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Abstract

Tuberculosis has been a major cause of morbidity and mortality globally for hundreds of years
and remains so today. In spite of evidence pointing to significant burdens of asymptomatic but
infectious (subclinical) disease, there is very little knowledge on the rates and directions of
progression. Models reflect this lack of information by simplifying the structure of disease, with

very little data informing the direct transitions between states.

This thesis seeks to understand the natural history of tuberculosis from first infection to death
or recovery with a focus on accurately representing the spectrum of disease through pathology,

bacteriology, and symptom presentation in order to better parameterise models.

A systematic review of TB research following untreated cohorts found research from the first
half of the 1900s describing both progression and regression of disease in terms of bacteriology,

radiology, and symptoms.

[ used this data to construct and parameterise a model of pulmonary TB disease, extending the
commonly used “active disease” compartment into three stages of disease: minimal, subclinical,
and clinical. [ then simulated cohorts through disease to discover that 50% of people with
subclinical disease may never present symptomatically, and that, despite finding a median
duration of infectious disease of 12 months, after 5 years up to 20% of people starting with

infectious disease could still be living with infectious TB.

[ then used the new model structure to compare the impact different screening tests could
provide. With the current limited data on test performance for minimal and subclinical disease,
mass x-ray screenings, as used in the first half of the 20th century, are the most impactful
without screening every person bacteriologically. A test that could accurately confirm diagnosis

of minimal disease could increase the impact of x-ray screening even further.

Finally, I parameterised an extension to the TB disease model, including progression from
infection to disease. The data for this came from previously unused cohorts in the original
systematic review. | found that rates of progression to disease are low in comparison to rates of
recovery from infection. The best parameterisations maintained a well-used TB model structure
of an intermediate state between infection and disease, along with rapid progression that by-

passes this intermediate state.

In conclusion, I have created a more complex TB model structure that differentiates between
presentations of disease, and based the parameterisation, from infection to death, on real world

data. I have used this new structure to evaluate the impact of different screening tests, but there



are countless other applications of this model structure for future implementations, including

calculating better estimates of the global burden of TB and designing trials.
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Chapter 1 Introduction

In this chapter I will briefly explain the background and rationale for this thesis, through a
summary of the research gaps that justify the aims and objectives of this thesis. [ will then

outline the thesis structure and specify my contribution to all pieces of work.

1.1 Background

Tuberculosis (TB) is a major source of morbidity and mortality, with an estimated 10 million
new cases a year and causing 1.5 million deaths." Until 2020, and the start of the coronavirus
(COVID-19) pandemic, TB was the leading cause of death from a single agent, exceeding deaths
from HIV/AIDS.!

Recent prevalence surveys have used a combination of x-ray and symptom screening to
determine eligibility for bacteriological testing, and found that a significant proportion of people
who tested positive bacteriologically, had screened negative on symptoms.”* Whilst the
proportion of people with asymptomatic bacteriologically positive disease varied widely (36%
to 80%), there was no correlation between factors such as TB or HIV prevalence, or the patient
diagnostic rate within the country.”* Asymptomatic disease is well documented within clinical

presentations of disease, although has lapsed in and out of definitions for case detection.**

Most models for pulmonary TB are based around a structure that assumes a single state for
exposure (latent infection) and a single state for the resulting illness (active disease).”® Often,
the latent infection is split into fast and slow compartments to represent the known artefact of
TB infection that the risk of progression is fastest in the first few years with a much slower risk
in later years.® The active disease compartment is also often split into two, based on smear

status.?

These natural history models are parameterised using data from a very select group of papers,
or calibrated to external targets such as the number of people receiving treatment or dying from
disease.'’-*> However with the effective treatment regimens available today, it is not possible
(or ethical) to collect data to directly parameterise the models. There are many more studies
from the pre-treatment era that contain data on how infection and disease progresses, but no

systematic review of the available literature has been conducted to collect this data.

Although it is known clinically that disease is a spectrum and allows for natural regression, this
is not well represented in models, in part due to a lack of sufficient data. However, there is also

little agreement on structure or terminology to refer to different points within the spectrum.**-

18
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If all case detection and treatment was offered on smear status, and people were offered smears
regardless of symptom status, based instead on risk factors such as local or occupational
prevalence, known family members with TB, or known previous infection, then creating policy
based on a model structure that is defined by those differences is useful. However, in reality,
tests are restricted due to cost and likely (or unlikely) positivity. Therefore, people presenting
with TB specific symptoms are offered a test, whereas people without symptoms will not even
seek healthcare with any query that will initiate a TB test. The fact that most models do not then
differentiate between disease with and without symptoms means that predictions of impact of
healthcare interventions on “active disease” will have half the effect in real life due to half the

people with active disease not presenting to healthcare facilities.?

1.2 Aims

This thesis has two main aims:

1. Create a model of pulmonary TB in adults from infection to death that incorporates the

spectrum of disease with data-driven parameter estimates
2. Describe how an updated model structure could affect our understanding of best

practices for finding and treating people with disease

1.3 Objectives

To address aim 1, there are three objectives:

3. Conduct a systematic review of pre-treatment literature to find data on progression of

pulmonary tuberculosis in adult cohorts

4. Develop a natural history model of the spectrum of TB disease and calibrate the

parameters to data from the systematic review
5.  Extend the natural history model to include progression from infection and calibrate to

other data from the systematic review

To address aim 2, there are two further objectives:

4. Simulate an untreated population through disease to quantify the progression and

regression pathways taken

5. Compare the effectiveness of different screening programmes to detect infectious

disease on simulated treated populations

14



1.4 Thesis structure

This thesis is structured in a research paper format in accordance with the guidelines of the

London School of Hygiene and Tropical Medicine. Three research papers are included.

Chapter 1 contains an introduction to the research gaps, a statement of the aims and objectives

of the work, and information on author contributions, ethics, and funding.

Chapter 2 is a background literature review providing the relevant information needed for each
subsequent section of research and how they link together. This chapter identifies the research

gaps highlighted in section 1.1.

In Chapter 3, [ address objective 1 with a report on a systematic review of historical data to

understand the spectrum of the natural history of disease.

Chapter 4 contains paper 1, which has been uploaded as a preprint on medRxiv. It is a report on
the estimation of parameters for the spectrum of TB disease and an analysis of what these

parameters mean for pathways through disease. This chapter addresses objectives 2 and 4.

Chapter 5 contains an unpublished final draft of paper 2. It is a comparison of different

screening tools as an alternative to population level symptom screening and addresses objective

5.

Chapter 6 is a description of the fitting work undertaken to join the spectrum of disease with

the progression from initial infection to disease, addressing objective 3.

Finally, Chapter 7 is a discussion of all work presented throughout the thesis and the future

steps that can be taken following this work.

1.5 Contributions of the author

Chapter 2: I conducted the literature review and drafted the chapter that presents the

background material for this thesis.

Chapter 3: The systematic review of historical literature was originally conceived by Hanif
Esmail and Rein Houben. I helped develop the aims and the protocol with Bianca Sossen, Hanif
Esmail, and Rein Houben. I have done the largest share of the work at all stages of the review,
screening the titles, finding and reviewing the full texts, assessing bias and extracting data. This
work has been shared with the original group and through a team of nine other people who I
guided and managed; three helped source the full texts and search the index medicus, six

assisted with the full text screening, bias screening, and data extraction. Every study that has

15



had data extracted, I either extracted myself or approved the extraction by someone else. |

prepared the tables and figures, and wrote the chapter.

