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TB is difficult!
 TB is a highly complex disease. Its very complexity is 

its great strength enabling its success. This is 
demonstrated by its persistence for thousands of 
years even in modern times despite antibiotics and 
concerted efforts of health authorities.

 We need to improve our understanding of the 
dynamic epidemiology of the disease so that we are 
better equipped to fight it. With knowledge comes 
power!

 Mathematical modelling has proved to be a powerful 
paradigm for this purpose.
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Goal of the sessions this morning

To answer the following questions:

 What is mathematical modelling (as applied to TB diagnostics)?

 What can modelling do for the TB researcher?

 Do I need to engage with this?

 How do I involve modelling in my research?

Objectives of Session 1 - Basics

 Consider the reasons for using modelling

 Describe how we model TB, including how we: 

◦ Conceptualize the pathogenesis of TB
◦ Decide on and parameterize key model inputs

 Outline key modelling terminology and understand 
differences between types of models

 Outline approaches to sensitivity analysis in modelling
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Objectives of Session 2 - Examples

 Turn to the literature to look at how TB 
models have evolved over time

 Outline some key contributions

 Use case studies to illustrate steps involved in 
generating a modelling study

Objectives of Session 3 - Diagnostics

 To describe the (recent) history of TB 
diagnostics modelling

 To discuss key published papers in the 
field

 To give an overview of what modelling 
has taught us about TB diagnostics to date
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Objectives of Session 4

 To describe limitations of TB diagnostics 
models
◦ Uncertain parameters
◦ Uncertain assumptions

 To characterize future directions for 
models of TB diagnostics
◦ Meaningful parameters
◦ Appropriate assumptions

Some Other Diagnosis Related 
Papers
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A Threshold Value for the Time Delay 
to TB Diagnosis. 

Uys PW, Warren RM, van Helden PD. (2007) PLoS ONE 2(1):e757. 

The analysis presented here shows that typical delays to diagnosis 
present a major obstacle to the control of a TB epidemic. Control can 
be achieved by optimizing the rapid identification of TB cases together 
with measures to increase the threshold value. A calculated and 
aggressive program is therefore necessary in order to bring about a 
reduction in the prevalence of TB in a community by decreasing the 
time to diagnosis in all its ramifications. 

The Effect of Diagnostic Delays on the 
Drop-out Rate and the Total Delay to 
Diagnosis of Tuberculosis

 Millen SJ, Uys PW, Hargrove J, Van Helden PD, Williams BG. (2008) 
Plos ONE. 3(4):e1933
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Potential of Rapid Diagnosis for Controlling Drug-
susceptible and Drug-resistant Tuberculosis in 
Communities where Mycobacterium Tuberculosis 
Infections are Highly Prevalent. 

Pieter W. Uys, Robin Warren, Paul D. Van Helden, Megan Murray And 
Thomas C. Victor. Journal Of Clinical Microbiology, May 2009,  1484–
1490

 Showed that cost of treating the increasing number of MDR cases 
would eventually exceed that of treating susceptible TB unless rapid 
diagnosis methods are introduced
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Mathematical Modeling of 
Tuberculosis
An introduction

Olivia Oxlade, PhD
olivia.oxlade@mcgill.ca

Advanced TB diagnostic Research Course: 
Montreal
July 5 – 8, 2011

Objectives of Session - Basics

 Consider the reasons for using modeling

 Describe how we model TB, including how we: 

◦ Conceptualize the pathogenesis of TB
◦ Decide on and parameterize key  model inputs

 Outline key modeling terminology and understand 
differences between types of models

 Outline approaches to sensitivity analysis in modeling
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What is a model?

Representative, simple, easy to control

Why Model Infectious Diseases?

As a research tool:

• To further our understanding of disease dynamics
• To generate information about disease parameters 

that are not well defined
• To understand the hypothetical impact of population 

level interventions
• To identify the most influential aspects of population 

level interventions

Ultimately - use this information as additional evidence 
to guide policy (ideally with costing information)
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Some Advantages of Modeling 

 Is flexible- can consider hypothetical situations 
or specific populations

 Can consider situations/populations that could 
not be evaluated through a trial

 Can be used to generalize/extrapolate trial 
findings (over time or across populations)

 Can be useful for hypothesis generating
 Can take advantage of  “average” data (ie. meta 

analysis data)
 Low cost

Why Model TB?

 Complex and poorly understood natural history
 Many unanswered questions about the impact of 

interventions 

 Difficulties in conducting interventional research 
(lag between infection and disease)- requires long 
trials

 Susceptible populations need to be studied
 Practical,  logistical and ethical challenges in 

conducting interventions in low/middle income 
countries 

 Trials can be expensive, especially if long
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How do we model TB?

Model development depends on… 

1)   How we conceptualize the 
disease/natural history

2)   How we select model inputs to    
parameterize model

3)   The type/structure of the model we use
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Model development depends on… 

1) How we conceptualize the 
disease/natural history

2) How we select model inputs to 
parameterize model

3) The type/structure of the model we use

Complex natural history of TB

Bishai W. Lipid lunch for persistent pathogen. Nature 2000 August 17;406(6797):683-5.
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Important aspects of TB pathogenesis

Complex figure but it highlights some of the key 
aspects of disease we need to think about 
including…

 Initial infection 
 Possible re-infection
 Rapid progression from primary infection to 

disease
 Reactivation from longstanding latent infection
 Spontaneous cure
 Relapse from spontaneous cure
 Death from TB

How does this translate into a 
model?

 Start by conceptualizing different disease 
states that an individual could 
encounter…
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Generate a framework that a model could be based on…

Adapted from Oxlade et al. Medical Decision Making, 2010

How does this translate into a 
model?

 Next, consider the risk of moving from 
one disease state to another 
(pathogenetic transitions)…
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Incorporate key transitions into framework….

