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ObjectivesObjectives

What is a model.What is a model.
Modeling formalismsModeling formalisms
Specific modelsSpecific models
Population variabilityPopulation variability



What is a modelWhat is a model

Simplified representation of a Simplified representation of a 
complicated reality (the system)complicated reality (the system)
Captures (describes) key behaviors of Captures (describes) key behaviors of 
realityreality
Two basic choices:Two basic choices:

Level of system specificationLevel of system specification
Pathways Pathways vsvs Cells Cells vsvs Organs Organs vsvs OrganismOrganism
MultiscaleMultiscale

Modeling framework specificationModeling framework specification
Mathematical/statistical/othersMathematical/statistical/others

( ) ( )ModelY state X observations⎯⎯⎯→



Why a model?Why a model?

PredictionsPredictions
SurvivalSurvival
Hurricane path and strengthHurricane path and strength

Insight/interpretationInsight/interpretation
WhatWhat--if scenarios?if scenarios?
““RankRank”” drivers of outcomedrivers of outcome



Model structure Model structure 
Variables and ParametersVariables and Parameters

Variables (Y, X) are:Variables (Y, X) are:
Input into the model, output from the model (state)Input into the model, output from the model (state)
Independent predictorsIndependent predictors
Observable from the systemObservable from the system

Parameters (m, b)Parameters (m, b) are:are:
Integral part of the specification of the modelIntegral part of the specification of the model
Adjusted to have model Adjusted to have model ““fitfit”” the datathe data

Poor fit suggest the model does not capture the behavior Poor fit suggest the model does not capture the behavior 
of the systemof the system

Y = mX+b



Scale and granularityScale and granularity

Bottom-up
• As close to reality as possible
• Broad knowledge-gaps
• Computational intractability

Top-down
• Abstract
• Few variables and parameters
• May or may not offer useful predictions

Data-rich
• Data-driven
• Biological correspondence
may be difficult

• Black-box

Knowledge-rich
• Causal
• Extensive use of prior knowledge
• White-box



Statistical (dataStatistical (data--driven) modelsdriven) models

What they can doWhat they can do
ClassifyClassify

Discriminate (ROC)Discriminate (ROC)
ClusterCluster

Predict (calibration, e.g. RPredict (calibration, e.g. R22))
What form do they takeWhat form do they take

RegressionRegression
Machine learningMachine learning

Neural networks Neural networks 
GraphicalGraphical
Many othersMany others

CombinationsCombinations



TimeTime--dependent statistical predictionsdependent statistical predictions

ICU

Discharged
alive Dead

P(death|ICU)=g(SOFA scores, ICU day)

P(ICU|ICU)=f(SOFA

 

scores, ICU day)

P(death|ICU)=h(SOFA scores, ICU day)

Probability can be derived from
•Observed transition probabilities
•Other models



Actual Actual vsvs
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Statistical modelsStatistical models

AdvantagesAdvantages
Good to predict population outcomeGood to predict population outcome
Take advantage of associationsTake advantage of associations

DisadvantagesDisadvantages
Not as good to predict the outcome of an Not as good to predict the outcome of an 
individual, except at extreme of predictionsindividual, except at extreme of predictions
Knowledge poor, no inclusion of a priori Knowledge poor, no inclusion of a priori 
known mechanismsknown mechanisms
Require large amount of dataRequire large amount of data
Subject to assumptions (e.g. distribution of Subject to assumptions (e.g. distribution of 
data) that may not always be fulfilleddata) that may not always be fulfilled
Require careful approach to missing dataRequire careful approach to missing data



EquationEquation--based modelsbased models

NonNon--dynamicaldynamical
Describes relationships between variablesDescribes relationships between variables

Typically algebraicTypically algebraic
Description of steadyDescription of steady--states, transients states, transients 
unimportantunimportant
Most traditional physiologic modelMost traditional physiologic model

Cardiopulmonary physiologyCardiopulmonary physiology

DynamicalDynamical
Difference equationsDifference equations
Differential equationsDifferential equations

TimeTime--dependence (Ordinary DE)dependence (Ordinary DE)
Time and spaceTime and space--dependence (Partial DE)dependence (Partial DE)



EquationEquation--based modelsbased models

KnowledgeKnowledge--richrich
Basic laws (rules) of the system are provided Basic laws (rules) of the system are provided 
a prioria priori

Also true of agentAlso true of agent--based modelsbased models
Clear sense of causalityClear sense of causality
May or may not be constructed as to reflect May or may not be constructed as to reflect 
physical realityphysical reality

Can be very high levelCan be very high level
Although basically deterministic, can clearly Although basically deterministic, can clearly 
accommodate stochastic elements, thus accommodate stochastic elements, thus 
uncertain knowledgeuncertain knowledge
Well developed mathematical theoryWell developed mathematical theory



Scale and granularityScale and granularity

Bottom-up
• As close to reality as possible
• Broad knowledge-gaps
• Computational intractability