Chapter 4: This chapter uses the data from Chapter 3 and analyses it through a model. The
initial idea was conceived by Rein Houben. I developed the aim of the manuscript, and the
structure of the model with Rein Houben. I designed the fitting methodology with the help of
Jon Emery and Katherine Horton. I coded the models, excluded the appropriate data from the
systematic review and produced the figures and results. I drafted the manuscript and
incorporated comments from all co-authors and submitted to medRxiv prior to being able to
submit to a journal. This paper will be submitted to a journal alongside a separate write up of
Chapter 3 but I will oversee the submission process and respond to peer review with the

necessary revisions of the work.

Chapter 5: I created the aims and objectives of this chapter with Rein Houben. I designed the
model framework, coded the model, conducted the analyses, created the figures, and drafted the
manuscript. I will oversee the submission process to a journal and revise the manuscript as

necessary in response to peer review.

Chapter 6: This work is an extension of my work in Chapter 4 but with additions that I helped
conceive jointly with Katherine Horton, Jon Emery, and Rein Houben. [ identified potential data
for Katherine Horton to use and was involved in discussions of how that data should be used.
Jon Emery ran initial tests to understand the best model structure to fit the new data. I joined
the structure Jon created with my work from Chapter 4 and calibrated the model structure to
the data. I have created all tables and figures included here, and drafted the chapter. This will
not be submitted to a journal in this form, but is written in the same style to maintain

consistency between chapters.

Chapter 7: I summarised the findings from chapters 3-6 and discussed the strengths,

limitations, and implications for future works.

1.6 Ethical considerations

All data are from publicly available sources, presented in published books or peer reviewed

journals.

1.7 Funding

This research was funded primarily through an ERC Starting Grant, with external funding from

TB MAC to support the wider systematic review.
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Chapter 2 Background

2.1 Current understanding of TB

It is estimated that annually, 10 million people develop tuberculosis disease (TB), and 1.5
million people die from TB, despite effective treatments existing." This burden is not evenly
spread globally, with southern Africa and eastern Asia bearing the greatest burden.*
Approximately one quarter of the world’s population are estimated to have been, either recently
or distally, infected with the causative agent Mycobacterium tuberculosis (M.th), again not
uniformly distributed globally.” After infection, there is about a 10% lifelong risk of progressing
to disease.” About 90% of the people who develop TB disease are adults, and most develop

pulmonary disease, although TB can develop in almost any part of the body."

M.tb infection and TB disease are understood to exist on a spectrum.’-> While terminology can
be inconsistent, there is some consensus on the description of stages within the spectrum.*->
Some people have no viable M.tb in their body, either through never having been infected, or
through clearing an infection, with or without having ever progressed to, and subsequently
recovered from disease, and they cannot develop disease without being (re)infected.>-> Then
there is a state of infection where progression to disease is possible without reinfection.*>->
Conceptually, disease is then split into any number of states to best describe the spectrum; Pai
et al. use two states, Drain et al. use three, and Lin and Flynn use four.?-> However many states
are used to represent disease, the consensus is that there is an asymptomatic, but
bacteriologically-positive state, in which people may not realise they have TB, but are still
potentially infectious.’-> There is also emerging consensus that progress through the spectrum
of disease is not necessarily unidirectional, but can take trajectories undulating through more

and less severe disease states.>-°

Prevalence surveys have highlighted how common asymptomatic, but bacteriologically-positive
disease (usually referred to as subclinical disease) is.”” Some prevalence surveys find as many
as 80% of people with bacteriologically-positive disease do not report TB symptoms, with a
median of 50% across all national and sub-national surveys from 1990 to 2020.°” Symptoms
are typically defined as a cough of at least two or three weeks, but vary widely between surveys
including weight loss, fever, night sweats, and haemoptysis.” The recently reported prevalence
survey in South Africa found that 43% of people with bacteriologically-positive disease
reported symptoms at the initial screen, meaning 57% of all disease was subclinical.® In
contrast, 93% of people detected with bacteriologically-positive disease screened positive with

a chest x-ray.? Most prevalence surveys use culture for bacteriological confirmation however,
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some use molecular tests, and others (mostly those from before 2010) use smear microscopy.’

Further details on bacteriological testing are discussed in section 2.3.

Whilst the clinical understanding of disease recognises the importance of the spectrum of
disease, and policy is starting to change alongside (as seen by the renewed focus on symptom
presentation in prevalence surveys), modelling and analysis have been slow to follow."’” For
example, global estimates for prevalence and incidence are based on a two-stage model of
infection and disease, often referred to as latent infection and active disease.’-*> However, there
are limited data in use at the moment that can describe the progression of disease through the

spectrum, hindering uptake of these insights in mathematical models of TB.

2.2 Changing conceptualisation of TB

Recent research in TB has centred on a re-discovery of a spectrum of infection and disease.
Whilst it is a different perspective to the current paradigm of a binary of latent infection and

active disease, it is not a new one.

TB has been present in human populations for millennia, with claims of cures (of varying
successes) dating back to the 14th century, and pathological descriptions of the course of
disease dating back to the 17th century.*® It was only 1720 that Benjamin Martin hypothesised
the infectious nature of TB, with another 162 years until Robert Koch managed to isolate the
causative agent, M.th."* Within the first year of this discovery, improved techniques for
identifying M.tb had been developed and research into the progression of disease continued
throughout the 20th century, with observational studies initiated from occupational and mass

screening, and latterly, trials for the efficacy of drug treatments at varying stages of disease.

In 1904, the National Association for the Study and Prevention of Tuberculosis was formed in
the USA, and, within a year, a committee was formed to create a standardised definition for the
“classification of cases of pulmonary tuberculosis”.** The definitions were adjusted over time
with new understanding and testing, and by June 1917, the first edition of a formal Diagnostic
Standards in Tuberculosis was published, followed by editions two and three before the end of
the year. In parallel, the American Sanatorium Association was also developing a set of
diagnostic criteria and in 1912 had already laid out a proposed update to terminology to
highlight the difficulty in ascertaining whether a person had truly been cured of TB. They
substituted in the phrase “arrested” in place of “cured”, and in place of the previous use of
“arrested” they used “quiescent”.** At the point these definitions were first discussed, there was

no requirement for radiography, but, in 1922, the American Sanatorium Association’s

definitions officially included radiography.'” The definitions first introduced by the American
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Sanatorium Association were subsequently used by the National Association from 1913 whilst

creating the first edition of their diagnostic standards.*

Although there were changes over time, these descriptions persisted, and by the 1940 version
of the National Association’s standards, the definitions were laid out clearly in terms of

radiology, bacteriology, and symptoms, highlighting the variety in disease observed.'**®

Arrested: “Constitutional symptoms absent. Sputum, if any, must be concentrated and found
microscopically negative for tubercle bacilli. Lesions stationary and apparently healed

according to X-ray examination; no evidence of pulmonary cavity.”

Quiescent: “No constitutional symptoms. Sputum, if any, may contain tubercle bacilli. Lesions

stationary or retrogressive according to X-ray examination; cavity may be present.”

Active: “Symptoms unchanged, worse or less severe, but not completely abated. Lesions not
completely healed or progressive according to X-ray examination. Sputum almost always

contains tubercle bacilli.”

