
health center. Acad Med. 2010;85(8):1290–5.  

    29.    Crall JJ. Oral health policy development since the 
Surgeon General’s Report on Oral Health. Acad 
Pediatr. 2009;9(6):476–82.  

   30.    Crosson FJ. 21st-century health care – the case for 
integrated delivery systems. N Engl J Med. 
2009;361(14):1324–5.  

     31.    DePaola DP. The revitalization of U.S. dental educa-
tion. J Dent Educ. 2008;72(2 Suppl):28–42.  

     32.    DePaola DP, Slavkin HC. Reforming dental health 
professions education: a white paper. J Dent Educ. 
2004;68(11):1139–50.  

   33.    Formicola A, Valachovic RW, Chmar JE, Mouradian 
W, Bertolami CN, Tedesco L, et al. Curriculum and 
clinical training in oral health for physicians and den-
tists: report of panel 2 of the Macy study. J Dent Educ. 
2008;72(2 Suppl):73–85.  

    34.    Foundation RWJ, editor. Team based competencies: 
building a shared foundation for education and clini-
cal practice. Washington, D.C.: Team Based 
Competencies; 2011.  

   35.    Garcia RI, Inge RE, Niessen L, DePaola 
DP. Envisioning success: the future of the oral health 

care delivery system in the United States. J Public 
Health Dent. 2010;70 Suppl 1:S58–65.  

    36.    Lavin MA, Ruebling I, Banks R, Block L, Counte M, 
Furman G, et al. Interdisciplinary health professional 
education: a historical review. Adv Health Sci Educ 
Theory Pract. 2001;6(1):25–47.  

   37.    Mitchell PH, Belza B, Schaad DC, Robins LS, Gianola 
FJ, Odegard PS, et al. Working across the boundaries 
of health professions disciplines in education, research, 
and service: the University of Washington experience. 
Acad Med. 2006;81(10):891–6.  

   38.    Interprofessional Education Collaborative Expert 
Panel. Core competencies for interprofessional col-
laborative practice: report of an expert panel. 
Washington, D.C: American Dental Education 
Association; 2011.  

     39.    Tedesco LA. Revising accreditation processes and 
standards to address current challenges in dental edu-
cation. J Dent Educ. 2008;72(2 Suppl):46–50.  

     40.    Friedman CP, Wong AK, Blumenthal D. Achieving a 
nationwide learning health system. Sci Transl Med. 
2010;2(57):57cm29.  

      41.    Olsen L, Aisner D, McGinnis JM, Institute of 
Medicine (U.S.) Roundtable on Evidence-Based 
Medicine. The learning healthcare system: workshop 
summary. Washington, DC: National Academies 
Press; 2007. p. xx, 354.  

     42.    Garcia I, Kuska R, Somerman MJ. Expanding the 
foundation for personalized medicine: implications 
and challenges for dentistry. J Dent Res. 2013;92(7 
Suppl):3S–10.  

      43.    Frenk J, Chen L, Bhutta ZA, Cohen J, Crisp N, Evans T, 
et al. Health professionals for a new century: transform-
ing education to strengthen health systems in an interde-
pendent world. Lancet. 2010;376(9756):1923–58.  

     44.    Gies WJ. Dental education in the United States and 
Canada. A report to the Carnegie Foundation for the 
advancement of teaching. 1926. J Am Coll Dent. 
2012;79(2):32–49.  

      45.   Davies SM. Pharmacogenetics, pharmacogenomics 
and personalized medicine: are we there yet? 
Hematology Am Soc Hematol Educ Program. 
2006:111–7.  

   46.    Feero WG, Guttmacher AE, Collins FS. Genomic 
medicine – an updated primer. N Engl J Med. 
2010;362(21):2001–11.  

   47.    Issa AM. Evaluating the value of genomic diagnos-
tics: implications for clinical practice and public pol-
icy. Adv Health Econ Health Serv Res. 2008;19:
191–206.  

   48.    Nibali L, Donos N, Henderson B. Periodontal infectoge-
nomics. J Med Microbiol. 2009;58(Pt 10):1269–74.  

   49.    Tanke HJ. Genomics and proteomics: the potential 
role of oral diagnostics. Ann N Y Acad Sci. 2007;
1098:330–4.  

   50.    West M, Ginsburg GS, Huang AT, Nevins 
JR. Embracing the complexity of genomic data for 
personalized medicine. Genome Res. 2006;
16(5):559–66.  

10 Preparing the Next Generation of Oral Healthcare Professionals



132

   51.    Weston AD, Hood L. Systems biology, proteomics, 
and the future of health care: toward predictive, pre-
ventative, and personalized medicine. J Proteome 
Res. 2004;3(2):179–96.  

      52.    Wright JT, Hart TC. The genome projects: implica-
tions for dental practice and education. J Dent Educ. 
2002;66(5):659–71.  

    53.    Annas GJ, Elias S. 23andMe and the FDA. N Engl 
J Med. 2014;370(23):2248–9.  

     54.    Guttmacher AE, Porteous ME, McInerney 
JD. Educating health-care professionals about genet-
ics and genomics. Nat Rev Genet. 2007;8(2):151–7.  

   55.    Haiech J, Kilhoffer MC. Personalized medicine and edu-
cation: the challenge. Croat Med J. 2012;53(4):298–300.  

    56.    Johnson L, Genco RJ, Damsky C, Haden NK, Hart S, 
Hart TC, et al. Genetics and its implications for clini-
cal dental practice and education: report of panel 3 of 
the Macy study. J Dent Educ. 2008;72(2 Suppl):
86–94.  

   57.    Katsanis SH, Dungan JR, Gilliss CL, Ginsburg 
GA. Educating future providers of personalized medi-
cine. N C Med J. 2013;74(6):491–2.  

   58.    McInerney JD. Genetics education for health profession-
als: a context. J Genet Counsel. 2008;17(2):145–51.  

   59.    Salari K, Karczewski KJ, Hudgins L, Ormond 
KE. Evidence that personal genome testing enhances 
student learning in a course on genomics and person-
alized medicine. PLoS One. 2013;8(7), e68853.  

    60.    Skirton H, Lewis C, Kent A, Coviello DA, Members 
of Eurogentest Unit 6 and ESHG Education 
Committee. Genetic education and the challenge of 
genomic medicine: development of core competences 
to support preparation of health professionals in 
Europe. Eur J Hum Genet. 2010;18(9):972–7.  

    61.    Clancy TE, Fiks AG, Gelfand JM, Grayzel DS, Marci 
CD, McDonough CG, et al. A call for health policy 
education in the medical school curriculum. JAMA. 
1995;274(13):1084–5.  

   62.    Patel MS, Davis MM, Lypson ML. Advancing medi-
cal education by teaching health policy. N Engl J Med. 
2011;364(8):695–7.  

     63.    Patel MS, Lypson ML, Miller DD, Davis MM. A 
framework for evaluating student perceptions of 
health policy training in medical school. Acad Med. 
2014;89(10):1375–9.  

    64.    Schmitt M, Blue A, Aschenbrener CA, Viggiano 
TR. Core competencies for interprofessional collab-
orative practice: reforming health care by transform-
ing health professionals’ education. Acad Med. 
2011;86(11):1351.  

     65.    Deverka PA, Doksum T, Carlson RJ. Integrating 
molecular medicine into the US health-care system: 
opportunities, barriers, and policy challenges. Clin 
Pharmacol Ther. 2007;82(4):427–34.  

    66.    Flexner A. Medical education in the United States and 
Canada. From the Carnegie Foundation for the 
Advancement of Teaching, Bulletin Number Four, 
1910. Bull World Health Organ. 2002;80(7):
594–602.  