Top-down
• Abstract
• Few variables and parameters
• May or may not offer useful predictions

Data-rich
• Data-driven
• Biological correspondence
may be difficult

• Black-box

Knowledge-rich
• Causal
• Extensive use of prior knowledge
• White-box



EquationEquation--based models based models --
 

caveatscaveats

Even small systems can have large number of Even small systems can have large number of 
parameters parameters 

Parameter reduction techniques are availableParameter reduction techniques are available
Many of the parameters are not knownMany of the parameters are not known

Even if we think we have good literature documentationEven if we think we have good literature documentation
Biological data was typically not collected with modeling in Biological data was typically not collected with modeling in 
mindmind

Molecule halfMolecule half--lifelife
Reaction ratesReaction rates

Models are typically underspecified: many different Models are typically underspecified: many different 
combination of parameters can explain data equally combination of parameters can explain data equally 
wellwell
Structure Structure vsvs parameters problemparameters problem
Underlying assumptions may not be fulfilled (e.g. Underlying assumptions may not be fulfilled (e.g. 
continuity)continuity)



Viral Models Viral Models ––
 

Population basedPopulation based

Largely empiricalLargely empirical
Susceptible, Infected, Recovered/resistantSusceptible, Infected, Recovered/resistant

Yet, knowledge of basic determinant of Yet, knowledge of basic determinant of 
such models is importantsuch models is important

RR00, , θθ
Social networksSocial networks
Health delivery services infrastructureHealth delivery services infrastructure



Motivation for biological modelsMotivation for biological models

Explain input to larger modelsExplain input to larger models
Explain manifestation of diseaseExplain manifestation of disease

Disease severityDisease severity
Age, coAge, co--morbiditymorbidity

Explore modifiers of disease that act at Explore modifiers of disease that act at 
the individual levelthe individual level

SusceptibilitySusceptibility
TransmissibilityTransmissibility
Vaccine effectVaccine effect
AntibioticsAntibiotics



Population modelsPopulation models

R0

θ

Transmission
after symptoms

Transmission
before symptoms

One infects
very few

One infects
very many

Low epidemic
potential

High epidemic
potential



Biological modelsBiological models

Models of HostModels of Host--Virus interactionVirus interaction
HIVHIV (a lot), as well as other retroviruses(a lot), as well as other retroviruses
InfluenzaInfluenza, HBV, West Nile, Smallpox, HBV, West Nile, Smallpox
Little traction in translational researchLittle traction in translational research

Exception is multiple interruptions of Exception is multiple interruptions of 
therapy in HIV carrierstherapy in HIV carriers



Biological Models of viral infectionsBiological Models of viral infections

Since early 1990Since early 1990’’ss
HIVHIV

Nowak, Perelson, Kirschner, WodarzNowak, Perelson, Kirschner, Wodarz
ObjectObject

HIV/CD4+ interactionHIV/CD4+ interaction
Optimizing therapyOptimizing therapy
Dynamics of viral mutation and multiple infectionsDynamics of viral mutation and multiple infections

InfluenzaInfluenza
BocharovBocharov, , HanciogluHancioglu, , BeaucheminBeauchemin

Hepatitis B, CHepatitis B, C
BocharovBocharov



The simplest viral model (v0.1)The simplest viral model (v0.1)

Virus Target
cell

Healthy
cell

Killer
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The The ““reactionreaction””
 

formulationformulation
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With a killer cell (r)With a killer cell (r)
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The reverse transcriptase exampleThe reverse transcriptase example



A (slightly) more realistic modelA (slightly) more realistic model

HIV infects CD4+ cellsHIV infects CD4+ cells
These CD4+ cells are responsible for These CD4+ cells are responsible for 
the clonal expansion of cytotoxic T the clonal expansion of cytotoxic T 
lymphocyteslymphocytes
Could Could ““controllingcontrolling”” virus expression virus expression 
allow sufficient CD4+ activation to allow allow sufficient CD4+ activation to allow 
sufficient CTL to maintain a chronic sufficient CTL to maintain a chronic 
carrier state carrier state –– given a fixed antigenic given a fixed antigenic 
mutation rate?mutation rate?



Lessons learned from biological Lessons learned from biological 
models of HIVmodels of HIV

Rapid drift, a major impediment for vaccine Rapid drift, a major impediment for vaccine 
development, is our worse enemy development, is our worse enemy --
preserved ability of clonal development of preserved ability of clonal development of 
CTLsCTLs
Models have predicted that an optimal Models have predicted that an optimal 
strategy for HIV containment would include:strategy for HIV containment would include:

Early HAART (highly active anti retroviral Early HAART (highly active anti retroviral 
therapy) interventiontherapy) intervention
Frequent interruptions of therapy to minimize Frequent interruptions of therapy to minimize 
drift while CTL clones are enrolled (Structure drift while CTL clones are enrolled (Structure 
Treatment Interruption, DRUGS 2002)Treatment Interruption, DRUGS 2002)