Beyond defining disease, the National Association definitions also provided in depth
classifications of the extent of pulmonary lesions (minimal, moderately advanced, and far
advanced) and symptoms (none, slight, moderate, severe).'® Instructions were also provided on
best practices to demonstrate the presence of tubercle bacilli, through smear, culture, and
animal inoculation with a variety of sampling techniques. Following this, they provide a clear
definition of what constitutes both arrest and cure of disease, in terms of the number and
duration of negative bacteriological results.'® Further instructions were included on performing
and reading tuberculin skin tests (TSTs). A description of the progression of disease was also

included, and a shortened description has been included here:**

“The onset may be symptomless, devoid of abnormal physical signs, and denoted only by
the appearance in the roentgenogram ... Abnormal physical signs are elicited in less
than half the cases at the onset, and then may consist merely of a few rales heard after
expiratory cough...In some cases, ... the patient may raise a mere fleck of mucopurulent
sputum in the morning, ...which may reveal tubercle bacilli. ... Absorption and fibrosis of
this lesion may follow; or rapid, slow or intermittent progression ... Local symptoms of
cough, expectoration and hemoptysis are, with very few exceptions, indicative of
necrosis and ulceration of the lesion into the bronchi (cavity formation). The finding of
tubercle bacilli in the sputum has the same significance. ... The constitutional symptoms
of pulmonary tuberculosis are related closely as a rule to the rate and degree of

extension of the lesions.... A disparity of symptoms sometimes is observed. Thus,
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progressive excavation of a pulmonary lesion may be demonstrated while the fever
lessens and the patient gains weight. ... Extensive pulmonary tuberculosis may heal
satisfactorily, leaving the patient more or less disabled .... The numberless clinical

episodes of tuberculosis all have a basis and the explanation should always be sought.”

This describes a progression of disease prior to the development of symptoms, along with

symptoms waning, despite progression in other areas of disease.

Although the National Association definitions were widespread, they were not the only
definitions in use and were sometimes expanded upon to create individualised categorisations.
Opie and McPhedran split the stages of M.tb infection into three groups; tuberculosis
recognisable by a tuberculin test, tuberculosis recognisable only by radiography, and clinically
manifest tuberculosis.'” Tuberculosis only recognisable by a tuberculin test would fit with what
is now commonly referred to as a latent infection, with “no lesions demonstrable by
roentgenographic examination”.!” Tuberculosis recognisable only by radiography was split by
age (adult or child type) and severity (calcified nodules or “latent” tuberculosis, split this time
by radiography status as defined by the national association).*®!” With the explicit requirement
that this form of disease be detectable only through radiography, it does not fit into the two-
stage model of M.tb infection and progression where nothing exists between a latent infection
and infectious disease.'” The final type, clinically manifest tuberculosis, is also split into
subgroups (without bacilli, with bacilli, non-pulmonary, and suspected), all with the baseline of
exhibiting “well-known symptoms and physical signs”.!” This definition also refers back to the
National Association definitions, both in the stage of x-ray progression and severity of

symptoms to determine the stage of disease.'®"’

These descriptions and categorisations of TB show that those treating patients with TB knew
that there was more to TB than just a state of infection and a state of disease. However

somewhere between 1940 and the 2000s the two-stage model became widely used.

From 1964, in the WHO eighth expert committee report on TB, recommendations were made to
scale back mass radiography screening, in favour on focussing first on those with symptoms.*®
By 1974, in the WHO ninth expert committee report on TB, the statement on mass radiography
was even stronger; it is very expensive and “contributes only a small proportion of the total
number of cases found”.*® Thus the focus should remain on people with symptoms and
developing outpatient clinics where people could receive free TB treatment.*® The ten years
between 1964 and 1974 also marked a change in the approach to testing for disease.'®'® While
in 1964, they define a “case” as any bacteriologically-confirmed TB with an emphasis that a

positive smear result did not need any further investigation, in 1974, part of the rejection of
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mass radiography was on account of the few smear-positive cases found through the schemes,
implying that only smear testing was used to determine cases.*®'? Culture testing, and
treatment provision based on culture, were not lost, but this change marks the start of the
differentiation between smear-positive and smear-negative disease that still persists today.*®*°

This framing of “cases” set up the thinking for the two-stage approach for infection and disease.

Whilst the global approach to the understanding of disease simplified, there were still people
discussing how disease could change and fluctuate between presentations. In 1977, Gothi gave a
presentation on his understanding of the natural history of TB.?° His visualisation of this natural
history is included as Figure 2.1. He split the natural history into five sections, with the first
being the undetectable infection, then the first signs of infection appear in the form of a
response to TST.?° Sometimes this stage comes with symptoms, sometimes not, sometimes this
stage progresses rapidly to severe disease or even death, sometimes it recovers to nothing
detectable.”’ Beyond this there is potential to develop either “adult-type” pulmonary disease or
extra-pulmonary disease, both of which can lead to severe disease and death or recovery, even
to the point of no evidence of lesions on the lung.”° In line with other descriptions, Gothi also
believed there was no simple two-stage process of infection and disease, and that the path

through infection and disease could be extremely variable.?
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FIGURE 2.1: THE NATURAL HISTORY STRUCTURE DESCRIBED BY GOTHI IN HIS 1977 PRESENTATION??

After the recognition of HIV in the early 1980s, and its epidemic spread, years of reductions in
TB prevalence were reversed, particularly in Africa, where prevalence of both diseases was

high.?**? Untreated HIV infection makes a person much more likely to progress to disease either
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through a long term infection or re-infection.?’-** Between 1990 and 2008 there was a global
11% increase in incidence and 40% increase in prevalence of TB, mainly driven by the growing
HIV epidemic.?* This growth threatened to overwhelm healthcare systems.”” At the same time,
the dissolution of the Soviet Union led to a collapse of health systems in the former Soviet
republics, creating an increase in both TB incidence and mortality, alongside an increase in

drug-resistant TB.»

DOTS, short for ‘Directly Observed Treatment, Short course’, was first implemented in 1993 and
as the challenge of controlling the HIV epidemic and drug-resistant TB grew, DOTS was
extended around the world.”” DOTS is a framework which includes providing treatment to
people with sputum smear-positive disease who report to healthcare centres with TB
symptoms.”” There is standardised regimen of drugs and observation of treatment is
maintained for at least two months.”” It is likely that, through the success of the programmes,
the two-stage model of TB infection and disease was cemented into global communication and
policy. However, despite the success of DOTS, TB prevalence isn’t falling at the rate required to

meet the UN Sustainable Development Goals in 2030 or the END TB goals in 2035.%2°

2.3 Tests for M.tb infection and TB disease

With different stages of M.tb infection and TB disease, the immunological response of the body
is different.® At each stage of disease, there are different tools that can be used to infer, detect
and confirm the existence of M.th within a person.?” Detection of infection and disease have the
primary objective of allowing treatment to be correctly targeted. Preventative therapy is aimed
at people with an infection, to prevent progression to disease.”’ Longer course, multi-drug
regimens are recommended for people with disease, to cure as well as to minimise further lung

damage and reduce potential for onwards infection.?®

2.3.1 Standard tests and investigations

A panel of experts have collated recommended and possible investigations in the process to
diagnose TB disease.”” Here, I will discuss each of microbiology, imaging, and symptoms and

signs, along with tests for infection.
Microbiology

Mycobacterial culture on liquid media is widely considered the reference standard test for
diagnosing and confirming TB disease.>*°>* However, at about four weeks to culture Mtb and six
to eight weeks to declare a negative result, it is a slow process.?’*? Sputum smear microscopy is

not as sensitive, nor as specific, as culture, and so will likely only be positive with higher
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bacterial loads than culture can detect, however, results can be available on the same day.’ The
lower sensitivity of sputum smear microscopy leads to the distinction often seen between
smear-positive and smear-negative disease, with the assumption that a higher load correlates

with higher infectiousness and more severe disease.*

There are also molecular tests that utilise nucleic acid amplification for detection of M.th DNA.?
Xpert MTB/RIF (Xpert) is the most widely used of these and, with the correct infrastructure, can
provide a same day result with a similar performance to that of liquid culture.® Alongside testing
for disease, Xpert also tests for rifampicin resistance with a 95% sensitivity and 98%