    67.    Hakim F, Kachalia PR. Implementation strategies for 
incorporating new technologies into the dental prac-
tice. J Calif Dent Assoc. 2010;38(5):337–41.  

   68.    Korf BR. Genomic medicine: educational challenges. 
Mol Genet Genomic Med. 2013;1(3):119–22.  

   69.    Kornman KS, Duff GW. Personalized medicine: will 
dentistry ride the wave or watch from the beach? 
J Dent Res. 2012;91(7 Suppl):8S–11.  

   70.    Slavkin HC, Santa FG. Revising the scope of practice 
for oral health professionals: enter genomics. J Am 
Dent Assoc (1939). 2014;145(3):228–30.  

    71.    Snead ML, Slavkin HC. Science is the fuel for the 
engine of technology and clinical practice. J Am Dent 
Assoc (1939). 2009;140 Suppl 1:17S–24.  

     72.    Donoff B, McDonough JE, Riedy CA. Integrating 
oral and general health care. N Engl J Med. 
2014;371(24):2247–9.      

P.J. Polverini



133© Springer International Publishing Switzerland 2015 
P.J. Polverini (ed.), Personalized Oral Health Care: From Concept Design to Clinical Practice, 
DOI 10.1007/978-3-319-23297-3_11

      Policy and Personalized Oral 
Health Care                     

     Burton     L.     Edelstein     

    Abstract  

  Policy—whether promulgated by government, professions, business, pro-
viders, or others—determines priorities and establishes how things are 
done. When applied to personalized oral healthcare, polices established by 
these interests may advance or impede application of science to practice 
with both intended and unintended consequences. Federal science and 
technology policy will substantially impact how personalized medicine 
and dentistry are advanced through scientifi c discovery, how the public 
gains an understanding of these novel approaches, and how advances in 
care will be integrated into health insurance coverage. Federal health pol-
icy can be expected to accelerate an existing shift from healthcare systems 
to health-promoting systems with attendant cost and outcome account-
ability. Financial incentives inherent in such health-promoting systems are 
intended to engage healthcare providers in mitigating risks and addressing 
health determinants which can be identifi ed through genetic and epigene-
tic studies. 

 Confi dentiality concerns can be expected to remain paramount to poli-
cymakers even as tensions between privacy and utility expand with greater 
volumes of genetic testing. The future of policymaking can be anticipated 
to be as dynamic and far-reaching as the fi eld of healthcare genomics 
itself. Whether policymaking, in the end, will keep up with science and 
whether it will facilitate or hamper the institutionalization of personalized 
medicine and dentistry are yet to be seen.  

         Introduction 

 Careful consideration of the interplay between 
policy and personalized dentistry fi rst requires an 
appreciation of policy’s defi nition and the roles it 
plays in setting priorities, implementing actions, 
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and accelerating or inhibiting scientifi c advances 
in patient care. Policy can be simultaneously 
determinative and aspirational, both restraining 
and accelerating advances in personalized den-
tistry. Applications of genomics to oral health and 
dental care will, of necessity, engage federal poli-
cymakers who routinely struggle with competing 
interests as they apply national science and tech-
nology policy to ever more complex questions on 
behalf of the public’s interest. Public and private 
policymakers may also regard scientifi c advances 
as gateways to improved healthcare, greater cost 
accountability, and cost savings, yet such expecta-
tions remain controversial. This chapter explores 
these issues and seeks to anticipate the range of 
relationships that hold promise to move personal-
ized dentistry into the mainstream.  

    Policy 

 Policy seeks to facilitate actions or resolve prob-
lems that are shared by constituents. Policy may 
be promulgated by government to address con-
cerns of the populace, by professional organiza-
tions to address membership, by business and 
nonprofi ts to address customers and stakeholders, 
or by service providers like dentists to address 
their operations and care of their clients or 
patients. Policy promulgated by these agents 

infl uences a wide range of stakeholders who, in 
turn, seek to infl uence these agents as they develop 
policy. Considering only federal policymaking, 
the Congressional Research Service has identifi ed 
18 organizations and individuals who directly 
impact science and technology policy (Fig.  11.1 ). 
Similar constellations of interest groups and 
stakeholders impact policy decision- making in 
the private sectors. The larger the issue, the more 
people it impacts, and the more dollars that are at 
stake, the greater the numbers and intensities of 
groups and individuals who seek to infl uence its 
promulgation.

   Policy sets a course of action, guides deci-
sions, dictates operations, and advances objec-
tives. It establishes priorities, promotes the 
common good, and maximizes use of available 
resources. Expressed as legislation, regulation, 
rules, and procedures, policy defi nes how things 
are done, creates options, sets limits, and dictates 
processes and outcomes. It determines who is 
authorized to take actions under specifi ed cir-
cumstances, including where, when, and how 
those actions are permissible. 

 Applied to the advent of personalized den-
tistry, policy established by government, profes-
sional associations, educators, insurers, and 
vendors will directly infl uence how new technol-
ogies and procedures come to the dental market-
place, how they are distributed, who will use 
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  Fig. 11.1    Organizations 
and individuals who 
infl uence science and 
technology policy. New 
science, including the 
science of genetics that 
underlies personalized 
medicine and dentistry, 
impacts a wide range of 
organizations and 
institutions, each of which 
needs to establish its own 
policy in dealing with this 
burgeoning fi eld (Source: 
Congressional Research 
Service)       
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them, and who will benefi t (or is placed at risk) 
from them. Policy will determine when genetic- 
based tests will be delivered and paid for, when 
genetic-infl uenced individualized medications 
are prescribed, and when and if genetically modi-
fi ed organisms—including us—are utilized to 
improve health. 

 While all policies seek to support action 
related to an identifi ed need or problem, any such 
need or problem can be addressed through a myr-
iad of competing policy approaches advanced by 
various stakeholders with divergent agendas and 
interests. This is especially true when the issue 
under consideration, like personalized medicine, 
is controversial, with some promoting the poten-
tial for improved health and others warning of 
dire consequences from “tinkering with nature.” 
Which approach is selected—typically through a 
political, legislative, or administrative process 
which itself is governed by policies—will deter-
mine all subsequent actions while also benefi ting 
some stakeholders and potentially harming or 
inhibiting others. 

 Policies typically yield both intended and 
unintended consequences [ 1 ]. That is, they both 
address the action or resolve the problem under 
consideration but also create the need for addi-
tional actions or generate new problems. 
Unintended consequences arise from inherent 
temporal and political constraints of policymak-
ing. The Institute of Medicine (IOM) refl ects on 
temporal disjunctions that often characterize 
governmental policymaking, noting that 
“Regulations to implement a new program are 
developed over time but must operate in different 
health policy environments that include dynam-
ics not present when the legislation was passed.” 
Unintended consequences also arise from the 
political process itself as “Political realities often 
deter policy modifi cation and refi nement to 
 correct unintended consequences arising from 
imperfect legislation.” Political considerations, 
including demands of reelection, can result in 
legislation that is either incomplete or infl exible 
as compromises are made to secure legislation’s 
passage. The IOM also notes that frequently 
“politics trumps science” with one observer stat-
ing, “Conversations of politically correct versus 
scientifi cally accurate policy proposals are 

 independent monologues that fail to converge 
through the entire policy debate.” 