Translation (STI strategy)Translation (STI strategy)

SMART, OPTIMA (in unsuppressed HIV)SMART, OPTIMA (in unsuppressed HIV)

STACCATO (Lancet 8/2006)STACCATO (Lancet 8/2006)



Inflammation Inflammation ––
 

a reduced modela reduced model

Initiating Event

Pro-inflammation

Anti-inflammation

Healing
Damage/Dysfunction



Inflammation Inflammation ––
 

a reduced modela reduced model

Pathogen
(p)

Pathogen
Predator

(m)

Tissue damage 
/Late mediator

(l)



The reaction systemThe reaction system
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The DE formulationThe DE formulation

p is pathogen, m is a pathogen predator, l is a late mediator,
possibly tissue dysfunction. So, 3 variables, 7 parameters.

Kumar et al. J Theoretical Biol 2004



Possible Possible ““steadysteady--statestate””
 

behaviorsbehaviors

0

0

0

Up to five solutions = fixed points or orbits

•
 

A solution is a combination of p, m and l 
that fulfills all equations simultaneously

•
 

Each solution depends on the actual 
parameter values



What are possibleWhat are possible
 outcomes?outcomes?

Cure

Low grade infection

Sterile death

Immune failure
death

Persistent 
Infectious

death

FP3

FP2

FP5



The notion of stable/unstable The notion of stable/unstable 
regimenregimen



The need for a The need for a ““late mediatorlate mediator””



Insights from a simple modelInsights from a simple model

Only 3 (4) regimen are ever possibleOnly 3 (4) regimen are ever possible
CureCure
Oscillations with low grade pathogensOscillations with low grade pathogens
Aseptic deathAseptic death
ImmunesuppressionImmunesuppression (septic death)(septic death)

There are specific conditions for the There are specific conditions for the 
existence of those regimenexistence of those regimen
There cannot be There cannot be ““asepticaseptic”” death if death if 
collateral damage production does not collateral damage production does not 
exceed a certain thresholdexceed a certain threshold



The role of antiThe role of anti--inflammatoriesinflammatories

Initiating Event
(p)

Pro-inflammation
(na)

Damage/Dysfunction
(d)

Anti-inflammation (ca)



Manipulating antiManipulating anti--inflammatoriesinflammatories



Why complicate thingsWhy complicate things

To calibrate a model, we need to confront To calibrate a model, we need to confront 
it to datait to data
To To ““interveneintervene”” in the dynamics in a realistic in the dynamics in a realistic 
way, more realistic way, more realistic ““handleshandles”” are neededare needed
VariabilityVariability
Not all Not all ““modulesmodules”” need to be equally need to be equally 
complicatedcomplicated
The analysis of large models:The analysis of large models:

May rapidly become intractable May rapidly become intractable 
May not yield useful resultsMay not yield useful results



Multiscale models Multiscale models ––
 

the lungthe lung

Oxygen and carbon dioxide 
exchange
Inflammation occurs in the tissue 
barrier between air and blood. 
Tissue swelling impairs gas 
diffusion. Extreme inflammation of a 
respiratory unit (~25 alveoli) can 
completely stop gas exchange 
(shunt). 
The global impact of inflammation 
depends on the combined 
contribution of respiratory units 
(RU) with diverse anatomical and 
physiologic properties. 
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Model schematicsModel schematics



Simulation resultsSimulation results
 Gas exchange Gas exchange ––

 
single unitsingle unit



Non-Lethal Lethal

Blood Tissue

Alveolar 
Air Space

Simulation resultsSimulation results
 Lung volumes Lung volumes ––

 
single unitsingle unit



avg
BG

Full lung modelFull lung model
 Assembling heterogeneous unitsAssembling heterogeneous units



Simulation Simulation --
 

Full lung modelFull lung model

Best Units

Alveolar closing



OptimizationOptimization

Parameter identificationParameter identification
Inverse problem / data assimilationInverse problem / data assimilation
Variability Variability 

ControlControl
Modify inputs to a model to achieve a Modify inputs to a model to achieve a 
desired outcomedesired outcome



PatientPatient--specific metamodelspecific metamodel

M1

M2
Mn

E(Mn ) ≡  
Metamodel or Ensemble

Where the individual models vary in their
mathematical structure

 
and parameters



Population variability in the response Population variability in the response 
to Influenza virusto Influenza virus

•

 

Uncertainty in available data: measurement error
•

 

Inter-individual variations

Best approached with stochastic methods



Variability in the normal responseVariability in the normal response



Recurrence of diseaseRecurrence of disease……



……and Superspreadersand Superspreaders



ConclusionsConclusions

Inflammation has several different Inflammation has several different 
componentscomponents
Inflammation is a multiscale problemInflammation is a multiscale problem
A variety of modeling formalisms can be A variety of modeling formalisms can be 
usedused
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