specificity.’
Imaging

The most common form of imaging for TB is chest radiography, first included in diagnostic
guidelines in 1922." Interpretation of radiographic films is subjective, leading to intra- and
inter-reader variation.>* Although experience reduces discrepancies between readers, when
asked “is this film normal?” there was a 34% disagreement in responses from a panel of 90
experts, and similarly when asked “is there a cavity present” there was a 28% disagreement.*
Performance of radiography is also affected by other factors outside of interpretation, like the
quality of the film , the process of developing the film, the functionality of the machine, and the
skill of the radiographer.** However, improvements in technology mean that radiography
machines, once significant pieces of infrastructure, can be carried in a backpack, and produce a
digital image that can be analysed by an algorithm to give a score between 0 and 99 on the
likelihood of TB.** These technologies can achieve 98% specificity compared to expert readers,
and 76% specificity when compared to Xpert as the reference, both when sensitivity is fixed at
90%.*>-*" Although more uncommon, and needing more significant infrastructure, other
imaging technologies can be used for detection of TB in the lungs, including combined positron
emission tomography/computed tomography (PET-CT), standalone CT, and magnetic

resonance imaging (MRI).***>*
Mtb Infection

There is no test in use that can confirm viable M.tb infection. Instead, the two tests used for M.tbh
infection actually detect an immune response to M.th, which is considered a proxy for
infection.>® The two tests for infection are interferon-gamma release assays (IGRA) and TST. A
positive TST or IGRA test does not indicate future progression to disease, and it is believed that
people who have fully recovered from an infection, or even disease, may still return a positive

TST or IGRA with no risk of further progression.*® Similarly, a positive TST could also be as a

25



response to receiving the BCG vaccine or from the booster effect of having two TSTs close
together.?>*° Meta-analyses to establish the performance of these tests for detecting infection
find TST sensitivity ranges from 65% to 77% and IGRA sensitivity ranges from 61% to 89%
with newer versions at the upper end of this range.** IGRA can have specificity between 86%
and 99%, which is higher than can be expected for TST in a BCG vaccinated population.** When
considering each test as a predictor for progression to disease, the positive predictive value is
low (2.7% for IGRA and 1.5% for TST), meaning that a high number of people who screen
positive will not progress, but the negative predictive value is high (99.7% for IGRA and 99.4%
for TST), meaning that a low number of people who screen negative will progress.*” Therefore,
if used to target preventative therapy, many people would be treated who would never have

progressed to disease.
Symptoms

Symptoms are used as another screening tool for TB, particularly in prevalence surveys.®’** The
guidelines for systematic screening highlight five symptoms that are indicative of TB; cough of
any duration, haemoptysis, weight loss, fever, or night sweats.** The same symptoms without
haemoptysis form the four symptom screening guidelines for people living with HIV.** These
are not an exhaustive list of symptoms caused by TB, but some prevalence surveys use these as
their baseline for a symptom screen.” Some prevalence surveys reduce the list, most commonly
to a cough or at least two weeks, but some extend the list to any possible TB symptom.’
Symptom screening cannot definitively diagnose disease and so will be followed by some form
of bacteriological testing and potentially radiology or other imaging.

2.3.2 Novel tests

Diagnostic tests

The WHO has laid out Target Product Profiles (TPPs) for novel screening and diagnostic tests
that move away from the classic tools of radiography, bacteriology, and symptoms.*> For a novel
triage test for TB disease they proposed an optimal target of 95% sensitivity and 80%
specificity, with minimal requirements of 90% and 70% respectively.”> For the diagnostic test,
the target is an optimal sensitivity of 98% in people with smear-positive disease, and 68% in
people with smear-negative (culture-positive) disease.”” These standards are comparable to

those of the Xpert assay.*>*°

C-reactive protein (CRP), an inflammatory marker, is not specific to TB, however it has shown a
higher sensitivity for “active tuberculosis” than many other inflammatory markers.*’*® This is

primarily being considered as a screening test for people living with HIV, and in a healthcare
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setting, CRP can achieve a sensitivity of 89% and specificity of 72% in people living with HIV -
very close to the minimal requirements for a triage test.*”*° In a meta-analysis of nine studies,

two studies evaluated the performance in the context of screening, with sensitivity between

81% and 85% and specificity between 58% and 81%.°
Predictive tests

The WHO also released TPPs for tests that can predict progression from infection to disease.”*
These would ideally identify the 5 - 15% of those infected with M.tb who were likely to progress
to disease, as opposed to the currently available tests of TST and IGRA that only show whether a
person has been exposed to M.th.>* This could help focus preventative therapy interventions to
only those at risk of progression.”* The optimal sensitivity and specificity for this test was set at
90%, with the minimal performance set at 75% each.’* These performances were expected to

predict progression within two years of the initial test.>*

A study in South African adolescents found a blood-biomarker, a 16-gene signature of risk with
a reported sensitivity of 66% and specificity of 81%.>* Further validation was performed on a
cohort from another study finding a sensitivity of 54% and specificity of 83%.>° This analysis
only accounted for disease that developed within 12 months of the blood test, which could mean
that the sensitivity at two years would be higher.”® However, with the results published, this

would not meet the TPP for a test for progression from infection to disease.”*

Another recently completed trial in South Africa, CORTIS, by the same team, refined the blood-
biomarker to an 11-gene signature.”*>* With two different score thresholds for the biomarker,
at 60% and 26%, sensitivity and specificity for both progressive infection and prevalent disease
were reported. Prediction of progressive infection performed more poorly using the 11-gene
signature rather than the 16-gene signature with the 60% threshold reporting a sensitivity of
25% and specificity of 91%, and the 26% threshold reporting a 48% sensitivity and 75%
specificity.”* At face value, the sensitivity and specificity for prevalent TB disease also do not
perform sufficiently well for the triage or diagnostic test TPPs, with sensitivities of 35% and
72%, and specificities of 91% and 75% for the 60% and 26% thresholds respectively.>*
However, when these are stratified by symptom presentation, the performance of the 26%
threshold surpasses the minimum performance for a triage test for people with symptomatic,

bacteriologically-positive disease.**>*

As a predictor for progression from infection, blood-biomarkers still need significant
refinement.”>*°* Beyond the need to improve sensitivity and specificity, these biomarkers are

still based around the two-stage infection and disease paradigm and a change towards
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understanding risk of progression to stages on the spectrum may well improve their prognostic
power.”*** However, there is potential for use of blood-biomarkers as a triage test for
symptomatic, bacteriologically-positive disease.*”>* The downside of blood-biomarkers is that
they require a collection of venous blood, and specialist lab equipment, creating barriers to

testing.>*

[t is not only the blood-biomarkers that are designed around the two-stage model of infection
and disease. These tests are used in a way that assumes a single performance across people
with active disease, which is considered a single state. However, if there is an understanding
that not all people with active disease report symptoms, for example, then it is clear to see that a
symptom screen will not perform equally in those with and without symptoms. Accepting the
different performances of screening tests across the spectrum means that the impact of
screening a population is dependent on both the distribution of disease within the population,
as well as the performance of the test being used. This is a research gap [ will investigate in

Chapter 5.