 These policy attributes are refl ected in the 
Merriam-Webster Dictionary’s pragmatic defi -
nition of policy as “a defi nite course or method 
of action selected from among alternatives and 
in light of given conditions to guide and deter-
mine present and future decisions.” The diction-
ary, however, goes further by additionally 
defi ning policy as “prudence or wisdom in the 
management of affairs” [ 2 ]. This aspirational 
defi nition highlights the wide-ranging impacts 
of policymaking by suggesting that policies 
function best when they are holistic in approach, 
visionary in anticipating the future, appreciative 
of the social and political environment, and 
accountable in ways that maximize outcomes. 
In contrast, narrowly defi ned policies tend to 
inhibit creativity while failing to keep up with 
changes in the environment like the creation of 
new science. 

 Policymaking, both public and private, is par-
ticularly challenging when action must be taken in 
environments of uncertainty, as when policymak-
ers seek to address issues related to cutting- edge 
science and technology, as is the case with person-
alized medicine and dentistry. Policymaking is 
similarly challenging when addressing large and 
far-reaching economic sectors such as healthcare 
because the consequences of action are so signifi -
cant to the economy, the delivery system, and to 
individual providers, benefi ciaries, and patients/
constituents. When governmental policymakers 
seek to guide decisions in such cutting-edge envi-
ronments (Webster defi nition #1), they must also 
seek to demonstrate “prudence and wisdom” 
(Webster defi nition #2), by taking actions that pro-
tect the public, promote fairness, and advance the 
collective good while also avoiding unintended 
consequences that inhibit progress or backfi re. An 
example of these tensions is refl ected in controver-
sial state and federal policymaking over the appro-
priate labeling of genetically modifi ed food, for 
example, whether they can be called “natural.” 
Often these tensions are referred to the judicial 
branch of government for resolution—resolution 
that is effective only until the issue at hand evolves 
and is again addressed by the legislative and exec-
utive branches. 
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    Federal Science and Technology 
Policy 

 Public policymakers often struggle when address-
ing issues related to science and technology, for 
example, when addressing climate change, 
embryonic research, nanotechnology, or applied 
genetics. When confronted with issues like these, 
policymakers are often ill-equipped to assess the 
scientifi c evidence and arguments, may be frus-
trated by varying interpretations of the same evi-
dence by competing interests, and may be 
uncomfortable with sciences’ inherent ambigui-
ties and frequent revisions. 

 Yet science and technology policymaking is 
critical both for government to support the devel-
opment of new science and for government to be 
informed by new science in its roles of protecting 
the public and advancing the common good. In its 
primer on science and technology policy for 
members of congress, the Congressional Research 
Service captures the tremendous range of issues 
regarding new scientifi c and technologic knowl-
edge creation and the utility and application of 
that knowledge for the betterment of society, stat-
ing, “Science and technology policy is concerned 
with (1) the allocation of resources for and 
encouragement of scientifi c and engineering 
research and development; (2) the use of scientifi c 
and technical knowledge to enhance the nation’s 
response to societal challenges; and (3) the educa-
tion of Americans…” [ 3 ]. 

 Government policy plays a leading role in the 
“allocation of resources” for the advancement of 
genomic medicine. Through a wide variety of 
agencies—the National Institutes of Health (NIH), 
Patient-Centered Outcomes Research Institute 
(PCORI), Center for Medicare and Medicaid 
Innovation (CMMI), National Science Foundation, 
Department of Defense, and other sponsoring 
units—congress authorizes and appropriates fund-
ing for research and development. In so doing, it 
establishes priorities that are translated into specifi c 
research opportunities. Examples of government’s 
role in advancing genomic medicine include:

•    NIH’s sponsorship of “genomic medicine 
pilot demonstration grants” that seek to 

“develop methods for, and evaluate the feasi-
bility of, incorporating an individual patient’s 
genomic fi ndings into his or her clinical care.” 
This research priority seeks to “expand and 
link existing genomic medicine efforts, and 
develop new collaborative projects and meth-
ods, in diverse settings and populations; con-
tribute to the evidence base regarding 
outcomes of incorporating genomic informa-
tion into clinical care; and defi ne and share the 
processes of genomic medicine implementa-
tion, diffusion, and sustainability in diverse 
settings” [ 4 ].  

•   PCORI’s research approach to individualized 
care extends beyond genetics to include an 
active role for patients in their care as well as 
care that is enhanced by “personalized infor-
mation about a patient’s profi le … that could 
affect their outcomes including but not limited 
to biology, demography, culture, socioeco-
nomic status, comorbidity, and geography” 
[ 5 ]. This framing mirrors the fi eld of epi-
genetics by placing biology, with its genetic 
components, within the broader contexts of 
individual characteristics relative to family, 
community, and society.  

•   CMMI’s support for “initiatives to speed the 
adoption of best practices.” Noting that “it 
takes nearly 17 years on average before best 
practices—backed by research—are incorpo-
rated into widespread clinical practice,” 
CMMI has called for studies of new delivery 
and payment models for “disseminating 
evidence- based best practices” like genomic 
medicine and dentistry and “signifi cantly 
increasing speed of adoption” [ 6 ]. The 
Personalized Medicine Coalition, a trade 
group, recognizes that new payment mecha-
nisms could incentivize personalized medi-
cine but that these mechanisms need to refl ect 
new approaches to care and new advances in 
medicine rather than build on current stan-
dards of care that may discourage advances in 
medicine [ 7 ].    

 Federal allocation of resources to basic and 
applied health-related genomics extends across a 
wide range of additional agencies that apply new 
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science to personalized healthcare [ 8 ]. The 
Centers for Disease Control and Prevention 
“integrates human genetics into public health 
research, policies, and programs.” The National 
Science Foundation has since 1998 led a Plant 
Genome Research Program that seeks to “under-
stand the structure, organization and function of 
plant genomes important to agriculture, the envi-
ronment, energy, and health,” and the Department 
of Agriculture supports plant and animal genomic 
databases that inform human genomics research. 
Even the Department of Energy contributes to 
health-related genomic research by developing 
“bioinformatics tools to ultimately predict and 
design biological function” [ 9 ]. All of these 
efforts are coordinated through a Department of 
Health and Human Services Secretary’s Advisory 
Committee on Genetics, Health, and Society that 
attends to “use and potential misuse of genetic 
technologies.” 

 Another of government’s roles is the “use of 
scientifi c and technical knowledge to enhance the 
nation’s response to societal challenges” through 
translation of science to practice. Depending upon 
how policies are developed and programs 
deployed, personalized medicine and dentistry 
may help resolve or may exacerbate societal chal-
lenges that include reining in the high cost of a 
healthcare system that fails to produce commen-
surately favorable health outcomes compared to 
other advanced countries; addressing the rapidly 
escalating costs of publicly fi nanced healthcare 
through Medicare, Medicaid, and CHIP; and 
addressing inequities in health and healthcare 
across subpopulations as low-income and minor-
ity populations continue to experience worse oral 
and general health outcomes. Governmental 
approaches to reducing the rate of healthcare cost 
escalations while simultaneously improving out-
comes include incentives to develop accountable 
care organizations (ACOs) and patient-centered 
medical homes (PCMHs). These emerging deliv-
ery systems seek to demonstrate better health out-
comes at lower costs through more effi cient and 
effective quality care of defi ned populations. 
Among key strategies are targeted prevention and 
disease management, such as may result from 
personalized medicine and dentistry. 

 In an era of rapidly developing new health 
technologies, medications, and treatments, a crit-
ical societal challenge is ensuring both patient 
and public safety of new drugs and devices. 
People in need of new interventions seek their 
facilitated approval and availability, while others 
ask government to exercise extreme prudence 
and caution while awaiting results of thorough 
testing. It falls on the Food and Drug 
Administration (FDA) to balance these compet-
ing societal needs in meeting its responsibility to 
“monitor and regulate these new therapies to pro-
tect consumers” [ 8 ]. FDA’s purview, however, 
does not extend to advertising of genetic-based 
disease risk tests that are made direct to the con-
sumer through print and electronic media. In 
reviewing direct-to-consumer advertising of 
genetic testing, the agency has noted that “adver-
tisements increased consumers’ awareness about 
diseases, but failed to accurately convey risk 
information,” with many advertisements promot-
ing tests that are not valid [ 10 ]. 

