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The majority of those who profess to be desirous of preventing and curing the disease called
consumption must be either hypocrites or fools, for they ridicule the suggestion that it is necessary
first to cure and prevent the poverty that compels badly clothed and half-starved human beings to

sleep in such dens as this.

- Robert Tressell, The Ragged Trousered Philanthropists (1914)



Abstract

Background: In January 2015, Public Health England and NHS England published a collaborative TB
strategy for the years 2015-20; this strategy highlighted contact tracing as a key element. In January
2016, the National Institute of Health and Care Excellence (NICE) made changes to the UK TB
guidance, including no longer recommending that contacts of non-pulmonary TB cases be screened.

This thesis attempts to address several issues arising from these policy documents.

Methods: | utilized a range of quantitative approaches. | undertook a cohort analysis of TB cases in
London between 2012-15 (inclusive), including logistic regression, to understand contact tracing
outcomes in London, and how these differed between population subgroups. To understand the
impact of changes to NICE guidance | carried out an economic analysis using a simple static model. |
then utilized a pairwise transmission model to understand how transmission differs between those

with primary and reactivation disease.

Results: In London from 2012-15, 91% of pulmonary index cases had at least one contact identified
(a median of four per case), and 86% of these identified contacts were evaluated. In this period, 80%
of those contacts determined to have TB had an isolate that was indistinguishable from their index
case, implying probable transmission. Assuming each contact with PTB infects 1 person/month,
screening contacts of ETB cases costs £78000/QALY (95% Cl: 39000 to 140000). Pairwise modelling
suggests that the number of infections generated by those with a reactivation disease is only slightly

greater than those with disease following recent infection.

Conclusions: While contact tracing outcomes in London were good relative to similar countries and
previous UK studies, our results highlight several groups for whom outcomes are worse. Our results
also show that the impact of contact tracing is not limited to those occasions where transmission
between index cases and contact has occurred. Our results also show that screening contacts of non-
pulmonary index cases is almost certainly not cost-effective at a £30000/QALY threshold. More work

is required if pairwise modelling is to be used effectively to model M. Tb transmission.



Contents
(D =Tol T =) o] o TP P PP PPPP PP 2
F o - [ot AT TP PP PP PP PPTPUPPPP 5
L0101 (=T | PP PPP 6
Yol 4o LNV F=To Fd=T o Y=Y o (PP PP PPPPPPPRt 10
List Of ADDIreVIatioNnS....ccoocuriiiiie e s 12
LiST OF FIGUIES 1uvtttiiiiiiiiiiiiiiitiititt s 14
LIST OF TADIES ...ttt et e st e e s s e e st e e e e e e 18
OULHINE OF ThESIS ..ttt e e e e s ee e e s eneeee s 20
AIM AN ODJECLIVES ..o, 20
RATIONAIE .. et e s e e st e e s e e e e e ean 20
Layout Of theSIS cooeiiiiiiccc 21
1. Background and LIterature REVIEW ............uuuuuuuuuuuuuniiii e 23
1.1 NALUral NISTOIY cooeeeeeeeeeeeeeeeeeeeeee 23
1.2 TB epidemiology in the UK and LONON ........uuuuuuiuii s 25
1.21 U L PO P PP PP OPPUPPUPPRPRN 25
1.2.2 [IoT0To (o] B PP PP PP PP P OPPPPPUPPIPURNt 30
13 TB Care and PreVENTION ........eeeeiiiiii e aan 32
131 Vaccine and treatMeNnt ......iei i 32
1.3.2 (6000} 7= Yot f d = 1 -SSPt 33
1.3.3 Other forms of screening and case fiNdiNgG ...........evviiiiiiiiiiiiiiiiiiieeeeeeeveeee e, 36

1.4 MOAEIING e 37



141 M. tuberculosis transmission MOEIS .........cceeeiiiiiiiiiiiiiee e e e e 37
1.4.2 Previous TB contact tracing modelling studies ...........ccccceeeiiii 38
1.4.3 Approaches to modelling contact NETWOIKS .........uueiiii 40
144 ECONOMIC @VAIUALIONS ....viiiiiieieiiieeee et e e e e e e s ee s 41
15 SUIMIMIAIY ettt ettt e e e et e e e et e e ettt s e ettt e e eesaa s eatasaseaessaseenesanasesnnssenennnseenennnane 49

2 First paper: An evaluation of tuberculosis contact investigations against national standards.... 51

PrEambBIE ... e e e e s ee e 51
(000N =T T 1= OO P PP PP P PR PPP RPN 53
o T o 1< ST PO PRTPPPPRRPPPRt 57
1Yo [« 1=T g T 18 T3 TP PSP PP PP PP PPPPRPP 69
(O T4} (o) o] PSP P PP OPP PP OPPI 69
COITECLIONS ceeiiiiiiiiiiiii 69

3. Second paper: Transmission events revealed in tuberculosis contact investigations in London 70

PrEAMDIE ... e e s e e e e be e e e anreeeeean 70
COVEE SNBET ..ttt st e e st e e e st e e s bt e s s e e e st e e s anreee s 72
o ] 1< PSR PPPRRRPPPRY 75
1Yo [o 1= o 1o [T TP PP PP PP PRPPTOP 96
(O T4 (oY o T3 T PO PP PP OPPPTOPRI 96
COPTECLIONS i 96