Some key pathogenetic transitions/model 
inputs

1a/b.   Probability of progressing to active TB disease after new 1st /repeat 
infection

2.        Probability of reactivation from latent infection to active TB disease

3a/b.   Number of infections generated from a smear positive/negative active TB 
case

4.         Probability of spontaneous resolution of a smear positive or negative    
active  TB case

5.         Probability of relapse from spontaneously cured active TB case

6a/b.   Case fatality rate for untreated smear positive/negative active TB disease
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Jacquet et al, Impact of DOTS expansion on tuberculosis related outcomes an
costs in Haiti, BMC Public Health 2006, 6:209

Quickly become more complex as more detailed aspects of  TB epidemiology are consid

Model development depends on… 

1) How we conceptualize the 
disease/natural history

2) How we select model inputs to 
parameterize model

3) The type/structure of the model we use
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Data sources used to parameterize 
models

 Published literature
◦ Meta analyses
◦ RCT’s
◦ Cohort studies
◦ Other published data

 Model generated through calibration
 Global reports (ie. WHO)
 Unpublished literature
 Expert Opinion
 Assumptions

Model development depends on… 

1) How we conceptualize the 
disease/natural history

2) How we select model inputs to 
parameterize model

3) The type/structure of the model we use
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What type of model to choose?

 Depends on the specific question being asked

 Data that are available to parameterize the model

 Familiarity of the analyst with different modeling 
techniques

 Complexity needed and time requirements for 
model development 

 Ease and speed of simulation 

Adapted from: Vynnycky and White, An introduction to Infectious Disease Modeling, OUP, 2010

Basic types of models:

Key concepts in understanding types of 
models:

 Population based vs. Individual based models

 Deterministic vs. Stochastic models

 Dynamic vs. Static models

 Transmission models
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Population based vs. individual based 
models
Population based:  

 Keep track of populations of individuals

 Divide population into mutually exclusive groups

 Homogeneity within groups

 Can sub-divide into more groups

 Characteristics of populations are averaged 
together - model simulates changes in averaged 
characteristics of the whole population

Population based vs. individual based 
models
Individual Based:

 Models keep track of individuals in the 
population

 Each individual has an ID- characteristics of 
each individual are tracked through time

 Allow better exploration of heterogeneous 
agents, social/ spatial interactions, complex 
relationships 
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Deterministic vs. stochastic models
Deterministic  models:

 All parameters are fixed - no random element

 Model predictions remain the same with every 
trial run under the same conditions  

 Describe what happens “on average” in a 
population

 Seen more frequently in the literature, due to its 
simpler methods

Deterministic vs. stochastic models

Stochastic models:

 Incorporate chance into the model

 Results will vary with every model trial

 Important when considering small populations 
where chance might play a role
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Dynamic vs. static models

Differ only in way that the risk of infection (or 
ARI)  is modeled

 Dynamic models: risk of infection will always 
depend on the number of infectious individuals in 
the population at a given point in time

 Static models:  the annual risk of infection is not 
sensitive to the changing number of infectious cases 
in the population

Inclusion of TB transmission

TB transmission model = Dynamic model - explicitly takes 
transmission into account

Static models

 Do not include a transmission component

 May attempt to take transmission into account by making 
assumptions about: 

• Number of contacts per index case
• Probability of secondary case occurring from contact

 The annual risk of infection is not sensitive to the changing 
number of infectious cases in the population
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Most common modeling methods 
seen in TB literature

1) SIR (Susceptible – Infectious - Recovered) model 
(compartmental) 

2) Decision Analysis

Method 1- SIR models

 Population based

 Deterministic, 

 Dynamic  (thus transmission) models



3/15/2012

16

SIR  (Susceptible - Infectious - Recovered) 
models:

 Simplify natural history in order to divide
the population into the most basic states
of health and disease

 Use difference/differential equations 
to determine the rate of transfer between
health and disease states

 For TB they are usually modified to include a “latent” state 
and termed “SLIR” models

 Software can keep track of population dynamics and how 
the population is distributed among states over time

Most basic SLIR model:

Includes the following TB related states:
Susceptible (S), Latent (L), Infectious (I), 

Recovered (R)

SSS L I R

Incidence risk

Reactivation 
risk Recovery risk

Births
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More Complex SLIR model:
Resch SC, Salomon JA, Murray M, Weinstein MC (2006) Cost-Effectiveness 
of Treating Multidrug-Resistant Tuberculosis. PLoS Med 3(7): e241

More Complex SLIR model:

Dye et al. (1998). Lancet Dec
12;352(9144):1886-91.
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Method 2 - Decision Analysis

 Population based
 Deterministic or stochastic 
 Static models

Decision analysis:

 More than just a modeling method - A systematic approach 

to decision making under conditions of uncertainty 

 Disaggregating a complex problem into smaller problems and 

elements which can  easily be understood

 Requires defining events in terms of their logical and  

temporal sequence
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Decision analysis

 Models can be easily modified for cost-
effectiveness

 Tend to be popular with Economists for 
historical reasons

 Tend to be popular with many other people 
doing CEAs because of practical issues- easy 
to learn & user friendly

A sample TB decision tree

•User defined probabilities are entered at each decision point
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Decision analysis nodes with user 
defined probabilities

active disease
5%

latent infection

95%

acquire infection

remain uninfected

uninfected
2%

98%

•Software can keep track of proportion of population in each 
end state (population progressing from left to right)) at the end of 
each “cycle” (more of that in a few slides)

At end of first cycle :
•0.1% of population will have active disease
•1.9% of population will have latent infection
•98% will remain uninfected

0.02*0.05=0.001

0.02*0.95=0.019

Jacquet et al, Impact of DOTS expansion on tuberculosis related outcomes an
costs in Haiti, BMC Public Health 2006, 6:209
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Decision analysis nodes with measures 
of effectiveness (or costs) added

2%

98%

treated
60%

not treated

40%

diagnosed

70%

not diagnosed

30%

active disease
5%

latent infection

95%

acquire infection

remain uninfected

uninfected

•Effectiveness measures and cost estimates can be entered at every 
relevant node

•Model can keep track of different effectiveness measures - depends on 
question being asked

EFFECTIVENESS 
MEASURE

Decision analysis

 Final model outcomes are calculated based on the probability of entering into a 

particular node and the price tag or effectiveness measure associated with that 

node

o Individuals move through the decision trees for a specified amount of time

o Costs and rewards accrue over the simulation

o At end of simulation get a tally of specified outcomes (eg. TB related costs per 

person, number of  TB cases,  number of  TB deaths, etc for each intervention 

considered (outcomes)
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Diagnosed
active TB  case

No DST-  unknown 
underlying 

drug resistance

Rapid DST- 
known

drug resistance

Drug sensitive

Non MDR-INH
Drug Resistant

Multi-Drug 
resistant

Multi-Drug 
resistant

Non MDR-INH 
Drug Resistant

Drug sensitive

Standardized Initial 
Treatment

Die

Failure or 
Relapse

Cure

Standard
Retreatment 

Standardized Initial 
Treatment

INH resistant 
regimen

Standardized 
MDR regimen

 Failure or
 Relpase 

Standard 
Retreatment

Relapse

Cure

Fail

Die

Cure 

Die

Cure 

Die 

Die

Fail

Cure

Relapse

Cure

Failure or 
Relapse

Die

Total CostsTotal DALYsTotal MDRTotal deaths

NO DST 
Scenario

Rapid INH/RIF DST
Scenario

SUM OF MODEL OUTPUT- Predicted for each 
scenario

Oxlade et al, ERJ- In Press

Comparing Scenarios:

A word about making projections 
over “time”:
 Time component or “Cycling” is achieved using 

Markov modeling 

 Useful when making predictions over multiple years

 Markov modeling allows for use of recurrent 
probabilities that change over time (or by cycle)

 Number of cycles is specified by the user

 Often see 20 “year/cycle” simulations in the TB 
literature - gives adequate time for outcomes to 
accrue
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Diagnosed
active TB  case

No DST-  unknown 
underlying 

drug resistance

Rapid DST- 
known

drug resistance

Drug sensitive

Non MDR-INH
Drug Resistant

Multi-Drug 
resistant

Multi-Drug 
resistant

Non MDR-INH 
Drug Resistant

Drug sensitive

Standardized Initial 
Treatment

Die

Failure or 
Relapse

Cure

Standard
Retreatment 

Standardized Initial 
Treatment

INH resistant 
regimen

Standardized 
MDR regimen

 Failure or
 Relpase 

Standard 
Retreatment

Relapse

Cure

Fail

Die

Cure 

Die

Cure 

Die 

Die

Fail

Cure

Relapse

Cure

Failure or 
Relapse

Die

Total CostsTotal DALYsTotal MDRTotal deaths

NO DST 
Scenario

Rapid INH/RIF DST
Scenario

SUM OF MODEL OUTPUT- Predicted for each 
scenario

Oxlade et al, ERJ- In Press

Comparing Scenarios:Markov model

Uncertainty in modeling
 Uncertainty  in model predictions can arise from 

many sources including

◦ Conceptualization of disease- too complex? too simple? 

◦ Inaccuracies/ uncertainty in input data 

◦ Use of inappropriate data/ inappropriate interpretation of 
data

◦ (User error)

 Sensitivity analysis can be used to assess the impact 
of some of these uncertainties
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Uncertainty and sensitivity 
analysis in modeling

 Impact of the uncertainty from some of these 
sources can be quantitatively assessed through 
sensitivity analysis

 Involves specifying a potential range over which 
the parameter is thought to vary (range 
identified from the literature)

Uncertainty and sensitivity 
analysis in modeling
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Uncertainty and Sensitivity analysis 
in modeling
 Sensitivity analysis methods can either be 

deterministic (methods 1- 4) or stochastic 
(method 5)

 Main types of sensitivity analysis used:

1. One way sensitivity analysis
2. Multi way sensitivity analysis
3. Scenario analysis
4. Threshold analysis
5. Probabilistic sensitivity analysis

Types of Sensitivity analysis   

 One-way sensitivity analysis - estimates for each 
parameter are varied one at a time to investigate the 
impact on study results (not considered satisfactory 
because need to look at combined impact)

 Multi-way sensitivity analysis- recognizes that more than 
one parameter is uncertain and that each could vary 
within its specified range. Better approach, but with 
many parameters there can be an unmanageable 
number of combinations to consider

From: Drummond et al, Methods for Economic Evaluations of health care programs- 3rd Edition
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Types of sensitivity analysis 

 Scenario analysis- a series of scenarios are constructed 
representing a subset of the potential multi-way analysis 
(ie. best case or worst case scenarios)

 Threshold analysis - critical values of a parameter 
central to decision are identified - analyst determines 
threshold and then assesses which combination (or 
what values) of parameters cause the threshold to be 
exceeded

 All of these approaches are deterministic (ie. don’t 
include chance)

From: Drummond et al, Methods for Economic Evaluations of health care programs- 3rd Edition

Probabilistic  sensitivity analysis (PSA):  

• Often called Monte Carlo simulation

• Incorporates stochastic element into analysis

• PSA is important when you do not want an “average” 
result- provides a sense of uncertainty in predictions

• Requires defining ranges/distributions for parameters

• Can the run the model repeatedly (1000’s of times) and 
each time it will select input parameter values from set 
distributions

• Can build up a distribution of outcomes and see 
range/uncertainty

From: Drummond et al, Methods for Economic Evaluations of health care programs-
3rd Edition
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Limitations of Sensitivity Analysis 
(Drummond, 2005)

 Variation of uncertain parameters one at a time 
ignores possible interaction between parameters 

 The analyst has discretion as to which variables and 
what alternative values are included in sensitivity 
analysis

 Interpretation is arbitrary as there are no 
guidelines/standards as to what degree of variation 
in results is acceptable evidence that the analysis is 
robust

A word of warning….

Models are still models (of very complex 
processes) even if “sensitivity analysis” is 
performed

Models should be used as part of a body of evidence to 
make decisions
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Conclusion: Summary of talk:

 Considered the reasons for using modeling

 Described how we model TB

 Outlined key modeling terminology/types of 
models

 Described SIR and Decision analysis models

 Outlined approaches to sensitivity analysis in 
modeling

Conclusion: Some observations

 A modelling project forces people to clarify their 
conceptualisation of the disease pathogenesis.

 More effort is made to estimate parameter values.

 Future investigations may target those 
parameters/assumptions that are not yet well 
defined.

 Aspects of pathogenesis not properly understood 
are highlighted for further investigation.
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Olivia Oxlade, PhD
olivia.oxlade@mcgill.ca

Advanced TB diagnostic Research Course: Montreal
July 5 – 8, 2011

Areas of Application of TB modeling 
and case studies

Objective of session

Last session:  discussed how TB  can be modeled, and the 
different  modeling approaches to choose from

This session: 

 Turn to the literature to look at how TB models have evolved 
over time

 Outline some key contributions

 Use case studies to illustrate steps involved in generating a 
modeling study
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Turning to the literature…

In general see models with 2 main purposes:

1)      Models that assess population dynamics of epidemic

 Calculate the reproductive number  (indicates the severity of the 
epidemic, and if an epidemic is increasing or decreasing)

 Evaluate the impact of specific parameters or assumptions (ie. 
role of reactivation vs. re-infection)

2)        Models that evaluate TB interventions

 Assess diagnostic, therapeutic and/or preventative interventions 
(either separately or in combination)

 When we consult the literature we see that modeling has 
changed or evolved substantially over the past few decades
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Turning to the early literature:

A few key early contributions…

 Styblo 1969
 Waaler 1969
 Blower 1995
 Murray 1998
 Dye 1998

Just to name a very select few from a long list of important 
contributions!

Bulletin of the  International Union of Tuberculosis. 1969.  (42) 1-104

 Styblo et al. used prevalence data from the Netherlands (from TST in 
army recruits in the 1950s) and mathematical equations  to derive  a 
series of annual risk of infection estimates for the population

 Estimates derived for different ages and birth years

 Ultimately used model to predict the likely TB-status of the Dutch 
population between 1910-1965

 Found that the risk of  TB infection has been decreasing in the 
Netherlands from 1910 – and decline became even steeper after 1940
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 Waaler and Piot (1969) were interested in the “epidemiologic effectiveness”

of interventions ( ie.  “the cumulative effect of measures on the 

whole community over a period of time”)

 Generated  hypothetical but “realistic model” of a demographic 

and epidemiological situation.  Reflected the full population of Norway. 

 Objective was to quantify the impact of BCG vaccination, 

chemotherapy and isoniazid prophylaxis 

In 1969, Waaler noted: 

“In recent years, the development of computers with a large core 
memory has obviated the need for explicit mathematical solution, and 
thus has allowed for a much higher degree of complexity  in the 
structure of models.” 
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 Schulzer et al. (1992) developed a model to predict the impact of 
HIV on the TB epidemic

 Based on the population of Tanzania, 1980-2000
 Considered 4 scenarios with different combinations of  TB 

infection prevalence and HIV prevalence to account for differences 
in different parts of Sub-Saharan Africa

 Depending on initial HIV/ TB infection prevalence, predicted 
between 50%-1200% increase in smear positive rates in 15-49 yr 
olds between 1980-2000 

 Blower et al. (Nature Medicine, 1995) presented  a “simple transmission 
model consisting of 3 ordinary differential equations that represent the 
current biological understanding of  TB”

 Includes primary progression and reactivation from old infection 

 Consider the intrinsic transmission dynamic of  TB and looks at the 
length of  TB epidemics

 Concluded that epidemics take a very long time to reach stability, and 
some of decline seen today is due to the natural behavior of the epidemic
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 In follow up paper in Science in1996, Blower et al. suggest that 
“control strategies can be designed based on a quantitative 
understanding of the transmission dynamics of TB”

 Propose a framework for designing effective control strategies and 
used to determine treatment levels for eradication  

 Extended previous model to include chemoprophylaxis and treatment  
(no mention of diagnostics)

 Considered how suboptimal programs can contribute to the 
development of drug resistance

 Calculated threshold levels of preventive therapy and 
treatment needed for TB eradication

 Concluded that it is unlikely that eradication can be achieved 
by reaching WHO’s targets for case detection and cure

 And that “any program with a treatment failure rate of 
greater than 50% should not be operating because it will 
result in a perverse outcome”
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 Murray and Salomon elaborated on Blower model - becomes a more 
complex model which included a basic HIV model

 Applied model to “real populations” and studied the impact of specific 
control measures in 5 different regions of the world

 Questioned if enough gains could be made thorough DOTS alone and 
the focus exclusively on smear positive cases

 Evaluated range of “extension strategies” to improve on 
accomplishments with DOTS alone

Murray and Salomon 1998
Existing technologies:
 Expanding DOTS for smear negatives,
 Active case finding- screening for respiratory symptoms  
 Active case finding- miniature mass radiography (MMR)
 Single cycle active case finding
 Mass preventive therapy
 Preventative therapy for HIV+ population

New Technologies :
 Improved sputum exam
 Nucleic Acid Amplification Tests (NAAT)
 Ultra short chemotherapy
 Vaccines- against reactivation and initial infection

 Also considered Combination strategies 

Predicted  that active case finding via MMR led to the greatest number of  TB cases and 
deaths  averted when compare to the baseline strategy of DOTS
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 Murray and Salomon’s paper was followed a month later by Dye 
et al’s paper in Lancet…

•Concluded that through DOTS alone substantial reductions
TB cases and deaths  could be achieved

Dye et al (1998). Lancet 12;352(9144):1886-91.

From this point forward…

General TB 
Models

Drug Resistance TB/HIV Co-
infection

TB control in 
high burden 

settings

TB control in low 
burden settings Vaccines Drugs Diagnostics

•See a shift from models that characterize the TB epidemic in general to 
models that evaluate large categories of interventions

•As the global approach to TB control has become more targeted and 
nuanced, TB models have become more targeted and nuanced

• Now see more of a focus on specific aspects of  TB  epidemiology and 
interventions
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1 • Define the study objective

2 • Define the setting/population 

3 • Identify outputs of interest

4  • Select modeling approach and start to develop model

5 • Define comparators (baseline and alternative interventions)

6 • Define key parameters (and ranges)/ assumed impact

7 • Select input data/ enter key transitions 

8 • RUN (and re-run) MODEL 

9 • Interpret and Summarize outputs/results

10 • Conduct sensitivity analysis

11 • Consider implications/policy recommendations

Additional note about the work that 
goes into Step 4: model development 
For Some models-

 Calibration and parameterization of model (tweak unknown 
parameters until model predictions match those of a known data 
set)

 Validation of model (ensure that model is predicting outcomes 
correctly using a different known dataset)

For all models-
 Refining parameter estimates
 Debugging models
 Troubleshooting if/and how your model is working



3/15/2012

10

Case Study 1- Reaching DOTS targets:

Lancet, 1998, 352: 1886-91

Step 1: Define the study objective

 To use a “mathematical model that brings together data from studies of 
the biology of tuberculosis, and from the history of successful 
tuberculosis control in industrialised countries, to assess the potential 
effect of DOTS in those developing countries where the disease is 
most prevalent”

 More specifically- assess impact of reaching WHO targets: 70% case 
detection and 85% treatment cure
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Step 2: Define the setting/population 

 Hypothetical population representing 6 different WHO regions
 Regions could be combined to provide Global totals
 Accounted for HIV

Step 3: Identify the outputs of interest

 incidence over time
 deaths over time 

 Under different control strategies
 Under different epidemiologic scenarios
 In 6 different  WHO regions

Step 4: Select modeling approach and 
start to develop model

 “SLT” ( susceptible- latent-treatment) compartmental model

 Included infectious (smr+) and non-infectious (smr negative 
or extra-pulmonary) active cases

 Included rapid progression, reactivation and re-infection

 Included age structure



3/15/2012

12

Step 4: Select modeling approach and 
start to develop model

Step 5: Define comparators (baseline 
and alternatives)
 Baseline: 
 Old program (poor case detection rate, reduced treatment 

success)

 Alternatives:
 Improved Case Detection: Maximum case detection rate 70-

80%
 Improved Tx Success: 85%
 DOTS program: Maximize Case Detection+ treatment success  
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Step 6: Define key parameters (and 
ranges)/ assumed impact

Step 7: Select input data/ enter key 
transitions 

 Several tables of key parameters and transition parameters listed in 
Appendix

 Completed a comprehensive review of the published literature

 Some parameters (rates at which people develop primary, exogenous 
and endogenous disease) derived by fitting to observed data (from 
the Dutch  population between 1951 and 1989)

 Current case-detection and cure rates for different WHO regions 
were based on published data  (& other data available to WHO)

 Estimated rates of HIV from UNAIDS  (plus unpublished data) 

 Population age structures and growth rates from United Nations 
Population Division  
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Step 8: Run the  model!

Step 8: Re-run the model!
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Step 9: Summarize outputs/results

Predicted:
•11% decline in incidence rate 
• 12% decline in death rate

70% detection rate

Step 10: Conduct sensitivity analysis

 Used sensitivity analysis to find out which parameters and variables need 
to be measured with greatest care

 Also to gain some general insights into TB control by DOTS

 All comparisons of absolute numbers were accompanied by multivariate 
sensitivity analyses, with the objective of singling out variables that most 
influence the results 

 Use Probabilistic Sensitivity Analysis (PSA)- generated 100 sets of 
parameters  selected from between ranges specified in inputs table

 Results of sensitivity analysis were used to attach uncertainty ranges to 
the main text
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Step 11: Implications/policy 
recommendations

 Concluded that the potential effect of DOTS on TB in many 
developing countries is even greater than the results achieved 
in industrialized countries  in the 1940s

 Improving case detection should be the focus in endemic 
areas 

A note on impact: this study has been cited over 200 times on 
Scopus

Case Study 2- IGRA testing

IJTLD, 11(1): 16-26, 2007
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1 • Define the study objective

2 • Define the setting/population 

3 • Identify outputs of interest

4  • Select modeling approach and start to develop model

5 • Define comparators (baseline and alternative interventions)

6 • Define key parameters (and ranges)/ assumed impact

7 • Select input data/ enter key transitions 

8 • RUN (and re-run) MODEL 

9 • Interpret and Summarize outputs/results

10 • Conduct sensitivity analysis

11 • Consider implications/policy recommendations

Step 1: Define the study objective

 To compare  the cost-effectiveness of IFN-gamma release 
assays (specifically Quantiferon) and TST for TB screening in 
different high risk settings and populations  in Canada

 Note: Cost effectiveness component not discussed in this 
session- will be covered this afternoon
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Step 2: Define the setting/population 

 Hypothetical cohorts of various high risk population 
(legal immigrants at entry to Canada, close or casual 
contacts )

 Entrants could be from 3 different countries with low, 
intermediate and high  incidence of  TB

 Entrants could have varying BCG vaccination status (no 
BCG, BCG at birth, BCG in childhood)

 No HIV

 Included drug resistance 

Step 3: Identify the outputs of interest

• Incident cases under each strategy

• (Total costs)
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Step 4: Select modeling approach and 
start to develop model

 Decision Analysis (Treeage Software) 

 At the beginning the population was divided into one of four 
underlying TB health states: non-infected, recent  LTBI, long-
standing LTBI and active TB disease 

 No transmission from active cases

 No assumptions about secondary cases

Step 4: Developing the model
 

Active TB 

Recent LTBI †

Reactivate

Remain infected with undiagnosed LTBI

Die other

Old LTBI 

Infected with TB ‡

Survive uninfected

Die other

No TB

Individual screened
using CXR/TST/QFT 
(HIV uninfected)

Move into "Active TB ” state  in next stage (See figure S3)

Terminal Node

† Person can remain a maximum of 2 years in state of  “recent LTBI”, then moves to “old LTBI” state.

Terminal Node

Move into “Recent LTBI ” state in next stage (See figure S3) 

Cycle back into “No TB” state

Cycle back into “Old LTBI ” state

See figure S3 for details of events for those recently infected with LTBI

Figure S2: Simplified sample decision analysis tree for
individual screened ‐ based on underlying TB state in Year 1

See FigureS3 for details of clinical outcomes of active TB  

Depending on test strategy a proportion of active and latent cases would be detected in year 1 
and given  appropriate therapy- for those missed, model tracks outcomes over subsequent years
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For an LTBI case that was missed…

Figure S3: Simplified decision analysis tree for legal immigrant, 
recently infected with LTBI

* the letter “p” refers to probability. For example pdieother = probability of dieing from other cause.

‡ decision  node is stratified by underlying  drug sensitivity in actual model

† states that are entered in subsequent cycles are not shown in figure

Legal immigrant, 
recently infected 
with LTBI 

(HIV uninfected)

Terminal node

Cycle back into “Recent LTBI “ state for 1 
year and then into “old LTBI” state (not  
shown) if no reactivation occurs

Same decision node as shown for drug 
sensitive, however probabilities for certain 
treatment outcomes will change depending on 
underlying drug resistance.

Move  into “active TB” state†

Move  into “spontaneously resolved TB” state†

Terminal node

Terminal node

Move  into “cured TB”
state†

Move into “active TB”
state†

Move into “cured TB” state†

Move into “re-treatment 
active TB” state†
Move into “no re-
treatment active TB”
state†

Enters into 
Recent 
LTBI state

die other

remain infected with LTBI‡

ongoing illness

pongoingillness

spon resolve

psponresolve

die

pdieundiagnosed

undiagnosed

pundiagnosed §

die

pdie
cured

pdefaultcure
not cured

pdefaultnocure

default

pdefault

cure

pcure
retreatment

pretreatment
no retreatment

pnoretreatment

failure

pfail

diagnosed

pdiagnosed §

Drug Sensitive

pDS

Single Drug Resistant

pSDR

Multi Drug Resistant

pMDR

pdieother*

premaininfectedwLTBI

pactiveTB

developed active TB

Step 5:Define comparators (baseline 
and alternatives)

Considered 5 screening strategies for immigrants (no screen, 
CXR, TST, QFT or TST+QFT) and  3 screening strategies for 
contacts (no screen, TST or QFT)

 Baseline: No screen

 Alternatives: 

 Immigrants: CXR or TST or QFT or TST+QFT
 Contacts:  TST or QFT
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Step 5:Define comparators (baseline 
and alternatives)

Step 6: Define key parameters
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Step 7: Select input data/ enter key 
transitions 
 Main key inputs summarized in Table 1, additional pathogenetic

inputs summarized in appendix

 Active TB treatment outcomes for actively detected case– Public 
Health Agency of Canada

 LTBI treatment outcomes and pathogenetic parameters- based on 
data from published cohort studies and randomized controlled  
trials 

 Outcomes of undiagnosed active TB- as reported in the pre-
antibiotic era (published literature)

 Average  age-specific background mortality rates from Canadian 
life tables

Step 8: Run the  model!



3/15/2012

23

Step 8: Re run the model!

Step 9: Summarize outputs/results
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Step 10: Conduct Sensitivity analysis

Considered parameters where there was felt to be the most uncertainty

• 1 way analysis-Varied key parameters 
 test sensitivity
 risk of reactivation
 program performance

• 2 way analysis-Test cost by test sensitivity

• Threshold analysis- Specificity of  TST by difference in test cost

Step 11: Consider implications/policy 
recommendations

 QFT is more cost effective than TST in close/casual contacts 
who had BCG vaccination after infancy because of reduced 
TST specificity in this specific group

 All screening strategies would be more cost effective if a 
higher proportion of those with positive screening tests 
completed medical evaluation and LTBI therapy



3/15/2012

25

Conclusion: Summary

 Looked at how TB models have evolved over time

 Outlined  some key contributions to the literature

 Use two case studies to illustrate steps involved in creating a 
modeling study
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Modeling TB Diagnostics:  Historical 
Perspective & State of the Science

Advanced TB Diagnostic Research Course
July 8, 2011

David Dowdy, MD PhD
Dept. of Epidemiology
Johns Hopkins Bloomberg School of Public Health
ddowdy@jhsph.edu

Objectives

 To describe the (recent) history of TB 
diagnostics modeling

 To discuss key published papers in the field

 To give an overview of what modeling has 
taught us about TB diagnostics to date
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4 Key Goals of Models
 Craft policy
◦ Focus decision-makers on important issues

 Conceptualize
◦ Help frame the problem in a new light

 Project
◦ Quantify impact of interventions

 Operationalize
◦ Identify parameters that are key to an intervention’s 

success

Early TB Diagnostics Modeling:
A Timeline
 1996: Blower et al put TB modeling on the map.
◦ Treatment and prophylaxis, but no diagnosis

 1998: Murray & Salomon are the first to model 
diagnostic strategies
◦ Increasing smear sensitivity to 95% estimated to reduce TB 

mortality by only 4%
 HIV considered only cursorily
 Low infectivity/mortality among smear-negatives
 Diagnostic process not actually modeled

 1999-2005: “Dead zone” for TB diagnostics modeling
◦ Focus squarely on improving DOTS coverage
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2006: Diagnostics Return to the Spotlight

 Global Plan to Stop TB 2006-2015
◦ Push for new drugs, diagnostics, and vaccines

 Moore et al publish Peruvian MODS study in NEJM

 FIND gathers steam, contracts Cepheid (GeneXpert)

 Multiple systematic reviews and opinion pieces

 WHO begins to evaluate diagnostic tests for global 
recommendation

2006:  Diagnostics Return to the Spotlight

 2 major modeling papers revisit the importance 
of diagnostics.