 A third governmental role is the “education of 
Americans” to better participate in their own 
care, particularly for the management of chronic 
conditions like the four oral diseases addressed in 
this book. Effective chronic care management 
anticipates a therapeutic dyad that engages a 
“prepared proactive practice team” with an 
“informed activated patient” in “productive inter-
actions” that result in “improved health out-
comes” [ 11 ]. Doing so requires that patients be 
educated about their own unique health risks and 
conditions—the essence of personalized medical 
and dental care. Federal agencies engage in pol-
icy and programs to enhance the genomic educa-
tion of the populace. Examples include NIH’s 
role in informing the public through its patient 
portal, for example, its posting on “Personalized 
Medicine: Matching Treatments to your Genes” 
[ 12 ]; the CDC Offi ce of Public Health Genomics’ 
blogs, tweets, reports, and consumer guides [ 13 ]; 
and the FDA’s efforts to update the public about 
pharmacogenomics [ 14 ]. Government is also 
actively engaged in policies related to the educa-
tion of health professionals to learn and apply 
genomic-based care. Through its Bureau of 
Health Professions, the Health Resources and 
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Services Administration is funded to support 
health professional education in “developing and 
expanding [trainees’] genetic and genomic 
knowledge base related to specifi c disease pro-
cesses encountered in the clinical setting” [ 8 ]. 

 Taken together, the three roles of government 
in advancing science and technology defi ned by 
the Congressional Research Service work syner-
gistically to create new science, prepare the pop-
ulation and providers for its use, and attempt to 
leverage its potential for the improvement of the 
public good.  

    Policy and Emerging Health Systems 

 US healthcare, including dental care, is engaged 
in a metamorphosis from a past orientation on 
repair and remediation to a future orientation on 
prevention and disease management. This reori-
entation is propelled by new fi nancing systems 
that reward healthcare providers on the value of 
care they deliver, expressed as health outcomes 
per unit cost, rather than the volume of services 
they deliver, expressed as the aggregate and asso-
ciated costs of individual clinical services deliv-
ered regardless of outcome. These payment 
mechanisms include global payments, bundled 
payments, pay-for-performance incentives, and 
shared savings strategies. They are being imple-
mented modestly short term in the traditionally 
disaggregated delivery system comprised of solo 
and small-group delivery units (including private 
dental practices), while larger, more integrated, 
systems that are designed to handle global pay-
ments continue to evolve. These include ACOs 
and PCMHs, both of which seek to integrate mul-
tilevel care around the holistic needs of individ-
ual patients while measuring their impact at the 
level of populations served. 

 Changes in orientation and payment are forc-
ing a merger of clinical care and public health into 
the unique domain of “population health.” 
Population health concerns itself with health 
determinants and resulting aggregate health status 
of a defi ned population, typically characterized by 
geography (e.g., a county) or group (e.g., large 
employer group). While defi nitions of  population 

health continuously evolve, they commonly 
encompass two essential components: (1) inclu-
sion of health determinants—environmental, 
social, and behavioral—that expands and inte-
grates concepts of both public health and clinical 
care; and (2) goals of fairness expressed as 
reduced disparities and inequities within a defi ned 
population [ 15 ]. Subsequent to its establishment 
by the Affordable Care Act, the federal Center for 
Medicare and Medicaid Innovation seeks to ani-
mate and promote population health through 
demonstrations focused on health determinants 
that “encourage better health for entire popula-
tions by addressing underlying causes of poor 
health, such as physical inactivity, behavioral risk 
factors, lack of preventive care and poor nutri-
tion” [ 16 ]. The focus on fairness is evident in the 
Institute for Healthcare Improvement’s schema 
(Fig.  11.2 ) which seeks “equity” through both 
health promotion and disease prevention, the tra-
ditional domain of public health, and healthcare, 
the traditional domain of the clinician.

   Population health anticipates that a compre-
hensive healthcare system, ideally including oral 
health services, is fi nanced at least in part based 
on risk-adjusted health outcomes of the covered 
population over time. This shift from “healthcare 
systems” to “health-promoting systems” pres-
ages a variety of tactics that are informed by per-
sonalized medicine and dentistry. Proponents 
argue, for example, that “The concept of person-
alized medicine not only promises to enhance the 
life of patients and increase the quality of clinical 
practice and targeted care pathways, but also to 
lower overall healthcare costs through early 
detection, prevention, accurate risk assessments, 
and effi ciencies in care delivery” [ 17 ]. Detractors, 
however, note that new technologies bring new 
expenses and argue that personalized medicine 
will further exacerbate costs of care and drive 
even greater social inequities because drug and 
device companies are motivated to recover devel-
opment costs and generate profi ts. 

 When health fi nancing policies that reward 
providers based on a defi ned populations’ health 
outcomes are instituted, there is inherent incen-
tive for providers to identify and rigorously 
 manage those individuals within the group who 
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are at greatest risk of and experience the most 
severe and costly diseases. Identifying these indi-
viduals—a process dubbed “hot spotting”—and 
addressing their risks of disease expression and 
exacerbation are potentially cost saving [ 18 ]. 
Doing so is facilitated by epigenetics. 

 Epigenetics—the modifi cation of gene expres-
sion by exposure triggers and interactions—sug-
gests that successful health-promoting systems 
will, of necessity, extend their scope of care to 
include management of social, environmental, and 
behavioral health determinants while retaining 
support for remedial healthcare services when 
needed. To control costs under a global budget and 
effectuate effi ciencies, such systems will operate 
on sound management principles that promote 
accountability at controlled costs including 

 delegation, best use of informatics, management 
through care coordination and continuous quality 
improvement, and application of systems science. 
Systems that are concerned with health determi-
nants as well as health status will build on knowl-
edge gleaned from studies of social determinants, 
life-course determinants, and common risk fac-
tors. They will actively engage in interprofessional 
practice not only among health professionals but 
between health professionals and helping profes-
sions (e.g., social workers, health educators, dieti-
cians,  public health professionals) and lay health 
workers (e.g., community health workers,  promo-
tores , care coordinators, case managers). Keys to 
such advances in population health are the 
 identifi cation, management, and monitoring of 
highest- risk patients who can be identifi ed in part 
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  Fig. 11.2    Components of health systems that are replacing 
healthcare systems. Evolving health systems consider both 
the populations they serve and the individuals who com-
prise those populations, through a holistic approach that 
addresses social, biological, behavioral, and environmental 
disease determinants. They are designed to realize positive 

health outcomes that support quality of life and overall 
well-being. Genomic medicine and dentistry are essential 
components of these evolving systems, as genetic endow-
ment is a critical element of risk and susceptibility for dis-
ease, as well as response to treatment (Source: Adapted 
from Stiefel and Nolan [ 28 ] (Available on   www.IHI.org    ))       
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through genetic testing and the control of trigger-
ing exposures that activate genetic predispositions 
by addressing environmental, social, and behav-
ioral risk factors. Knowing that a person has a 
genetic susceptibility or predisposition to an oral 
condition when social, environmental, and/or 
behavioral determinants are present demands that 
health-promoting systems become as involved in 
managing the triggers of disease in individuals as 
public health professionals have traditionally done 
for triggers of disease in populations. Thus, the 
advent of “omics” science accelerates clinical 
movement from repair and remediation to preven-
tion and disease management.  