2.4 Modelling

Mathematics has been used to model and understand infectious diseases since at least the 18th
century.”” Daniel Bernoulli, a mathematician, physicist, and physician, tried to estimate the
increase in life expectancy through variolation against smallpox by considering competing risks,
a methodology now better known in actuarial than epidemiological literature.”>>° The
foundation of compartmental models as we know them today was laid by four physicians in the
early 20th century; Ross, Hamer, McKendrick, and Kermack.> The first formalisation of a TB
model was in 1962 by Hans Waaler et al..”’>® Taking inspiration from other fields, such as
meteorology, demography, and economics, he argued that epidemiology would be a more
promising field to use modelling in, as compared to demography or economics, because the
unpredictability of humans does not matter, just the underlying behaviour of the disease.’’
Whilst this statement does not hold true in reality, good approximations can be made without
taking human choice into consideration, as is also the case for demography and economics.

2.4.1 Early TB models

As is the case for all models, the model Waaler et al. used was not intended to be wholly
realistic, instead providing enough representation to improve the use of available data.”’
Acknowledging this simplicity, Waaler et al. split the population into three states affected by TB,
the “Non-infected”, the “Infected, non-cases”, and the “Infected, cases”.”” These were set out as a

series of first-order difference equations with assumptions that newborns are always free from
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infection, death is possible from any state, and once infected, always infected, but healing is
possible from “Infected, cases” back to “Infected, non-cases”.”’” Parameterisation of this model
was based on data from studies in South India, led by Frimodt-Moller.>® The prevalence of TB
infection in India at the time was estimated to be 52%, but due to “non-specific sensitivity”
(presumably higher than expected proportions of the population with a positive TST result),
this was assumed to be an overestimate, with 25% used as a more reasonable approximation -
matching recent estimates.””’ Healing, from “cases” to “non-cases” was estimated to occur at a
rate of 10% per year.”’ This model was used to compare interventions and show that a
continuous BCG programme that effectively reduces the infection rate by 50% has a better
impact on prevalence long term than either passive case finding or a single active case finding
intervention with sufficient treatment for 67% of the “cases”.”’ This study was, however, only
intended as a proof of concept that the modelling mechanisms in other areas could successfully

be utilised to understand epidemiological trends.>’

By 1968 Waaler had extended his model structure further, as can be seen in Figure 2.2.%° Firstly
waning BCG protection was added for those non-infected but vaccinated.®® Then the
compartment for infection was split by time at 5 years from infection.®® From infection it was
possible to progress to active disease that was classified as either infectious or non-infectious,
with progression to infectious from non-infectious possible.®® The differentiation between the
two active disease compartments had two purposes: to calculate the force of infection based
only on those with infectious disease, and to apply different treatments to the two groups.®°
Recovery from disease was similarly split based on the previous disease episode type
(infectious or non-infectious), to allow for different relapse rates.®® The whole model was then
split into five-year age groups.®® This model was intended to be closer to reality than the
original model, although introduced significant complexity that it could not be solved
analytically.®® Although presented as a theoretical structure with no implementations, it was
later used with data in both Europe and India to understand the impact of different control

measures.?.%?
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FIGURE 2.2: THE UPDATED MODEL STRUCTURE DESCRIBED BY WAALER IN 1968°°

A second study, by Revelle and Male, also looked to determine optimal case detection and
treatment pathways.®® The model structure and population heterogeneity was simplified, by
splitting the population into five groups, based on the outcome of four tests; TST, chest
radiography, sputum culture, and sputum smear.®® The assumption was that a positive reaction
to a higher test (smear>culture>radiography>TST) implied positivity in all tests below.®® Active
disease was defined as all those with a positive culture, and the aim was to maximise the
number of people with active disease who received treatment.®® Rather than discussing the
progression between disease, and how the effects of different screening tests progressed over
time, this was purely an economic analysis on prevalent disease, maximising the number of
people with active disease detected and treated, whilst minimising costs incurred per each

active case treated.®®

An alternative structure, proposed by Chorba and Sanders in 1971 considered eight states;
susceptibles, new infection, dormant low-risk, dormant high-risk, active infection, natural
recovery, therapy, recovery with therapy, as seen in Figure 2.3.°* Susceptibles were those who
have never had a significant infection, however, due to the limitations on testing, this was

defined as all those with a negative TST.** Active infection was defined as all those with
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infectious disease, therapy was for those who were undergoing treatment, recovery with
therapy was for those who are non-infectious after treatment, and natural recovery was those
who have recovered to a non-infectious state from active infection without treatment.** Re-
progression to active infection was possible from the states of natural recovery and recovery
with therapy.®* The three states of new infection and dormancy were interconnected with all
three containing people who had a positive TST.** Dormant high-risk were those who had had a
positive TST for some time, and also had a positive chest x-ray, but had never reached the active
infectious state.** Dormant low-risk was similar, but with nothing visible on chest x-rays, and
new infections were those who had not progressed to either dormancy state or active disease.*
This model was simulated for the years 1953 to 1989, and validated against data up until

1969.°* In comparison to Waaler’s estimate, natural recovery from active infection is doubled to

20% annually.>”**
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FIGURE 2.3: THE MODEL STRUCTURE DESCRIBED BY CHORBA AND SANDERS IN 1971%*

Horwitz, in 1973, presented another model structure, with slight differences to those seen
before, as seen in Figure 2.4.°> Infection risk, as with all other models, was determined by the
number of people with active disease, but recovery from infection through both natural
processes or through chemoprophylaxis was included.®® Infection was followed by “active
cases”, defined as people who are sick or receiving treatment, followed either by recovery
(through treatment or otherwise) or death.®> Each state was assigned a number based on the
relevant prevalence in Denmark at the beginning of 1969, with flows assigned a number based
on the changes during the subsequent year.®® Based on these numbers, rates were then

approximated for each flow.*
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As can be seen from these initial models, definitions and structures all have an underlying
similarity, but the specifics of the models have key differences. For example, some define
disease as bacteriological positivity, but Horwitz, using the data available, describes active cases
as those who are sick with no mention of bacteriology.”’°*-°> However, Horwitz’s structure does
not differentiate between those undergoing treatment and those still with disease, unlike
Chorba and Sanders.®**> Each of these models is parameterised by data from a single location
and source, and these data are taken with no acknowledgement of the uncertainty behind them.
With the exception of Waaler’s 1968 split between non-infectious and infectious, one concept
none of the transmission models incorporate is the heterogeneity in “active disease”.>”.°%°°>
Revelle and Male, although not a transmission model, provided the most differentiation
between disease states, for an economic analysis of screening prevalent disease, but there was
no need to consider progression to or between disease states.®® Even the differentiation within
active cases in Waaler’s model does not allow for regression from infectious to non-infectious
disease without recovery to non-active disease, which restricts the ability to understand the

undulations in disease that are known to happen.?®°

NON INFECTED
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-—RELAPSES
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FIGURE 2.4: THE MODEL STRUCTURE DESCRIBED BY HORWITZ IN 1973°%°

These first 15 years of TB modelling yielded a small number of models, but almost nothing was
published between the early 1970s and the mid-1990s.”® However, from 1995 and onwards,
there were over 300 studies published in 20 years, and more have been published since.®® A
number of studies have summarised and categorised TB models that have been published

during this later period.”®°” As it is not feasible to describe all other models on TB natural
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history in detail, I will use these summaries to aid the discussion of further progressions in TB

natural history modelling.>®°%°’

2.4.2 Progression of models over time

2.4.2.1 Model structures

Simplistically, TB model structures usually follow an SEIR (susceptible, exposed, infectious,
recovered) framework.”®°%%” However, as even the earliest models started to show, restricting
the progression through infection and disease to two compartments (exposed and infectious) is

unusual.