◦ Increased understanding that DOTS alone might not 
be sufficient

◦ Impact of HIV on TB diagnosis becoming more clear

◦ Interest in developing better strategies for active 
case-finding
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AIDS 2006 model

 Focus of HIV-related TB interventions:
◦ ART

◦ 3 I’s (IPT, ICF, infection control)

◦ Not diagnostics

 Compared TB control strategies in a 
hypothetical HIV-endemic population:
◦ Rapid molecular test (50% sens for sm-neg)

◦ Culture (85% sens for sm-neg, 20% LTFU)

◦ Active case-finding (33% of population)

◦ ART (50% coverage)
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 First TB model to evaluate the diagnostic 
process in terms of access

 Otherwise simple structure 

 Key results: 

◦ Realistic diagnostics can have large impact

◦ 20% mortality reduction

◦ Similar to 33% coverage with ACF
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 Impact is most sensitive to the quality of 
existing diagnosis, not the accuracy of new 
diagnostics.

◦ New diagnostics have greatest impact if deployed in 
areas of greatest need.

Liquid culture systems are the standard of care for TB diagnosis

AIDS 2006: Summary

 Craft Policy
◦ Placed diagnostics “on the map”

 Conceptualize
◦ Evaluated access to diagnostic services

 Project
◦ 20% realistic mortality reduction

 Operationalize
◦ Deploy diagnostics in settings with poor existing 

infrastructure 
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Keeler et al, Nature 2006

 Published by “who’s who” of TB 
diagnostics/modeling

 Nature supplement focused on impact of 
diagnostics on various conditions

 Remains the most widely-cited source on 
potential impact of TB diagnostics
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 Decision analytic model

 Also focuses on access to diagnosis

 Does not include transmission effects
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Nature 2006: Summary DejaVu

 Craft Policy
◦ Placed diagnostics “on the map”

 Conceptualize
◦ Evaluated access to diagnostic services

 Project
◦ 20% realistic mortality reduction

 Operationalize
◦ Deploy diagnostics in settings with poor existing 

infrastructure 
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Post-2006: Advancing the Field
 Interest in diagnostics rising
 Moore et al’s NEJM paper on MODS published

 Increased focus on access to diagnostics

 Modeling of diagnostics turns to more specific 
questions: 
 Expansion of existing diagnostics

 Introduction of novel diagnostics

 Diagnostics as part of integrated TB control strategy

 Diagnostics for managing MDR-/XDR-TB

Expansion of Existing Diagnostics
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Dowdy et al, PNAS 2008

 Motivated by discussions in South Africa 
regarding poor utilization of culture

 Evaluated expansion of culture and DST
◦ New vs. previously-treated cases

◦ Immediate vs. gradual roll-out

◦ Compared against an “ideal” new test

◦ Minimal evaluation of XDR-TB

 Most detailed model to date of the TB 
diagnostic process
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Dowdy PNAS 2008: Summary

 Craft Policy
◦ Pressured gov’t of RSA to expand culture

 Conceptualize
◦ Repeated diagnostic attempts, DST

 Project
◦ 20% mortality reduction (less for MDR)

 Operationalize
◦ Early expansion of existing diagnostics may be 

preferred to late expansion of new ones. 

Introduction of Novel Diagnostics
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Dowdy et al, IJTLD 2008

 Motivated by test developers who wanted to 
know the specifications required for a test to 
have impact

 Primary focus was cost-effectiveness
◦ Will be discussed in next session

 Hypothetical point-of-care diagnostic in South 
Africa, Kenya, and Brazil
◦ Sensitivity 50-90%, specificity 90-100%, price $1-$20

◦ Later expanded to evaluate serology in India
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Dowdy IJTLD 2008: Summary

 Craft Policy
◦ Demonstrated to developers that high-quality tests would be 

required to replace smear

 Conceptualize
◦ Diagnostics to add on vs. replace smear

 Project
◦ 100-200 years of life gained if a new test were added to smear 

for 1000 TB suspects

 Operationalize
◦ Target areas with poor infrastructure, do not seek to replace 

smear
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Diagnostics in an 
Integrated Control Strategy

Abu-Raddad et al, PNAS 2009

 Modeled diagnostics, drugs, and vaccines

 Funded by BMGF to guide portfolio 
development

 Focused on lower-HIV prevalence settings

 Diagnostic interventions:
◦ LED microscopy: 10% increase in CDR, 1/24 month 

reduction in time to diagnosis

◦ NAAT: 3/24 month reduction

◦ Dipstick: 4/24 month reduction
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Abu-Raddad 2009: Summary

 Craft Policy
◦ Helped guide development portfolio

 Conceptualize
◦ Increase CDR vs. shorten time to detection

 Project
◦ 20% realistic mortality reduction

 Operationalize
◦ Diagnostics as part of an integrated package

Diagnostics to Manage 
Drug-Resistant TB
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Basu et al, PNAS 2009

 Published by Friedland’s group from Tugela 
Ferry, South Africa (XDR-TB outbreak)

 Aimed to identify strategies for preventing 
XDR-TB epidemics

 Interventions:
◦ Increase CDR from 55% to 70%

◦ Accelerate DST from 6 wks to 1 wk

◦ Infection control: prevent nosocomial spread

◦ Increased access to DST (outpatient)
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Basu 2009: Summary

 Craft Policy
◦ Inform XDR-TB control strategies

 Conceptualize
◦ Importance of nosocomial epidemics

 Project
◦ Lower risk of XDR epidemic from 12% to 8%

 Operationalize
◦ Community-based efforts required to prevent spread 

of nosocomial XDR-TB outbreaks
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Conclusions: 
History of Modeling TB Diagnostics

 Modeling of TB diagnostics is a new field.