    Privacy, Confi dentiality, and Race 

 A signifi cant healthcare policy issue of direct rel-
evance to genomic dentistry is the privacy and 
security of personal health information. At issue 
is whether current HIPAA requirements will be 
suffi cient to protect genomic data. Alzu’bi et al. 
detailed this issue in a 2014 journal for health 
information management professionals, stating: 
“Personal genomic data are highly sensitive and 
need to be protected properly because each record 
contains not just the health information about one 
particular patient, but potentially information 
about a large group of people who have a blood 
relation with the person who takes the genetic 
test. This impact can last for generations because 
the genomic information will be passed to these 
people’s descendants.” 

 Refl ecting on long-term consequences of 
revealing genomic information, they add, “The 
privacy of the individual and his or her relatives 
may be threatened, and the confi dentiality of the 
personal genomic data is lost. The threat to the 
individual’s offspring could be even more serious 
because research in genomics will likely enable 
the discovery of more information from a human 
genome in the future. Therefore, a stronger and 
more sophisticated security measure may be 
needed for personal genomic data protection, and 
this system should be set up before the wide 
application of genomic information in clinical 
practice” [ 19 ]. 

 According to the National Human Genome 
Research Institute, a branch of the National 
Institutes of Health, HIPAA prohibits insurers from 
excluding an individual from group coverage or 
charging a higher premium to an individual than to 
the group based on genetic information, but it does 
not prohibit the use of genetic information in setting 
group premiums or limit the disclosure of genetic 
information by insurers [ 20 ]. Thus, the cost of den-
tal insurance may become predicated upon the 
genomically identifi ed risk factors in an employer 
or demographic group seeking coverage. 

 Recognizing that release of personal genetic 
information could also lead to employment dis-
crimination because of employers’ concerns over 
both risk of disease and potential impact on 
health insurance premiums, the congress enacted 
the Genetic Information Nondiscrimination Act 
of 2008 [ 21 ] “to prohibit discrimination on the 
basis of genetic information with respect to 
health insurance and employment.” The law 
seeks to establish a national standard for genetic 
nondiscrimination that supersedes a patchwork 
of state policies and assures that the public can 
uniformly benefi t from genetic testing and new 
treatments as they become available. 

 The law’s preamble explicates a series of fi nd-
ings to justify the need for the protections it offers. 
It fi rst acknowledges that “advances in genetics 
open new opportunities for medical progress” in 
diagnosis and treatment while also acknowledg-
ing “the potential misuse of genetic information 
to discriminate in health insurance and employ-
ment.” It then delves into signifi cant past misuses 
of early genetic science in American history, not-
ing that a majority of states enacted sterilization 
laws “to correct apparent genetic traits or tenden-
cies” without constitutional protections and that 
these laws led to discrimination and stigmatiza-
tion of racial and ethnic subgroups. The law notes 
that many genetic conditions and disorders are 
associated with particular racial and ethnic 
groups, as some genetic traits are more prevalent 
in particular population subgroups. Depending 
upon how this biological fact is interpreted and 
addressed, it may lead to positive outcomes of 
better targeted preventive and remedial care or to 
negative outcomes of discrimination and racism. 
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    More Challenging Policy Questions 
 Beyond issues of privacy, discrimination, test and 
drug regulation, and advertising to consumers are 
a range of policy issues that need to be resolved 
for personalized medicine and dentistry to evolve 
into day-to-day healthcare practice. The National 
Human Genome Research Institute (NHGRI) at 
NIH has outlined many of these issues and their 
potential consequences as policymakers grapple 
with new science [ 22 ]:

•    Intellectual property protections and commer-
cial interests: NHGRI’s Policy and Program 
Branch describes a “thicket of patents” that 
may slow the capacity of US biotechnology 
companies to bring tests and treatments to 
market, putting the nation at a competitive 
commercial disadvantage. How can policy 
balance intellectual property interests against 
commercialization and improvements in 
healthcare?  

•   Therapeutic lag: Healthcare providers’ capac-
ity to interpret and utilize genetic information 
is expected to lag behind the availability of 
accurate and affordable genomic testing. How 
can policy support healthcare providers, par-
ticularly those already in practice, in gaining 
knowledge and skills in interpreting genomic 
information and factoring such information 
into diagnoses and treatments?  

•   Iterative development of science: Genetic- based 
risk estimates for various diseases will become 
increasingly refi ned as research progresses. 
How can governmental regulatory policies stay 
current? How can providers stay up to date?  

•   Ethical concerns: Genetic testing typically 
yields more information than sought by the 
prescribing practitioner. What policies should 
govern the use of such information?       

    Genomic Policy and the Future 
of Dentistry 

 Personalized oral healthcare needs to be consid-
ered within policies, like the Affordable Care 
Act, that promote value in terms of accountabil-
ity, effi ciency, effectiveness, and quality. 

Nongovernmental agencies are actively contrib-
uting to these advances in health promotion. Of 
direct interest to dentistry, the DentaQuest 
Institute has sponsored a National Oral Health 
Quality Improvement Committee to develop and 
guide a “vision for the US oral health system for 
2023” [ 23 ]. Personalized dentistry directly sup-
ports visionary elements of a future dental deliv-
ery system. The vision of “improved population 
health coupled with enhanced value” is supported 
by personalized dentistry when genetic testing 
identifi es high-risk patients needing the most 
intensive care. Similarly, the vision of “prioritiz-
ing prevention and disease management” can be 
most effective when highest-risk patients are 
targeted. 

 The Affordable Care Act facilitates the adop-
tion of personalized dentistry as a component of 
health-promoting systems by replacing the long- 
held paradigm of the “iron triangle” with the 
refreshed notion of the “Triple Aim.” Healthcare 
policymaking, like all policymaking, starts with 
needs or problems that require resolution within 
constraints of the best available information. 
Healthcare policymaking addresses problems 
that relate both to the multiple concerns inherent 
in the provision of health services—fi nancing, 
workforce, and care delivery systems (topics we 
will return to later)—and to the consequences of 
such services on cost, quality, access, utilization, 
and equity. 

 For many years, these consequences were 
understood to be inherently competitive and con-
tradictory. Better access, utilization, and fairness 
were believed to be obtainable only through off-
sets in cost or quality. Lower costs were believed 
to be attainable only through tradeoffs in access 
or quality. Better quality was believed to be 
attainable only through lesser access or higher 
cost. Called the “iron triangle” by physician- 
policymaker William Kissick in his 1994 book, 
 Medicine’s Dilemmas: Infi nite Needs  versus 
 Finite Resources , this belief infl uenced policy-
makers’ actions even as the costs of US health-
care climbed precipitously, while objective 
measures of population health failed to improve. 
Kissick’s critics note evidence that “other nations 
provide more, better, and cheaper care” stating 
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that “reducing administration, the profi ts of 
health maintenance organizations, unneeded 
care, or seven-fi gure incomes need not compro-
mise quality or access” [ 24 ]. 

 Supplanting the “iron triangle” is the Triple 
Aim, “a framework for optimizing health system 
performance by simultaneously focusing on the 
health of a population, the experience of care for 
individuals within that population, and the per 
capita cost of providing that care” [ 25 ]. The Triple 
Aim suggests that it is possible to deliver quality 
healthcare to members of a group at lower costs in 
ways that improve the population’s health and 
well-being, thereby allowing quality, access, and 
cost to coexist and become synergistic and mutu-
ally supportive. Working smarter rather than 
harder to realize all three aims simultaneously is 
possible by reducing ineffi ciencies, redundancies, 
and errors; by targeting care more precisely so that 
limited healthcare resources are allocated relative 
to individual need; and by moving care upstream 
to a focus on individualized, targeted prevention 
and health promotion. Personalized medicine and 
dentistry facilitate each of these strategies. 

 The Triple Aim is thoroughly embedded in the 
hallmark health policy legislation of our times, 
the Patient Protection and Affordable Care Act of 
2010, aka “ObamaCare” or “the ACA.” The law 
authorizes programs in population health through 
community needs assessments, community trans-
formation grants, public education campaigns, 
and enhanced nutrition labeling. Although the 
law is best known for its endeavor to reform 
health insurance, it also seeks to fundamentally 
reform the US healthcare system’s capacity, 
delivery, and fi nancing. Both components—
insurance reform and health systems reform—
refl ect the advent of genomic medicine. Insurance 
reform expands the availability of coverage 
through online purchasing marketplaces, stan-
dardizes benefi ts, controls costs, and ensures 
consumer protections [ 26 ]. Consumer protec-
tions “limit insurers’ ability to deny, limit, or can-
cel coverage; end annual and lifetime spending 
caps; and ensure that more premium dollars are 
spent on delivering and improving care.” They 
also assure  guaranteed issue  insurance coverage 

to people with preexisting conditions [ 27 ]. These 
protections are increasingly necessary as genomic 
medicine identifi es people at risk for serious and 
costly diseases and allows previously unattain-
able risk stratifi cation in coverage. Unfortunately, 
the list of essential health benefi ts which all 
insurers must provide does not extend specifi -
cally to genomic medicine or to adult dental cov-
erage. As a result, dental insurers may deny or 
drop coverage for adults deemed high risk for 
oral conditions, including those identifi ed 
through genomic testing.  

    Conclusions 

 Policies by government, industry, and the pro-
fessions themselves will continue to evolve as 
the science and practice of genomic medicine 
and dentistry becomes increasingly estab-
lished. Government will maintain its substan-
tive effort to ensure public safety while 
expanding access to personalized healthcare 
that is effective, equitable, and cost-effective 
while also continuing to fund research that 
holds promise to fulfi ll the Triple Aim. 
Industry will seek policies that facilitate com-
mercialization while protecting intellectual 
property. The professions can be expected to 
adopt continuing education policies and clini-
cal protocols that guide their members’ real-
ization of genomic-based practice. The future 
of policymaking can be anticipated to be as 
dynamic and far-reaching as the fi eld of 
healthcare genomics itself. Whether policy-
making, in the end, will keep up with science 
and whether it will facilitate or hamper the 
institutionalization of personalized medicine 
and dentistry are yet to be seen.     
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    Abstract  

  A prospective, personalized approach to oral healthcare is gaining momen-
tum among healthcare providers. The adoption of a personalized oral 
healthcare environment will be dependent upon the successful implemen-
tation of an educational program that better prepares the next generation of 
providers with knowledge in genomic and molecular medicine. Disruptive 
innovations will drive the adoption of a personalized healthcare environ-
ment through the implementation of new models of collaborative care and 
new workforce models. Ultimately the long-term success of personalized 
oral healthcare will depend on it becoming integrated within a learning 
healthcare system. As the predictive biomarkers that assist in the diagnosis 
of and treatment of common diseases are discovered and deployed chair-
side, the dental profession will transition to one that is more focused on 
disease prevention, risk assessment, and early diagnosis.  

         Introduction 

 The traditional reactive, one-size-fi ts-all approach 
to healthcare is rapidly transitioning to one that 
this is proactive, with a greater focus on preven-
tion, early intervention, and risk assessment 

[ 1 – 6 ]. The goal of this prospective approach to 
healthcare is designed to meet specifi c, individ-
ual needs of patients by incorporating patient’s 
genomic data, cultural values, environmental 
challenges, and health and behavioral history to 
predict disease onset and the patient’s response to 
tailored therapy [ 2 ,  7 – 15 ]. While personalized 
healthcare is not a new concept, only recently has 
this approach to care gained traction in dentistry 
[ 7 ,  9 ,  10 ,  13 ,  14 ]. 

 The rapid development of patient information 
and communication systems is major driving 
forces behind the emerging personalized 
 healthcare environment [ 1 – 6 ,  11 ,  12 ,  15 ]. With 
the development of new chairside technologies 
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designed to provide point-of-care diagnosis, the 
potential of personalized oral healthcare is just 
now being realized. For example, highly detailed 
information through genomic analysis and other 
noninvasive diagnostic technologies are enabling 
patient stratifi cation to better manage patient 
care and achieve the best possible outcomes [ 7 , 
 16 ]. Despite these advances, the dental profes-
sion still faces many challenges in the compre-
hensive implementation of personalized oral 
healthcare. We are at a pivotal point in time 
where we can transform our current disease 
management approach to healthcare by focusing 
more on a patient’s unique biological, social 
determinants and placing greater emphasis on 
the management of health rather than disease. 
This approach to patient care has important 
implications not only for improving the quality 
of life for individual patients but also for pro-
moting a healthy society [ 1 ].  

    Factors Driving the Personalized 
Oral Healthcare Environment 

 As the personalized oral healthcare environment 
takes foothold, the deployment of point-of-care 
services and personal monitoring devises will 
likely become more widely available, providing 
both patients and healthcare providers with the 
ability to monitor a patient’s health status and 
response to therapy in real time [ 8 ,  15 ,  17 ]. The 
increased use of information technologies in oral 
healthcare will accelerate the development of 
large-scale data sets. With system biology serv-
ing as backbone to integrate the biological and 
genetic information, our understanding of dis-
ease onset and progression will rapidly advance 
and provide guidance in the development of new 
prevention strategies [ 1 ,  7 ,  8 ,  10 ,  17 ,  18 ]. 

 One of the most important features of the 
emerging personalized oral healthcare environ-
ment is the role of patients in the decision- making 
process [ 1 – 6 ]. The patient of today wants to par-
ticipate and be actively involved in the decision 
about treatment options. The healthcare provider 
is no longer seen as the sole “decider” about what 
is best for the patient. Patients have an increas-

ingly stronger voice as their knowledge and 
understanding of what is required to maintain a 
healthy lifestyle. Partnership and empowerment 
are key elements in the successful provision of 
care in a personalized oral healthcare environ-
ment [ 1 ]. Currently, for many (general) practitio-
ners, personalized oral healthcare is a concept 
that is perceived to have little or no practical 
value in their practice. For this to change, it will 
be necessary to establish an infrastructure that 
makes use of our current information technolo-
gies to facilitate the communication across disci-
plines and between health professionals. 
Personalized oral healthcare will have a huge 
impact on reimbursement [ 11 ,  19 ,  20 ]. Assuming 
appropriate analytical and clinical validation, 
new diagnostic technologies and precision thera-
pies will take presidence over more traditional 
approaches that defi ne our reactive care environ-
ment. While no one expects the practice of den-
tistry to change dramatically any time soon, there 
will no doubt be increased pressure from patients 
and insurers for oral healthcare providers to place 
greater emphasis on risk assessment and more 
investment in prevention and early diagnosis and 
disease intervention [ 2 ,  7 ,  10 ,  13 ,  14 ,  16 ]. 

 One can argue that taking responsibility for 
one’s health is an economically and ethically 
sound approach to advancing personalized 
healthcare. The four “Ps” (prevention, predictive, 
personalized, and participatory) that represent 
the cornerstone of personalized healthcare per-
haps should include a fi fth P, personal responsi-
bility. While this certainly makes sense from the 
standpoint of social responsibility and empower-
ment, there is an equally important need to pro-
vide patients with the skills to manage the deluge 
of information that will shape the personalized 
healthcare environment [ 1 ,  2 ,  6 ,  21 ,  22 ]. A diverse 
body of research has established the role of edu-
cation as a predictor of improved health outcomes 
[ 23 – 26 ]. Our understanding of this complex rela-
tionship between patients and providers has 
important implications in driving continued 
progress in healthcare reform and even bigger 
implications in lifestyle reform. A broad-based 
dialogue among different constituencies in 
 society is needed to discuss risks and opportuni-
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ties and defi ne an ethical framework for imple-
menting this new personalized approach to 
healthcare [ 23 – 27 ].  

    Disruptive Innovations Will Shape 
the Personalized Oral Healthcare 
Environment 

 Innovations that will fundamentally accelerate 
the adoption of a personalized oral healthcare 
environment have yet to be realized. While there 
have been rapid advances in the development of 
home health monitoring devices, point-of-care 
diagnostic systems, and precision therapies, our 
healthcare system continues to assume a reactive 
posture. If disruptive innovations are to have a 
meaningful impact and accelerate personalized 
oral healthcare, new predictive biomarkers will 
need to be validated analytically and clinically, 
and new knowledge domains must evolve to bet-
ter prepare providers to succeed in a personalized 
oral healthcare environment [ 28 ,  29 ]. Changes in 
practice models, workforce expansion, commu-
nication strategies, and adoption of value-based 
reimbursement must be addressed if the current 
healthcare environment is to have transition to 
one that is personalized, preventive, predictive, 
and participatory. 

 One of the biggest challenges affecting the 
adoption of a personalized approach to oral 
healthcare by current providers is the educational 
defi cit in genomic medicine and a broad under-
standing of the molecular basis of disease 
[ 30 – 34 ]. As knowledge of the genetic basis of 
common oral disease continues to advance and if 
healthcare providers are expected to manage their 
patients effectively, it will be essential they have 
a working knowledge of genetics. A major chal-
lenge for providers in the emerging personalized 
oral healthcare environment is communicating 
disease risk to patients so they can make informed 
decisions. An understanding of genetic principles 
is vital to meet this challenge. At a minimum, 
oral healthcare professionals will need to know 
how to use genetic information to assess risk and 
guide treatment and how best to inform and inter-
pret the results for their patients. This is particu-

larly true today, where over-the-counter genetic 
testing is often used inappropriately to assess 
risk, leading to misinterpretation of results [ 35 ]. 
While there are a number of single gene disorders 
that affect the orofacial structures, as genomic 
medicine continues to develop, many more com-
mon dental diseases that are multifactorial in 
nature will be reveled to a have a genetic basis 
[ 36 – 43 ]. As with all health-related disciplines, 
educating oral healthcare professionals about 
genetics and genomics will be essential for clini-
cal practice. Although medical schools continue 
to increase genetic content of the undergraduate 
curriculum, dental students in the United States 
and in Europe continue to lag behind other 
healthcare professionals in their knowledge of 
genetic and genomic medicine [ 30 – 34 ,  44 ,  45 ], 
While most dentists may believe that genomic 
medicine is peripheral to their practice, the abil-
ity to understand the power and limitations of 
genetic testing will no doubt be an important part 
of the oral healthcare professional’s toolbox in 
the emerging personalized healthcare environ-
ment [ 30 – 34 ,  44 ,  45 ]. 

 Another discipline that will be necessary for 
oral healthcare providers to navigate is healthcare 
policy [ 46 – 48 ]. For example, successful imple-
mentation of a personalized healthcare environ-
ment that evolves from comparative effectiveness 
research and evidence-based practice will require 
that dental schools develop curricula to provide 
oral healthcare providers with the knowledge and 
skills necessary to work in an evolving personal-
ized oral healthcare environment. If the personal-
ized oral healthcare environment is to have a 
meaningful impact of the oral health of patients, 
dental schools must embrace these new educa-
tional initiatives in health policy. 

 The potential long-term outcomes of a suc-
cessful collaboration among the health profes-
sions include an optimal patient care environment, 
improved health system effi ciency, lower costs, 
and an increase in both patient and provider satis-
faction [ 1 ,  49 – 52 ]. 

 Collaborative learning enables health 
 profession students to be better prepared to adapt 
to an ever-changing healthcare environment. 
Collaborative care and teamwork will be an 
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essential feature of a successful personalized oral 
healthcare environment. Workforce-ready gradu-
ates will need skills to meet increasingly complex 
patient needs, adapt to changing technology that 
will infl uence dental practice, and function effec-
tively in collaborative practice settings. Given the 
increasingly prohibitive cost of the current 
healthcare system and the increasing inaccessi-
bility of high-value healthcare to a large segment 
of the population, there is little reason not to 
embrace that collaborative approach to education 
and care. Breaking down the current siloed 
approach to education and patient care can only 
enhance the value of each of the health profes-
sions, while at the same time advancing a health-
care system that is more effi cient, patient 
centered, and health management driven. In addi-
tion to making better use of existing services, the 
dental profession must explore new workforce 
models that help meet the oral healthcare needs 
of the growing underserved population 
[ 1 ,  53 – 60 ]. 

 What will qualify for reimbursement and 
how value for preventive care and risk assess-
ment will be determined will be dependent in 
large part on the data generated through omics 
technology [ 21 ,  22 ,  34 ,  36 – 38 ,  41 ,  42 ,  45 ]. 
Revisions to current payment systems to incor-
porate genomic and molecular data for diagno-
sis and clinical management of patients will, to 
a great extent, determine the pace at which per-
sonalized oral healthcare is incorporated into 
clinical practice [ 9 ,  15 ,  20 ,  38 ]. A recent exam-
ple of this is reported in a publication by 
Giannobile et al. which explores the value of 
IL-1 genotyping in determining the risk of 
severe periodontal disease [ 16 ]. Their data sug-
gests that IL-1 genotyping may serve as a pre-
dictive measure of the potential severity of 
periodontal disease and thus may be used to 
make evidence-based decisions regarding the 
frequency of dental visits for “routine periodon-
tal evaluation.” Given the potential signifi cance 
of this work, further corroboration is necessary 
[ 16 ]. Confl icting viewpoints on this matter point 
to the need for additional research in assessing 
the validity of predictive biomarkers in deter-
mining disease risk [ 61 ,  62 ].  

    Predictive Biomarkers Will Advance 
Personalized Oral Healthcare 

 Predictive biomarkers have been effectively 
employed for some time in cancer diagnosis and 
therapy, where they have been shown to have 
value in disease prognosis and in targeted cancer 
therapy [ 9 ,  13 ,  14 ,  63 – 65 ]. Biomarkers have 
been detected in blood, other body fl uids, and 
tissues and have been shown to play a key role 
in drug development and pharmacotherapy 
[ 66 – 68 ]. Some of the most successful examples 
where biomarkers have had a signifi cant impact 
in both predictive diagnosis and precision ther-
apy is in cancer. Targeted therapies for the treat-
ment of oral and head and neck squamous cell 
carcinoma (OHNSCC) fall into several catego-
ries of unique and overlapping targets. These 
include oncogenes, biomarkers associated with 
metastasis, gene amplifi cations, mutations and 
translocations, epigenetic alterations including 
DNA methylation, and alterations in histone 
proteins [ 66 ,  67 ,  69 ,  70 ]. Some of the more 
promising targets include receptors for epider-
mal growth factor (EGFR); vascular endothelial 
growth factor (VEGFR) that disrupt or block 
signaling pathways and networks that govern 
cell growth, cell motility, and survival; angio-
genesis inhibitors that block tumor neovascular-
ization and accelerate vascular normalization; 
and activation of immune response to tumor-
associated antigens and unique biomarkers that 
identify less aggressive forms of OHNSCC, i.e., 
human papillomavirus associated, and more 
recently microRNAs [ 71 – 89 ]. A number of 
these agents are now in clinical trials, with other 
more promising targets soon to be forthcoming 
[ 71 ,  73 – 76 ,  81 ,  82 ,  84 ,  88 ,  89 ]. Patient manage-
ment is clearly being improved with the use of 
biomarkers with existing drugs. This, along with 
increasing knowledge of gene expression and 
aberrant signaling pathways, should increase the 
number of drugs that can be more rationally pre-
scribed and dosed using biomarkers and also 
broaden the use of established drugs [ 72 ,  77 ,  79 , 
 80 ,  83 ,  85 ,  86 ,  90 – 92 ]. Although biomarkers 
have been reported to have value in assessing the 
risk of developing common dental diseases, 
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until validated, their value in predicting risk or 
in early diagnosis and therapy remains to be 
determined [ 9 ,  16 ,  18 ,  61 ,  62 ].  

    Personalized Oral Healthcare 
and the Learning Healthcare 
System 

 Much of the impetus driving the personalized 
healthcare environment is the recognition that the 
current system of fragmented care is inherently 
ineffi cient and costly [ 1 – 6 ,  15 ]. By focusing 
more on prevention and early intervention, the 
inherent value of personalized healthcare lies in 
its implementation in the setting of a learning 
healthcare system. As outlined in two Institute of 
Medicine (IOM) reports, a learning healthcare 
system is “one in which progress in science, 
informatics, and care culture align to generate 
new knowledge as an ongoing, natural by- product 
of the care experience, and seamlessly refi ne and 
deliver best practices for continuous improve-
ment in health and health care” [ 51 ,  93 – 96 ]. 

 Learning healthcare systems emphasize a col-
laborative approach to care and place great value 
on sharing information and insights across tradi-
tion practice boundaries to deliver better, more 
effi cient patient care. Key to this vision is the cre-
ation of systems linked by a common electronic 
health record and shared databases. This inter-
connected system is informed by new evidence- 
based practice through clinical research, data 
analysis, modern information technology, and 
bioinformatics. Managing and communicating 
information guides the decisions made by health 
systems, providers, patients, and communities of 
interest. The learning health system creates a 
continuous cycle or feedback loop in which sci-
entifi c evidence informs clinical practice, which 
in turn informs scientifi c investigation [ 51 ,  52 , 
 93 – 97 ]. A learning healthcare system is one that 
is designed to generate and apply the best evi-
dence for determining healthcare choices of each 
patient and provider, drives the process of discov-
ery as a natural outgrowth of patient care, and 
ensures continued innovation, improved quality 
and safety, and value in healthcare. The key attri-

butes of a learning healthcare system are adapta-
tion to the pace of change, stronger synchrony of 
efforts, a culture of shared responsibility, support 
for clinical decision support systems, universal 
electronic health records that link databases for 
the public good, and trusted scientifi c leadership 
[ 51 ]. All of these initiatives—large-scale research 
networks, risk assessment and clinical support 
tools, point-of-care trials, and living guidelines—
require a “paradigm shift” in healthcare, one that 
redefi nes the relationship between research and 
practice as a continuous feedback loop, with the 
application of evidence and a continuous learn-
ing environment complementing each other and 
fl owing in both directions. As the personalized 
oral healthcare environment continues to evolve, 
it will become more complex, and providers will 
be increasingly judged according to the value 
they provide their patients through the rapid 
adoption and implementation of best practices 
[ 51 ,  52 ,  97 ]. When dentistry makes this shift 
to a learning healthcare system, we should 
see  dramatic improvement in the quality of 
care, increased effi ciencies, and better cost 
containment.  

    Barriers to Adopting Personalized 
Oral Healthcare 

 Advances in prevention strategies, greater use of 
risk assessment, and the potential of biomarkers 
are likely to have a major effect on both clinical 
practice and the development of new drugs and 
diagnostics [ 9 ,  15 ,  27 ,  65 ]. Clinical biomarkers 
will be used to match specifi c therapies to spe-
cifi c patient characteristics. Addressing the 
salient ethical and legal issues facing personal-
ized medicine underpins the regulatory frame-
work and markets that drive its development and 
adoption. To make personalized oral healthcare 
more readily available to patients will require the 
rapid transition of basic, translational, and clini-
cal research into marketable pharmaceuticals and 
devices. Additionally, regulatory oversight must 
facilitate the deployment of discovery efforts in 
the clinical setting while ensuring that ethical, 
legal, and social obligations are met. Strategic 
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partnerships with researchers, clinicians, policy 
makers, and pharmaceutical and insurance com-
panies will need to be developed. Only interdisci-
plinary discovery efforts and patient care 
alliances will enable breakthrough of scientifi c 
discoveries to lead to the development of new 
products and thereby contribute to strengthening 
the capacity for innovation while simultaneously 
reforming the healthcare system. Personalized 
oral healthcare should not be a promise for the 
future but one that embraces the rapid advance-
ment of scientifi c and technological effort that 
offer patients and healthcare practitioners up-to- 
date diagnostics and therapeutics. 

 The most important challenges to implemen-
tation of personalized oral healthcare is the per-
ceived lack of clinical utility, the reimbursement 
for clinically validated diagnostic biomarkers, 
regulatory uncertainty, protection of genetic 
information, and the preparedness of providers to 
incorporate genomic-based technologies into 
clinical practice. Still other challenges include 
existing structures and frameworks in our health-
care system, its inherent complexity, and the cur-
rent inability to fast-track discovery science into 
the practice environment.  

    Conclusions 

 The deployment of new technologies designed 
to improve early diagnosis, prognosis, and 
treatment of chronic oral diseases should sig-
nifi cantly benefi t not only patients but also the 
medical device and pharmaceutical industry. 
Because of the complex nature of most chronic 
diseases, not all genetic loci may prove to be 
reliable predictors of disease onset or progno-
sis. As a consequence, the predictive potential 
of biomarkers and their usefulness as guides 
for the development of new targeted therapies 
will require more research. This may explain 
in part why the promise of personalized oral 
healthcare has been slow to translate into 
improvements in patient care and why only a 
limited number of targeted treatments are cur-
rently available. For some of the more com-
mon dental diseases, there is insuffi cient 
evident to support the routine use of genetic 
biomarkers in diagnosis, as reliable measures 

of disease risk, or as targeted therapies. As 
new technologies are developed and brought 
to market, there needs to be improved coordi-
nation and improved partnerships between 
public and private funding agencies while 
enabling fast- tracking on potential new thera-
pies by regulatory agencies [ 27 ]. 

 A personalized approach to oral healthcare 
has the potential to revolutionize dental prac-
tice. It also provides a unique opportunity to 
establish a mutually benefi cial relationship 
between emerging medical technologies and 
new delivery systems in healthcare. If disrup-
tive innovation is to drive personalized medi-
cine, it will be necessary to take a more 
aggressive approach to innovation and discov-
ery. A robust framework for continuing assess-
ment and improved oversight of developing 
technologies will enhance the integrity of this 
process while enabling the rapid deployment 
of discovery science into the patient care envi-
ronment. While there is unquestioned risk in 
this largely untested approach to healthcare, 
one has to ask if the benefi ts of investing in 
disruptive innovations to advance personal-
ized healthcare is a risk worth taking. When 
one looks at the potential of a personalized 
approach in oral healthcare in advancing the 
future healthcare environment, the investment 
potential seems obvious.     
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