Menzies et al. classified 12 model structures for progression from infection to disease.®® Over
half of the generic structures had at least two compartments for “latent” infection.®® Two more
of the structures create a similar effect by using time dependent parameter progressions,
although these were only implemented in individual based models where each individual could
be tracked by the time spent in each compartment.®® Of the final three model structures, one
does not include an infection compartment, one progresses from susceptible to infection, and
then to disease, and the final structure has two progression routes from susceptible, one direct
to disease and the other to infection.®® This final model structure was, in fact, the most widely

used, with almost half of the studies using some variation around it.*°

For comparison against real world data, Menzies et al. used data on progression from infection
to disease from the MRC vaccine trials by Sutherland to test the accuracy of each of these
structures.®®®® The model structure used in almost half the studies found within the review was
outperformed by eight of the other structures, all of which included at least two possible stages
of infection, with different progression rates.®® This is largely due to the fact that the data show
a sharp decrease in the number of people progressing from infection to disease over time, which

cannot be replicated by a single parameter.®®°®

Menzies et al. only classify the model structure differences in the space between initial infection
and progression to disease.°® There is neither discussion on recovery from infection or disease,
or on differentiations within the structure of disease.°® Most models do not incorporate
recovery from infection, instead assuming lifelong infection, although some do include recovery,
either naturally, or through treatment (preventative therapy).”°°-’? Natural recovery from
disease is more commonly included. This can either be modelled as a return to latent infection,
or to a separate “recovered” compartment.®®-’* For the model structure chosen by Menzies et al.

with both natural recovery from slow latent and from active TB, means that it is possible to
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completely recover from infection and disease with a simulated partial immunity to re-

infection.”* This is not a possibility in most other model structures.

Many model structures choose to split disease between smear-negative and smear-positive
active disease, on the basis that smear-positive is more infectious than smear-negative.”
Sometimes the distinction within the model is labelled instead as low- and high-transmissibility
disease, with the underlying assumption of a split by smear status.’® All these structures are
very similar to the model proposed by Waaler, and the subsequent work by Blower et al., where

disease was split into infectious and non-infectious strata.®®’’

Population level strata for risk factors enable models to incorporate factors that impact the
progression of disease. In TB models, HIV is the most common stratification, with almost 30% of
the models collated in the review by Menzies et al. including this stratification.®® The 11
country-specific analyses collated by Houben et al, nine included some form of stratification for
HIV; from two strata to 11 strata.®’ Age and drug resistance were the next most common

stratifications, although less common over all models than HIV.%%¢7

2.4.2.2 Data sources

Of the transmission models included in the review by Menzies et al, the highest number of
studies, almost 25%, gave no citations for the source of their parameters of progression from
infection to active disease.®® Otherwise, for the remaining 236 studies, the most cited sources
for parameters were 14 studies; four modelling studies, five empirical studies, four review
studies, and one expert report.°® This is not an exhaustive list of data sources, but highlights the

similarities between the parameterisation choices.

The four review studies in the list of most cited sources from Menzies et al. were cited 55 times
by the studies in the review.°® Ferebee’s review of controlled chemoprophylaxis trials was the
most used source.”® There were 13 studies included in this review, with six as part of a series of
US Public Health Service trials, and the other seven from around the world (Japan, Kenya,
Philippines, the Netherlands, USA, Greenland, Tunisia) and results were presented on
prevention and eradication of infection along with tuberculosis morbidity and adverse reactions
to isoniazid.”® The definition of “disease” in these studies is variable, sometimes based on
bacteriology, sometimes radiology, sometimes symptoms, which makes the threshold for what
is defined as “disease” difficult to draw and compare.’® Infection, determined by TSTs, is not
always defined from time of conversion, more often from the time a positive reaction was
recorded (whether new or old).”® It is understood that the rate of progression to disease

changes over time and so it is difficult to determine any true rate from infection to disease, as
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the time from infection to positive TST is unknown. The review by Comstock, the next most
cited review, used similar data to Ferebee (e.g. the US Public Health Service trials, data from
Greenland) but also introduced data from other sources (e.g. South India and Canada).”® Again,
summaries on risk of infection and risk of progression to disease were reported, with the same
limitations as those from the Ferebee review.’®? Neither provided a definitive value for these
risks, however, with many different countries and settings, an appropriate estimate from a
single study could be extracted.”®”® The final two reviews are by Styblo and these are even more
extensive than those of Ferebee and Comstock.”®-** Although extensive, none of these reviews is
systematic which could introduce bias from the selection process. Also, the definitions in the
reviews are limited, with the progression to disease defined from a post-infection TST to a
mixture of radiology, bacteriology, and symptoms, meaning that these are progressions are to

disease all across the spectrum and have a truncated duration.

Empirical studies, where the data are collected first hand, make five of the top fifteen most cited
sources as compiled by Menzies et al., and account for 74 citations.®® Horsburgh et al. was the
most cited empirical study, in determining the rate of reactivation TB, among people with a
latent infection.?” The second most cited empirical study reported on a TB outbreak within a
facility for people living with HIV.? It describes the progression to disease for 11 people who
are presumed to have contracted TB from one other person at the facility. Rather than the
standard assumption of disease behaviour taking months or even years to develop, in this
scenario, one person developed disease within four weeks of initial exposure.?* These data are
invaluable when stratifying a model by HIV status, as the reviews by Comstock, Ferebee, and
Styblo are mostly too old to contain studies on TB/HIV co-infection.”®-*° The next two most
commonly cited empirical studies are those by Sutherland, one analysing infection and disease
in populations in the Netherlands, from 1880 to 1970, and the other following participants from
the BCG vaccine trial in the UK.°®°%# The final empirical study listed, by Di Perri et al. is another
small study of a TB outbreak among people living with HIV.2* The varying definitions for disease

seen in the reviews is also seen in these studies.

A modelling study by Vynnycky and Fine is the most popular source of parameters, when a
source is cited.”®® This is a modelling study to estimate age-specific risks of developing disease,
split into primary, endogenous, and exogenous.?” As such, the model and parameters are
stratified by age.®” This model uses data from the MRC vaccine trial (Sutherland et al.), case
fatality data from India as used in the review by Comstock, and notification data from
Norway.®®%%>2¢ Blower et al., in the second most cited modelling study, cite both Styblo and

Comstock as the source of progression parameters.®®’”.”?8! Mortality and recovery rates are
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sourced from a review paper by Gzyrbowski and Enarson, compiling data from England,
Canada, the U.S.A,, India, Singapore, Korea, Taiwan, and Kenya, some of which have been used in
the other reviews.?®*’ Dye et al. have parameterised their model using data from each of the
WHO regions, and validated the model against data from the Netherlands.?® They have also
referred back to both the Vynnycky and Fine study and the Blower et al. study in the
construction and analysis of the model.””*>#® The final widely cited modelling study for
parameters is an analysis on the control of drug-resistant tuberculosis by Dye and Williams.®®#°
Data to inform the reproduction number for drug-susceptible disease was sourced, again, from

80,89

work by Styblo.

This is not an exhaustive list of modelling papers or sources for parameterisation. However, as
can be seen from this summary, there is substantial cross-referencing, and ultimately, most
references lead back to a subset of the four review studies, or the studies reviewed within them.
As previously mentioned, these data have not been systematically reviewed, lack a well defined
description of what constitutes disease, assume a two-stage model with no spectrum of disease,
and have truncated the duration of infection without a record of when infection or TST
conversion occurred.’®’? I intend to approach this research gap in my work in Chapters 3, 4, and

6.