 2006 as a turning point
• Nature & AIDS papers, plus external forces

 Specific refinements since 2006
• Expansion of existing diagnostics

• Introduction of novel diagnostics

• Diagnostics as part of integrated TB control strategy

• Diagnostics for managing MDR-/XDR-TB

Conclusions: 4 Goals of Models

 Craft Policy
◦ 2006: Enhance awareness of diagnostics

◦ Post-2006: Target specific audiences

 Conceptualize
◦ 2006: Access to diagnostic services

◦ Post-2006: Repeat attempts, relation to smear, speed vs. accuracy, 
nosocomial vs. community 

 Project
◦ 20% realistic mortality reduction

 Operationalize
◦ Target areas with poor infrastructure

◦ Diagnostics as part of a larger package
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Modeling TB Diagnostics:
Challenges and Future Directions

Advanced TB Diagnostic Research Course
July 8, 2011

David Dowdy, MD PhD
Dept. of Epidemiology
Johns Hopkins Bloomberg School of Public Health
ddowdy@jhsph.edu

Objectives

 To describe limitations of TB diagnostics 
models
◦ Uncertain parameters
◦ Uncertain assumptions

 To characterize future directions for 
models of TB diagnostics
◦ Meaningful parameters
◦ Appropriate assumptions

 Without delaying a key component
◦ Lunch
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Presentation Outline

 Brief recap of last session
 Modeling limitations & examples of “failures”
◦ Parameters: “Styblo rule”
◦ Assumptions: Impact of DOTS

 Current/future directions of TB diagnostics 
models
◦ User-defined parameters
◦ Diagnostic-specific assumptions

 Summary & Conclusions

Session 3: Recap

 Modeling of TB diagnostics is a new field.
 2006 as a turning point

• Nature & AIDS papers, plus external forces

 Specific refinements since 2006
• Expansion of existing diagnostics
• Introduction of novel diagnostics
• Diagnostics as part of integrated TB control 

strategy
• Diagnostics for managing MDR-/XDR-TB
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Session 3: Modeling Goals
 Craft Policy
◦ 2006: Enhance awareness of diagnostics
◦ Post-2006: Target specific audiences

 Conceptualize
◦ 2006: Access to diagnostic services
◦ Post-2006: Repeat attempts, relation to smear, speed vs. accuracy, 

nosocomial vs. community 

 Project
◦ 20% realistic mortality reduction

 Operationalize
◦ Target areas with poor infrastructure
◦ Diagnostics as part of an integrated package

Models don’t always achieve their goals.
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The “Styblo Rule”
 Each case of smear-positive TB generates, on 

average, 8-12 secondary infections.

(1 case per 100,000) *(10 infections) =  ARTI of 1 in 10,000 (0.01%) = 1/100 ratio

 This rule used by virtually every TB model to 
define transmissibility or CDR
◦ An essential parameter

But when looking at more data:
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Potential effect on model output

Limitation 1: Model Parameters

 Mis-estimated parameters can cause gross 
errors in model output.

 Certain essential parameters have little (or 
no) data, and may vary by place & time.
◦ Transmissibility of TB
 Smear-negative vs. smear-positive

◦ Baseline case-detection rate/sensitivity
◦ Reinfection vs. reactivation
◦ Duration of infectiousness before presentation
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Models don’t always achieve their goals.

Dye et al (1998): 
Initial projections of DOTS impact

70% CDR = 
10% drop in incidence
per year
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2008: CDR nearing 70%...

…but incidence not falling 10%/yr
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The reason:

Limitation 2: Model Assumptions

 Model assumptions are “tuned” to provide a 
specific message.
◦ Immediate vs. long-term impact of DOTS scale-up

 Misinterpretation of assumptions can lead to 
misuse of model output.
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Summary: Model Limitations

 Parameters
◦ Must include them, whether data exist or not
◦ Are often incorrect, sometimes grossly so

 Assumptions
◦ Crafted to answer a specific question
◦ Easily misinterpreted

“All models are wrong, some are useful”
George Box

TB Diagnostic Models:
Advances and Future Directions
 Example of a model created for evaluating 

TB culture (MGIT) in South Africa
 Illustrate 2 key areas for improvement as 

the field progresses from awareness-
raising to policy-guiding:
◦ User-defined parameters
 If parameters are wrong, at least they reflect beliefs 

of end-users.

◦ Diagnostic-specific assumptions
 Focus models on diagnosis as a specific process 

with specific interventions.
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Model of TB Culture in RSA

Advance 1: User-defined parameters

 End-users know TB incidence, prevalence, 
mortality.
◦ Not transmissibility, duration of disease, TB 

annual death vs. self-cure rate

 End-users also know local utility of 
diagnostic tests.
◦ After accounting for operational realities

 Therefore, create models that allow end-
users to define model parameters.
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User-defined parameters in RSA

User-defined parameters in RSA
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User-defined parameters: 
Potential future directions
 Local ability to scale-up novel diagnostic 

tests (e.g. GeneXpert)
 Evaluation of optimal diagnostic strategies in 

various locations
 “Holy grail”:
◦ End-user inputs local parameters
 TB/HIV epidemiology
 Assumptions about utility of diagnostic tests

◦ Standardized model structure uses those 
parameters to define model inputs
◦ Accessible (e.g., web-based) outputs created

Advance 2: 
Diagnostic-Specific Assumptions
 Most models consider diagnostics as one 

of many interventions.
 Thus, the model isn’t crafted to evaluate 

the specific steps in diagnosis.
◦ Time before presentation
◦ Diagnostic delay
◦ Empiric treatment
◦ Repeat diagnostic attempts
◦ “Broken links” between diagnosis and 

treatment
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Diagnostic-Specific Assumptions

Diagnostic-Specific Assumptions
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Diagnostic-specific assumptions: 
Potential future directions
 Empiric treatment as a strategy for TB 

control
 Centralized vs. decentralized diagnostic 

infrastructure
 Defining a target product profile:
◦ Accuracy vs. ease of use/accessibility
◦ Accuracy vs. diagnostic delay
◦ Importance of detecting drug resistance

Conclusions
 Models often fail to achieve their goals.
◦ Parameters may lack data.
 Styblo rule

◦ Assumptions reflect the modeling question.
 Immediate impact of DOTS

 Advances in TB diagnostic models attempt to address 
these limitations.
◦ User-defined parameters
◦ Diagnostic-specific assumptions

 These advances will enable TB diagnostic models to:
◦ Craft policy
◦ Conceptualize
◦ Project
◦ Operationalize