4. Third paper: Should NICE reconsider the 2016 UK guidelines on tuberculosis contact tracing? A

cost-effectiveness analysis of contact investigations in London .....................c 98

=TT 0] o ][RR 98



(00 ] o 1= 1= TP PP PPPPPPPPTPN 99
] o 1= PR PPPRPPRPPN 102
o To Tl o] 1< o o 1 RSP PRPRPRt 131
7o Lo =T o o [FT o TR PP P PP P PPPPPRPPP 147
(O [ oY o T3 FJ PP PP PP UPPPPPPPPPPOt 147
0o T ¢ =Tl 4[] o |3 PP PPPPPPTRR 147

5.  Estimating the relative transmission intensity from tuberculosis cases with reactivation disease

compared to those with primary disease using a pairwise model...............cccccc L 148
INEFOAUCTION e ettt e s s et e st e e s ssre e e e snanreee s 148
IMEEBENOAS ...ttt e et e e st e e st e e s e e st e e s e e e e e eeee s 150
RESUITS. ..ttt ettt e e st e e e e s e e e et e e s et e st e e s b et e e e annreee s 161

ParamMETEIS . euiiiiiiiiiiii 161
TranSMISSION FATIOS ...cciiiiiiiiiiiiiiiiiiiiiiiiiii it a s s s s a s s b b s s s s s s ssssasasaaasaraaaaaaaae 170
AddItioNal @NAIYSES...oeiiiiiiiiiiiiiiiieeeeeee ettt e e e e e e ——————————————————————————————————————————————————. 174
DISCUSSION oiiiiiiiiiiiiiiiii 186
Supplementary material — additional details on MCMUC ..........oiiiiiiiiiiiiiiiiic e 192

6. DISCUSSION...ciiiiiiiiiiiii i 195
6.1 Principal findingsS.....cccooeeeeeeeiieeeeeeeee 195
6.2 Strengths and lIMITAtiONS .......eviiiiiiiiiiiiiiiieieeeeceeeeeeee e e e e e eeeeeeeeeeeeseesesrssrarsssssssesserranes 195
6.3 Relation to other studies and interpretation of results ...............ccccc 197
6.4 Further research and data requirements...........cccccooeeiii 199

6.5 (000 Y 1Tl LY To] 1 1= 201



References



10

Acknowledgements

First and foremost | would like to offer huge thanks to my supervisors Emilia Vynnycky and Tom
Sumner. Thank you for your patience when progress has been slow (as it often was), for your
encouragement to get into the habit of writing things up, and for your wisdom which has made me a
better scientist. It is unlikely | would have finished this thesis or any papers without your support.

’

And hopefully | will never write or say ‘data is...” again!

| am very grateful to my advisor Richard White and the rest of the TB modelling group, which always
manage to find the perfect balance of work and fun. Our weekly meetings have been invaluable;
both in providing constructive criticism of my own work, and in regularly setting amazing examples
of how to ensure science has a positive impact on the world. Of course, our monthly visits to the pub

were equally invaluable!

| would like to offer great thanks to my other advisors Charlotte Anderson, Lucy Thomas and Helen
Maguire, for making sure my work was relevant, providing epidemiological insight and improving my
paper-writing no end. I'd also like to thank Charlotte, Helen, Jacqui Carless, Neil MacDonald and the
rest of the London field epidemiology team for providing me with access to and helping me get to
grips with the London TB Register, not to mention maintenance of this great resource. Many thanks
also to all of the TB nurses, doctors and other clinical staff in London, doing the really important

work of helping people get better.

| would also like to thank my Public Health England for providing my studentship, and to Andre
Charlett and the Statistics Unit: Andre for giving me the chance in the first place and for sporadic
football discussions, and the rest of the unit for always welcoming me despite my infrequent
appearances at Colindale. I'd also like to thank Ayoub Saei at PHE and Clare Flach at King’s College

for offering me sage statistics guidance.



11

Thanks must also go to all inhabitants of room G30a in the last three years, each of whom have
made coming into the office a pleasurable experience irrespective of how well my research was
going. In particular, thanks to Frank Sandmann, Ketil Tvermosegaard and Matteo Quartagno
(honorary G30a alumnus) for helping me put the world to rights, and laugh. Thanks also to Frank for

teaching me the rudiments of health economics.

To my family, thanks for providing me with a safe haven in the North. Thank you to my Dad, Debby,
Grandad C, Dave, Michelle, Eve, Holly and Beth for getting me out in the countryside to stretch my

legs on the hills and my mind with political discussions. Thank you to my Mum, Grandma, Grandad

H, Saff and Jade for our occasional pub trips, and for keeping me updated with all the family goings
on. Extra thanks to each of my grandparents for their unceasing generosity, and to my Dad for

housing me in the final months.

Finally, | reserve my utmost thanks for my wonderful partner Lindsay, whom | met about a week
before starting my PhD. Your reading of early drafts of my work (and somehow finding something
nice to say), your calming me down when | am stressed, and your celebration of my achievements,
however minor, have all been essential to my continued sanity and happiness, and for reaching the

point of completing this thesis. