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Abstract

Personalized medicine is a new framework for medical care that involves modelling and
simulation of a disease on the basis of underlying mechanisms. This strategy must replace the 20t
century paradigm of defining disease by pathology or associated signs and symptoms, and
conducting outcomes research that is based on the presence or absence of the disease syndrome.
New technologies, including next-generation sequencing, the ‘omics’, and powerful computers
provide massive amounts of accurate data. However, attempts to understand complex disorders
such as chronic inflammatory disorders, functional disorders and cancers by applying new
technol ogies within the 201 century framework has failed to produce the expected medical
advances. To help physicians embrace a paradigm shift, the limitations of the old framework and
major advantages of the new framework must be demonstrated. Chronic pancrestitisis an ideal
complex disorder to study, because the organ is so simple, and the advantages of personalized
medicine are so profound.

Introduction

Medicine improvesin gradual steps and quantum leaps. Medical practice is established
within a conceptual framework that is based on the current understanding of a disease and
gradually improves as new knowledge fillsin the details. After 100 years of incremental
progress, new technologies and discoveriesin the past few years have revealed major
inconsistencies and inadequacies within the existing framework; a new conceptual
framework is now required to advance the field. However, no one will transition from the
old framework to the new until they know the limitations of the old and the advantages of
the new.1
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The need for a new framework for Western medicine is clear, as technical breakthroughs,
major discoveries and massive spending applied within the 201 century framework has not
resulted in the expected improvements in patient outcomes for many complex inflammatory
disorders, functional disorders and cancers.? Indeed, the 20t century approaches cannot
conquer these disorders, because the existing framework cannot circumvent two undisputed
facts: firstly that most uncured disorders are complex processes, and secondly that each
person is fundamentally different from the average of the population.

Personalized medicineis a new conceptual framework that represents the quantum leap from
the 20t century paradigm of Western medicine to medicine for the 215t century. The
personalized medicine paradigm retains the advances of the 20t century but also effectively
addresses complex disorders. What is personalized medicine? How isit different from the
current framework? How is the new framework applied to medical practices?

Chronic pancreatitis is a complex chronic inflammatory disorder that illustrates the
limitations of the 20" century framework and the advantages of the new personalized
medicine framework. A paradigm shift has occurred in the diagnosis and treatment of
chronic pancreatitis in Pittsburgh, Pennsylvania, USA, and this program will be used to
illustrate how the new paradigm works.

20t century medicine

In the 20 century, the conceptual framework for medicine was based on the germ theory of
disease, which was devel oped during the 19t century. The fundamental assumption was that
acquired diseases were caused by a single pathologic factor that resultsin a complex
syndrome. The scientific method that was established for medical education and medical
research early in the 201 century was observation, generation of hypotheses and
experimental testing to determine whether an association between a single factor and a
disease syndrome existed. Koch's postulates (Box 1) codified the medical scientific method
by structured research experiments to test hypotheses within the context of the germ theory
of disease. At the same time, disease taxonomy (that is, disease description, homenclature
and classification) was built on tissue pathology, and the diagnosis of a disease was made on
the basis of the identification of pathology within atissue sample or by using surrogate signs
and symptoms. If a‘germ’ or other single aetiological factor was not identified, the disease
was defined by the type of pathology (for example, inflammation, metaplasia, or histological
abnormality for functional disorders) rather than the aetiology. A treatment was then
prescribed on the basis of the diagnosis and evidence that previous patients within a similar
disease classification often improved under that therapeutic regimen. This framework was
established by the 1910 ‘ Flexner Report’ .3 The curriculum proposed by Flexner was
designed to identify single aetiologies for complex syndromes, and this approach continues
to be taught in medical schoolstoday. This framework is also the basis of medical research
conducted to generate evidence used to develop practice guidelines.

Chronic pancreatitisis currently defined as a continuing inflammatory disease of the
pancreas characterized by irreversible morphologic changes that typically cause pain and/or
permanent loss of function.* Despite considerable research efforts using approaches from
the 20t century, by 1995, chronic pancreatitis remained “an enigmatic process of uncertain
pathogenesis, unpredictable clinical course, and unclear treatment”.> A new framework from
which to understand and treat chronic pancrestitis is needed.

New technologies

The framework for personalized medicine differs from the 20t century paradigm in many
ways (Table 1). The critical issue isthat many different aetiological mechanisms can cause

Nat Rev Gastroenterol Hepatol. Author manuscript; availablein PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Whitcomb

Page 3

the same signs and symptomsin an organ or system. Under the existing framework, multiple
disorders are classified as a homogenous disease, and they are evaluated and treated as if
there was only one underlying cause. These disorders cannot be resolved using the binary
20! century scientific method of hypothesis testing as no ‘single’ factor is responsible for a
complex disease. Furthermore, complex disorders cannot be easily classified using the old
hierarchical disease taxonomy,2 and attempts to use disease subclassifications to evaluate
multifactor diseases becomes expensive and unwieldy for common disorders and impossible
for rare disorders (Figure 1a). The problem is confounded when multiple genetic risk
variables are added to the subclassification approach.

Instead, the framework for medicine in the 213 century must begin with mechanistic and
predictive modelling of normal biological systems before determining which genetic,
environmental and structural factors, or a combination of these factors, alter ‘ normal’
beyond the capacity of the system to adapt and therefore resultsin disease. A model isa
simplified representation of the system that is designed to help researchers understand the
real system. The model should define all of the critical elements of the real system such that
mani pulation of the model predicts the outcome of manipulating the system in patients.
Simulation involves modelling the processes of the system over time and enables the
investigator to understand the interaction of the parts and predict outcomes on the basis of
results obtained by manipulating the model. Modelling and simulation of complex disorders
iscritical because complex interactions and evolving processes cannot be understood by
studying asingle variable or even multiple but independent variables. Simulating the disease
risk or trajectory enables the effect of interventions to be evaluated /n si/ico, on the basis of
the combination of risk factors specific to each individual patient (Figure 1b).

A new paradigm is required

Four advances in technology illustrate the limitations of the outdated 20t century
framework. The advances are critical to ensure that patients with complex disorders receive
appropriate care.

Imaging and diagnostic biopsies—A diagnosis based on tissue pathology was the
foundation of medicine in the 201" century. However, advancesin obtaining high quality
biopsy samples from an anatomical location using exploratory surgery, laparoscopy,
endoscopy and advanced imaging have not led to increased effectiveness of treatments for
complex inflammatory disorders or cancers. In the case of cancer, where the character of the
disease and patient outcomes are determined by aberrant genetics within the tumour, a
personalized medicine approach is needed to identify the genetic signatures that define the
mechanisms underlying the pathology in a particular patient. This approach means that the
behaviour of atumour can be predicted, and appropriate targets for therapy identified.5.
However, for complex inflammatory disorders such as chronic pancreatitis, tissue evaluation
tells us about disease activity, but not about aetiology, mechanisms,® or why some people
develop pancreatitis whereas others do not.10

Evidence-based medicine—The explosion of clinical and basic research publicationsin
the last half of the 20" century resulted in data overload for physicians. Evidence-based
medicineis an analysis framework developed by clinical epidemiologistsin the early 1990s
to evaluate, synthesize and present clinical research reports in a standardized fashion that
could be understood and acted upon by clinicians and policy makers.11 Although successful
in achieving these goals, evidence-based medicine is not a new paradigm, asit exists within
the 20t century framework as an information literacy model.12 In addition, evidence-based
medicine that utilizes retrospective analysis of old clinical studies that approached complex
medical disorders using a binary (germ theory) method and disease classifications cannot
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generate fundamentally new insights or mechanistic breakthroughs, and actually diminishes
the usefulness of existing information. For example, classification of cardiovascular risk for
systolic blood pressure (Figure 1a) requires a cut-off value to generate a binary operator;
such as <140 mmHg equating to no risk and >140 mmHg equating to full risk, implying that
lowering systolic blood pressure from 142 mmHg to 138 mmHg is more important than
lowering systolic blood pressure from 160 mmHg to 142 mmHg. Mathematical modelling
can use continuous variables to provide more accurate risk and outcome predictions (Figure
1b). New computational tools, such as Archimedes,13 are needed for guiding clinical
decisions in complex disorders'* and especially for uncommon diseases for which large
populations of patients are not widely available. Thus, the ‘next generation’ of evidence-
based methods is needed to evaluate the mechanistic evidence underlying complex disorders
and the performance of new computational tools.

Genome-wide association studies—A genome-wide association study (GWAS) uses
thousands to millions of common single nucleotide polymorphisms (SNPs) in the human
genome as chromosome location markers to pinpoint the genetic location of a gene that
contributes to a particular disease. Genetic data from large cohorts of patients with and
without a defined disease feature are compared through an unbiased statistical approach to
discovering the genetic basis of an inherited trait.1> The underlying assumptions are that
humans are related at some level, that pieces of chromosomes that carry diseaserisk are
inherited in subsets of people, and that the culprit gene can be discovered through a nearby
genetic marker that can be tracked through various popul ations of patients with the disease.
This approach has been useful for identifying genes responsible for disorders with afairly
simple genetic basis, but the inherent statistical challenges are further weakened upon
application to conditions with high disease complexity. Huge numbers of patients with the
global, syndrome-defined phenotype of interest are required. Asindependent effects are
small, multiple testing of SNPs (for example, 7= 1,000,000) requires very high Pvaluesto
reduce false positive findings (for example, £<0.00000001), and large variance occurs as a
result of vague phenotypic measures and mixed populations.

Early results from GWAS confirm that no single gene causes complex syndromes but
instead reveal s that dozens and dozens of factors are associated with complex disorders, as
illustrated with at least 47 confirmed loci for ulcerative colitis!® and 71 for Crohn’s
disease.1’ Thus, GWAS for more complex and traditionally defined disorders requires
multi-million dollar projects with tens of thousands of patients and even more controls,
which must often involve international consortia.16-12 Furthermore, the conceptual
foundations of the 20t century medical paradigm are inadequate to interpret these results
and provide direction for clinical decision-making. Instead, incorporating genes identified in
GWAS into mechanistic models within a new personalized medicine framework will guide
improved diagnosis and treatment.

Next-generation sequencing—Next-generation sequencing isarapidly evolving
technology that uses massive parallel sequencing with computer reconstruction of DNA
seguence fragments to generate a partia or full genomic sequence. It is amajor advance
over GWAS, because it reveals disease-causing genetic variants rather than nearby markers
and is faster and costs less than traditional Sanger sequencing of asingle large gene. Clinical
application of next-generation sequencing reveals a tremendous number of genetic
variations among individuals, with many new mutations and multiple susceptibly risk
factors seen in each patient.20-21 These realities highlight the near impossibility of resolving
the complexity of a patient’ s genome using epidemiology, statistics and patient
subclassification strategies within the framework of 20t century medicine. However,
application of next-generation sequencing into new paradigms will be the foundation of
medicine in the 213 century.
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Using expensive technology to diagnose patients on the basis of the old framework is
inefficient and ineffective, because the complex data sets cannot be adequately interpreted.
What is needed is a new framework so that new types of datarelevant to individual patients
can be integrated into a treatment plan that targets the true aetiology precisely.

Personalized medicine

In contrast to current practice, health care should now not focus on disease, but on health;
not on disease status but on trajectory; not on treatment based on pathology but on avoiding
pathology; not on treatment trial and error but on selection of the best treatment with
continuous optimization (Table 1).

The process of developing disease modelsis challenging but can be accomplished using
reverse engineering, an approach used to understand other complex systems. The system is
broken into its component parts, the function of each component is modelled, the modelled
components are reintegrated, and the effects of the integrated components on overall
processes are simulated under multiple conditions. In medicine, we know alot about the
components of complex disorders, including the specialized cells, organs, signalling and
regulation under normal and stress conditions, which we can model and simulate. The
advantage of such modelling and simulation isthat it can be done on a patient-by-patient
basis, incorporating the unique variables that each patient possesses.

Fortunately, we do not need to model each biological step in every pathway to develop
useful disease models. Through detailed evaluation of a series of patients with a complex
disease involving a known system, and by isolating and evaluating individual parts, the
components that are commonly dysfunctional can be identified. Then, the dysfunctional
mechanism can be simulated and brought back to the larger model. At this point, the effect
of any combination of variablesin a single patient can be calculated, and the effect of a
therapeutic intervention can be simulated. Our application of this approach to the problems
of early diagnosis and management of chronic pancreatitis provides a useful illustrative
model.

Pancreatitis—a good model?

Pancreatitis can be modelled because the exocrine pancreasis so simple, with only two cell
types (acinar and duct), each of which is responsible for only one function (synthesize
digestive enzymes and flush enzymes out of the pancreas, respectively). Few external risk
factors affect the pancreas, as the organ is not directly exposed to the environment and does
not metabolize or concentrate toxins. Furthermore, accurate mathematical models of the duct
have already been developed?? and have been able to predict both emerging biology?2 and a
new subclass of disease-causing mutations.?*

Modelling pancreatitis involves only one major mechanism of injury: trypsinogen activation.
Furthermore, five major susceptibility genes linked to trypsin are known and have been
replicated throughout the world, with additional key genes under evaluation.2>26 The first
phase of the North American Pancredtitis Study 2 (NAPS2) evaluated 1,000 patients with
recurrent acute and chronic pancredtitis, revealing the heterogeneity of a disorder previously
classified as one entity (ICD9 code 577.1). Only 15% of patients devel oped pancreatitis with
heavy alcohol consumption alone (Ilong presumed to be the primary cause of pancredtitis).
We found that 24% of cases had a genetic aetiology (14% CFTR, 3% CFTRand SPINK,
4% SPINK 1, 3% PRSSI); 4% were attributable to hyperlipidaemia or autoimmune causes,
9% were caused by obstruction; 3% resulted from severe acute pancreatitis (usually with
pancreatic necrosis); and 42% were idiopathic.2” Alcohol had a surprisingly weak
independent effect (relative risk [RR] 1.37), with smoking surprisingly strong as an
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independent risk factor (RR 2.35). The two together were found to act synergistically (RR
8.07).28 These data provide support for a new framework for a personalized approach to
chronic pancreatitisin the clinic.

Clinical application

At the University of Pittsburgh, to create clinically useful models, we had to develop an
aetiology-based risk classification system in which the agetiological factors were organized
and evaluated.* Development of a disease progression model2? enabled the factors that were
driving disease progression to be identified in human studies® and the mechanism validated
in animal models,3! resulting in the recognition that early intervention can change outcome
for some patients (for example, cessation of alcohol consumption32 or smoking33) but not
others (for example, susceptibility gene mutations plus SP/NVK 1 mutations — Whitcomb,
unpublished 2012). A growing understanding of genetics and gene—environment interactions
also means that patients can be classified by mechanism.

An academic medical centreisuseful for organizing dedicated physicians—scientists into
teams to discover the components of the complex systems that |ead to the chronic
inflammatory disorders left uncured from the 20t century.2? At the University of Pittsburgh,
we have developed an evaluation and treatment work-flow that is based on a personalized
patient pancreatitis paradigm (Figure 2). Most important is that genetic testing and complex
risk analysis comes at the beginning, not the end. The initial analysis (Figure 2b)
immediately stratifies the patientsinto low and high probability categories on the basis of
integrated risk and biomarker evidence of injury (for example, biomarker A). Diagnostic
work-ups are rapid, specific and efficient. If the genetic or other combinations of risk and
biomarker tests are positive, diagnostic work-up stops. This strategy isin contrast to current
approaches to work-up of patients with chronic pancreatitis using repeated CT scans,
endoscopic ultrasound, pancreatic function testing, endoscopic retrograde
cholangiopancreatography with sphincter of Oddi manometry, and so on to identify
irreversible structural and functional damage for a surrogate histological diagnosis. Failure
to pinpoint risk factors or biomarkers of pancreatitisin our system does not exclude the
possibility of acomplex pancreatitis disorder, but, as new genetic factors are discovered and
incorporated into the models, the number of patients with true idiopathic pancreatitis shrinks
and the likelihood that the symptoms arise from the pancreas when the initial evaluation
reveals no aetiology, diminishes. Furthermore, this approach immediately classifies the
patients as having simple or complex genetic syndromes, autoimmune disorders, or
mechanistic problems that require different treatments (Figure 2c).

With knowledge of a disease mechanism that is linked to biomarkers of activity (biomarker
B) or progression (biomarker C) patient-specific strategies for risk reduction and treatment
can be prescribed or tested. The mechanism of disease can then be used to identify possible
treatments or treatment trials for particular disorders (Figure 2c). It follows that: main duct
obstruction caused by pancreas divisum, stones or tumours should be treated with
mechanical solutions; low hydrostatic duct pressure caused by CFTR or other mutations
could be treated with CFTR correctors,3* distal duct resistance reduction at the down-stream
sphinctors, or treatments to facilitate duct cell function; acinar cell hyperstimulation risk,
hypersensitivity linked to PRSSZ mutations or calcium dysregulation could be treated with
targeted therapies such as calcium channel blockers®® or more targeted calcium regulatory
mechani sms; autoimmune pancreatitis such as |gG4-related pancreatitis should be treated
with glucocorticoids and immunosuppression.36

Targeted therapy does not diminish the importance of general public health policiesto
reduce obesity and stop smoking, but build on these approaches. Factors that drive
inflammation and fibrosis, such as acohol and smoking, are also addressed with counselling
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or referral to specialized programs. Knowledge of the mechanism, proper selection of
biomarkers to monitor treatment effectiveness and early signals of progression are making it
possible to manage strategies to prevent or delay mechanisms of susceptibility.

Highly variable complications of pancreatic injury and inflammation include pain, diabetes
mellitus, metaplasia and pancreatic exocrine failure (Figure 2d). Many patients are seen after
these problems are well established, but personalized approaches might still be valuable.
Pain, for example, is stratified as episodic or continuous, as the type of pain strongly affects
quality of life.3” Early and aggressive treatment plans are also needed as delays in treatment
diminish the likelihood of success for endoscopic and surgical approaches.38 Anxiety,
depression and poor coping skills are also addressed. Patients with complex genotypes and
severe symptoms who develop an unrelenting course are evaluated as candidates for total
pancreatectomy and islet autotransplantation in an attempt to avoid chronic pain syndromes
and diabetes mellitus from destruction of islet cells and to improve quality of life.39:40

Using new technologies

At the University of Pittsburgh, we are exploring the use of next-generation sequencing in
theinitial evaluation of patients with complex pancreatic diseases. The cost of whole-exome
sequencing and some other sequencing technologiesis already less than the cost of
traditional sequencing of the known susceptibility genes for pancreatitis and continues to
drop. Although whol e-exome sequencing provides sequence data on thousands of genes, we
‘mask’ all of the data except for the five pancreatitis susceptibility genes (PRSS1, CFTR,
SPINK1, CTRC, CASR), which we evaluate.*} Genetic variants in these genes are verified
in acertified clinical laboratory. The remaining sequence data are saved for research
purposes and to develop new and improved genetic risk models. As the sequencing only
needs to be done once, the cost of additional genetic variation datais minimal, and the time
frame to answer additional clinical questionsin the futureis rapid.

Better care at a lower cost

The personalized medicine approach for chronic pancrestitis not only provides better care
than other approaches, it probably saves money. Savings are made by minimizing diagnostic
costs, avoiding high-risk diagnostic procedures, limiting the use of therapies to patients who
are most likely to benefit, and addressing the aetiology to minimize the rate of disease
progression, and thereby avoiding the high cost, suffering and disability associated with
advanced disease.

Diagnosis of chronic pancreatitis has traditionally been challenging, asit focuses on
detecting irreversible damage to the pancreas. Early genetic testing and susceptibility
evaluation can largely replace the current use of insensitive and expensive diagnostic testing
in patients with pancreatitis-like symptoms. Our new approach not only saves the cost of
multiple diagnostic tests, but it also avoids the risk of actually causing pancreatitis from
endoscopic retrograde cholangiopancreatography (ERCP — as above), sphincter of Oddi
manometry, and other invasive diagnostic procedures. Furthermore, genetic testing costs less
than one endoscopic procedure and many sophisticated imaging methods. In addition, the
results are definitive and enduring (they never need to be repeated); they reveal underlining
mechanisms, and they direct future treatment strategies.

Acetiology-based care is also amoney saver. Early diagnosis enablesimmediate
implementation of a plan to minimize the factors driving the pancreatitis symptoms and to
dlow progression through targeted means, including lifestyle changes (such as no smoking or
alcohal). This strategy also immediately identifies patients with genetic syndromes that have
implications for family members (for example, hereditary pancreatitis) or who might benefit
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from attention to the risk of problemsin other organs (such as lung disease in patients with
mild cystic fibrosis). Aetiology-based care might also eliminate unnecessary procedures,
such as performing a cholecystectomy on everyone with pancreatitis just in case the
aetiology is gallbladder dysfunction. Furthermore, the ‘reverse engineering' approach
recognizes that complications do not occur in parallel (for example, a physician cannot tell
from a CT scan showing moderate fibrosis whether or not the patient has pain, maldigestion
or diabetes mellitus), and provides direction for atypical presentations (such as minimal
change pancreatitis with no fibrosis but considerable pain). Finally, aetiology-based
interventions will probably slow disease progression and will minimize the high cost of
treating complications of pancreatitis, including endoscopic treatment of duct obstructions,
pancreatic enzyme replacement therapy for maldigestion, management of diabetes mellitus
and pain management costs associated with medicines, endoscopies, surgeries and disability.
An ounce of prevention isworth apound of cure.

Acetiology-based care does not preclude the use of interventions that are currently available.
In some cases, the combination of genetic risks and uncontrollable disease activity result in a
horrible quality of life, including the inability to work or attend school, and areal threat of a
chronic pain syndrome or diabetes mellitus. Well-designed modelling and simulation
approaches, such as those described for selecting patients for intervention in cardiovascular
disease,1* might also be useful for clinical decision making where no evidence-based
guidelines exist. Such models provide the combined benefit of improving outcomes through
optimal timing of irreversible interventions (for example, total pancreatectomy with islet
autotransplantation) and applying these to the right patients.

Conclusions

The framework from which medicine operated in the 20" century was useful for infectious
disease and disorders with asingle agtiology. Medical care for complex inflammatory
disorders, functional disorders and cancers has not improved to the same degree, and
additions of powerful new technologies have not appreciably improved patient outcomes. A
new framework that is effective in individual patientsis needed. The pancreatitis program at
the University of Pittsburgh Medical Center capitalizes on both a new framework and new
technologies to provide a new approach to this complex disorder and serves as a roadmap to
personalized medicine that delivers much better care at a much lower cost.
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X

Two approaches to assess individual risk on the basis of the presence or absence of six
variables. a| Traditional subclassification approaches divide the population into 32
categories, record the outcomes and then estimate the individual’ s risk based on the category
with characteristics most like the individual. b | Modelling and simulation approaches can
start with results from subclassification approaches and improve on them using statistical
and mechanistic (deterministic) approaches based on knowledge of biology. Risk estimates
for independent or combined variables can be calculated to replicate the results of the
population study and provide new insights (for example, Archimedes!'#). Modelling is useful
for simulation population studies, and also for an individual patient. For an individual
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patient, modelling provides prognostic information that can be more accurate when it uses
continuous variables rather than arbitrary cut-off values, when the patient isin a poorly-
populated subclassification with limited outcomes data, when deterministic rel ationships
based on biological mechanisms are included, when new variables of known mechanistic
effect are added (for example, genetic risk) or when their disease falls outside of current
recommendations and popul ation studies to determine complex risk subcategories cannot be
done owing to small patient numbers or high costs. Rounded rectangles, patient populations;
diamonds, decision points; hexagon, risk calculator; DM, diabetes mellitus; LDL, low
density lipoproteins; SBP, systolic blood pressure; smoke, history of smoking; SC,
subclassification.
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Figure2.

Clinical pathway of patients being evaluated for suspected pancreatic disease. a| Referred
patients undergo initial evaluation and triage. b | Patients with idiopathic or complicated
pancreatic diseases undergo genetic testing and risk modelling. ¢ | Patients are classified into
genera disease mechanism groups and treatment effectiveness is monitored. d | Common
complications are also anticipated and addressed, with appropriate reference to sequencing
data results. Patients with unexpected outcomes are re-evaluated and additional assessment
is done as needed. Abbreviations: AP, acute pancreatitis, CF, cystic fibrosis; CP, chronic
pancreatitis; dz, disease; ERCP, endoscopic retrograde cholangiopancreatography; NGS,
next-generation sequencing; PERT, pancreatic enzyme replacement therapy; PC, pancreatic
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cancer; RAP, recurrent acute pancredtitis; Rx, treatment; TP/IAT, Total pancreatectomy
with islet autotransplantation.
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Medicine in the twentieth and twenty-first centuries
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Domain

20t century

21% century

Overarching goal

Treatment of disease

Prevention of disease

Enabling technology

Microscope, culture techniques, biopsies

NGS, biomarkers, computers

Disease model

Germ theory

Complex risk, variant response to stress

Paradigm-shifting force

Flexner Report of 1910

Economics

Education focus

Disease diagnosis and classification

Normal responses, assessment of variants

Scientific focus

Determine associations

Determine mechanisms

Scientific approach

Koch's Postulates, global statistics

Modelling and simulation, performance characteristics

Disease classification

Tissue pathology, syndromes

Genetic and environmental risks, surrogate endpoints

Disease time frame

Static, cross-sectional

Dynamic, longitudinal

Physician focus

Overall organ dysfunction

Activity and trajectory of dysfunctiona systems

Assessment Disease classification Outcome prediction
Treatment Tria and error Targeted, optimized
Success measures Population based Individual based

Utility of the paradigm

Infectious diseases, Mendelian genetics, single agent
disorders, cancer detection

Inflammatory disease, complex genetics, functional
disorders, cancer control

Abbreviation: NGS, next generation sequencing.
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