A parameter that was not discussed in the review by Menzies et al. is that of TB mortality.®® A
systematic review by Tiemersma et al. collated data on disease mortality in smear-positive and
smear-negative disease, followed later by an analysis to convert the reported values into
estimates of mortality rate and recovery rate suitable for use in a model.**°° For comparison,
Ragonnet et al. identified 22 modelling studies that split TB disease by smear status, and
presented specific TB mortality and recovery rates.>* Point estimates for the annual rate of TB
mortality from smear-positive disease varied from almost 0 to 0.6, and the corresponding
smear-negative value ranged from 0 to 0.4.>* In comparison, the rates Ragonnet et al. attributed
to TB mortality from smear-positive and smear-negative disease were almost 0.4 and almost 0
respectively.*® The studies by Tiemersma et al. and Ragonnet et al. have drawbacks; they
conflate the historical term of “open disease” with smear-positive disease, and have assumed a
fixed smear status within disease.’*°° The concept of smear-positive and smear-negative
disease only formalised as a concept in the mid-1960s, and descriptions of open disease often
imply a differentiation based on symptom presentation, sometimes with no mention of
bacteriological status so the conflation of smear-positive with open TB may be flawed.'®*%°*

However, there is still value in their data and analysis, and the comparison of mortality rates
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from different studies shows that there is no consensus on the understanding of disease

mortality.?*%°

2.4.2.3 Latest developments

Despite the evolving understanding of disease and the WHO and prevalence surveys moving
away from smear status, much of the present modelling work still includes a differentiation on
the basis of smear alone with no mention of presentation of symptoms.’®’¢?? Most of these
models are re-formulations of previously published structures, with occasional complexities
added. For example, Arregui et al. have reworked the model structure from one used by Dye et
al., with susceptible, latent, disease and treatment stages, split into pulmonary smear-positive,
pulmonary smear-negative, and non-pulmonary disease.”®*® Zwick et al. have used the same
baseline model, however combined smear-negative and extra-pulmonary disease into one non-

infectious disease compartment.®®’°

Understanding of the need to model across the spectrum of disease has been growing, and
whilst working on this thesis, a few studies and preprints have been published that incorporate
some form of spectrum of disease. Ku et al. have used data from prevalence surveys to
determine the duration of symptomatic and asymptomatic TB disease.”*This has been followed
by an analysis by Emery et al. on the relative infectiousness of subclinical disease as compared
to clinical disease.’® In a full transmission model, Clark et al. have incorporated subclinical
disease into a model used to analyse different vaccine delivery strategies.’” Finally, Ryckman et
al. have extended the work by Tiemersma et al. and Ragonnet et al. to create a model that
encompasses both smear and symptom statuses.**?%°° [ will discuss these works in more detail
throughout the thesis, as they pertain to the content in each chapter. An in-depth discussion of
each work, and how they relate to my findings will be included in the Discussion chapter
(Chapter7).

2.4.3 Modelling methodologies

2.4.3.1 Representation of chance

There is a choice between a deterministic system or a stochastic system and whether or not to
include chance within a mathematical model.’” A stochastic system contains an element of
chance within event selection, implemented by using random number generators to determine
whether, or when, an event will occur given the prior probability.”” Stochasticity is important to
determine dynamics of a system at low prevalences (e.g. emergence or elimination of a
disease).’’”® Stochasticity is implemented by choosing events based on the probability of the

event happening and the outcome of a random number generator, although this can be
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implemented in a number of different ways within systems.’’.”® With the same input
parameters, the output of a stochastic system will vary each time. Of interest, is the overall
picture of the system after multiple evaluations with the same, or similar, starting parameters.’’
The output after multiple evaluations means that variation due to chance can be quantified,
however the computation required for each evaluation, and the number of evaluations required

means that these systems can be computationally expensive.’’

A deterministic system, on the other hand, has no variation due to chance; for a given parameter
set, one evaluation of the system will return the same as 100 evaluations.’’ Using parameters
that represent the behaviour within a population will result in an output that represents the
average outcome.’’ For example, for a disease with a modelled reproduction number of just less
than one, the expected behaviour is that the disease would not lead to an outbreak. With
stochasticity included in the model, there is a small chance that an outbreak can occur, but in a
deterministic model, this will never happen. Computationally, deterministic systems are easier
and quicker to use.”” However the lack of chance within the framework can lead to predictions
that are not, and cannot be, realistic, particularly when small numbers (e.g. of cases) are

involved.’’

2.4.3.2 Representation of a population

Compartmental models split a population into characteristic groups; a simplistic disease model
will split a population into three groups by whether they are susceptible to an infection,
infected, or recovered.”® There are then parameters that describe the rate into and out of each

compartment.”

The reciprocal of the parameter describes the mean duration within the
relevant compartment.”® Within each compartment, the population is considered one
homogeneous group, there is no tracking of how long each individual stays in a compartment
(beyond the mean duration), and at most points in time, the number of people within a
compartment is not an integer.”’ To represent more heterogeneity within populations, strata
can be added to models.”” For example, when a disease has different rates of progression in
different age groups, the model structures can incorporate forwards disease progression
alongside sideways ageing (remaining in the same state but ageing up to a new age group).”>**%°
With stratifications, it is possible to gain a well-rounded understanding of disease dynamics

within a population. Compartmental models can be either deterministic or stochastic.”®

Compartmental models can be used to explore population level trends, and describe a “typical”
disease process.”” However, there are some instances where a different approach is preferred or
even required.”’*°° For example, populations where important heterogeneities in disease

pathways are an outcome of interest, or a specific community is being simulated, where
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between-person heterogeneities are important to consider.”’*°°*°* [ndividual based models
(IBMs), sometimes referred to as Agent based models (ABMs), differ from compartmental
models by instead tracking individuals over time.'°°-°> Each individual holds the information on
their current state and attributes (e.g. disease, age, risk factors, location, etc.), along with their
individual history, and progression in any direction at each time point is individualised.’” IBMs,
are stochastic, and are frequently more complex than compartmental models.””*°> They have
potential to become complex beyond understanding and useful analysis and are often
computationally intensive, however, when used properly, they can be invaluable sources of

analysis.”’'%%

2.5 Research gaps

This chapter has expanded on the brief background in Chapter 1 to introduce the research gaps
that this thesis intends to fill, along with the chapters where I discuss the work to fill them. The
research gaps identified are:

¢  There was a wealth of published knowledge on the progression of M.tb infection and TB

disease that has been forgotten (Chapter 3)

. Data to parameterise models originate from four review studies, which each overlap in
the data collected, do not differentiate between smear status or symptoms, and poorly
define the time of infection (Chapter 3, Chapter 4, Chapter 6)

. Models are still structured around smear status despite the move to classify disease by
symptom status (Chapter 4, Chapter 6)

. Screening tests assume a homogeneous disease state to define performance and so
predictions of population interventions do not take into account the varying
performance of tests across the spectrum of disease (Chapter 5)

[ will address these research gaps through the aims and objectives introduced in Chapter 1.

2.6 References

1. World Health Organization. Global tuberculosis report 2021. (World Health Organization,
2021).
2. Houben, R. M. G. ]. & Dodd, P.]. The Global Burden of Latent Tuberculosis Infection: A Re-

estimation Using Mathematical Modelling. PLoS medicine 13, 1002152 (2016).
3. Pai, M. et al. Tuberculosis. Nat Rev Dis Primers 2, 16076 (2016).

4. Drain, P. K. et al. Incipient and Subclinical Tuberculosis: a Clinical Review of Early Stages
and Progression of Infection. Clinical Microbiology Reviews 31, 24 (2018).

5. Lin, P. L. & Flynn, ]. L. The End of the Binary Era: Revisiting the Spectrum of Tuberculosis.
The Journal of Immunology 201, 2541-2548 (2018).

39



6. Onozaki, I. et al. National tuberculosis prevalence surveys in asia, 1990-2012: An
overview of results and lessons learned. Trop Med Int Health 20, 1128-1145 (2015).

7. Frascella, B. et al. Subclinical Tuberculosis Disease—A Review and Analysis of Prevalence
Surveys to Inform Definitions, Burden, Associations, and Screening Methodology. Clinical
Infectious Diseases 73, e830-e841 (2021).

8. Moyo, S. et al. Prevalence of bacteriologically confirmed pulmonary tuberculosis in
south africa, 201719: A multistage, cluster-based, cross-sectional survey. The Lancet Infectious
Diseases 22, 1172-1180 (2022).

9. Glaziou, P., Sismanidis, C., Zignol, M. & Floyd, K. Methods used by WHO to estimate the global
burden of TB disease.

https://www.who.int/tb/publications/global_report/gtbr2018 online_technical_appendix_glo
bal_disease_burden_estimation.pdf?ua=1 (2016).

10. Glaziou, P., Dodd, P.]., Dean, A. & Floyd, K. Methods used by WHO to estimate the global
burden of TB disease. (2020).

11. Tuberculosis. Institute for Health Metrics and Evaluation (2021).

12. Ledesma, J. R. et al. Global, regional, and national sex differences in the global burden of
tuberculosis by HIV status, 19902019: Results from the global burden of disease study 2019.
The Lancet Infectious Diseases 22, 222-241 (2022).

13. Barberis, 1., Bragazzi, N. L., Galluzzo, L. & Martini, M. The history of tuberculosis: From the
first historical records to the isolation of koch’s bacillus. Journal of Preventive Medicine and
Hygiene 58, E9-E12 (2017).

14. Long, E. R. & Hopkins, F. D. History of diagnostic standards and classification of tuberculosis
of the national tuberculosis association. Am Rev Tuberc 65, 494-504 (1952).

15. Skavlem, ]. H. Arrested Pulmonary Tuberculosis. Diseases of the Chest 4, 8-11 (1938).

16. National Tuberculosis Association. Diagnostic standards and classification of
tuberculosis. (New York, N.Y., 1940).

17. Opie, E. L. & McPhedran, F. E. The organization of an out-patient clinic for epidemiological
investigation. Am J Hyg 22, 539 (1935).

18. World Health Organization. WHO expert committee on tuberculosis - eighth report.
https://apps.who.int/iris/bitstream/handle/10665/40606/WHO_TRS_290.pdf?sequence=1&is
Allowed=y (1964).

19. World Health Organization. WHO expert committee on tuberculosis - ninth report.
https://apps.who.int/iris/bitstream/handle/10665/41095/WHO_TRS_552_eng.pdf?sequence=
1&isAllowed=y (1974).

20. Gothi, G. D. Natural History of Tuberculosis. Indian Journal of Tuberculosis 25, (1977).

21. Corbett, E. L. et al. The growing burden of tuberculosis: Global trends and interactions
with the HIV epidemic. Archives of Internal Medicine 163, 1009-1021 (2003).

40



22. Cantwell, M. F. & Binkin, N. J. Tuberculosis in sub-Saharan Africa: a regional assessment
of the impact of the human immunodeficiency virus and National Tuberculosis Control
Program quality. Tubercle and Lung Disease: The Official Journal of the International Union Against
Tuberculosis and Lung Disease 77, 220-225 (1996).

23. Daley, C. L. et al. An outbreak of tuberculosis with accelerated progression among
persons infected with the human immunodeficiency virus. New England Journal of Medicine 326,
231-235(1992).

24. Getahun, H., Gunneberg, C., Granich, R. & Nunn, P. HIV infection-associated tuberculosis:
the epidemiology and the response. Clin Infect Dis 50 Suppl 3, S201-7 (2010).

25. World Health Organization Communicable Diseases. What is DOTS? : A guide to
understanding the WHO-recommended TB control strategy known as DOTS.
WHO/CDS/CPC/TB/99.270 (1999).

26. World Health Organization. The end TB strategy. (2015).

27. Organizat, W. H. WHO consolidated guidelines on tuberculosis. Module 1: Prevention.
Tuberculosis preventive treatment. Tuberculosis, Lung Diseases, HIV Infection 86-92 (2021)
doi:10.30978/TB2021-2-86.

28. World Health Organization. WHO consolidated guidelines on tuberculosis: module 4:
treatment: tuberculosis care and support. (World Health Organization, 2022).

29. Akkerman, 0. W. et al. Clinical standards for drug-susceptible pulmonary TB. The
International Journal of Tuberculosis and Lung Disease 26, 592-604 (2022).

30. Goletti, D., Lee, M.-R., Wang, ].-Y., Walter, N. & Ottenhoff, T. H. M. Update on tuberculosis
biomarkers: From correlates of risk, to correlates of active disease and of cure from disease.
Respirology 23, 455-466 (2018).

31. Ankrah, A. 0. et al. PET/CT imaging of mycobacterium tuberculosis infection. Clinical and
Translational Imaging 4, 131-144 (2016).

32. Davies, P. D. 0. & Pai, M. The diagnosis and misdiagnosis of tuberculosis [state of the art
series. Tuberculosis. Edited by i. D. Rusen. Number 1 in the series]. The International Journal of
Tuberculosis and Lung Disease 12, 1226-1234 (2008).

33. Ragonnet, R. et al. Revisiting the Natural History of Pulmonary Tuberculosis: A Bayesian
Estimation of Natural Recovery and Mortality Rates. Clinical Infectious Diseases 73, e88-e96
(2021).

34. Cleeff, M. van, Kivihya-Ndugga, L., Meme, H., Odhiambo, ]. & Klatser, P. The role and
performance of chest x-ray for the diagnosis of tuberculosis: A cost-effectiveness analysis in
nairobi, kenya. BMC Infectious Diseases 5, 111 (2005).

35. Murphy, K. et al. Computer aided detection of tuberculosis on chest radiographs: An
evaluation of the CAD4ATB v6 system. Scientific Reports 10, 5492 (2020).

36. Digital x-ray systems.

41



37. FIND Radiology LandscapeProject Team. Digital chest radiography and computer-aided
detection (CAD) solutions for tuberculosis diagnostics: Technology landscape analysis. (2021).

38. Bomaniji, ]. B., Gupta, N., Gulati, P. & Das, C.]. Imaging in tuberculosis. Cold Spring Harbor
Perspectives in Medicine 5,a017814 (2015).

39. Pai, M. et al. Gamma Interferon Release Assays for Detection of Mycobacterium
tuberculosis Infection. 27, 3-20 (2014).

40. Behr, M. A,, Edelstein, P. H. & Ramakrishnan, L. Is Mycobacterium tuberculosis infection
life long? BMJ 367,15770 (2019).

41. Thillai, M., Pollock, K., Pareek, M. & Lalvani, A. Interferon-gamma release assays for
tuberculosis: Current and future applications. Expert Review of Respiratory Medicine 8, 67-78
(2014).

42. Diel, R., Loddenkemper, R. & Nienhaus, A. Predictive value of interferon-y release assays
and tuberculin skin testing for progression from latent TB infection to disease state. Chest 142,
63-75 (2012).

43. WHO. Systematic screening for active tuberculosis: Principles and recommendations. (2013).

44, World Health Organization. Guidelines for intensified tuberculosis case-finding and isoniazid
preventive therapy for people living with HIV in resource constrained settings. (World Health
Organization, 2011).

45. High-priority target product profiles for new tuberculosis diagnostics: Report of a consensus
meeting. (2014).

46. World Heal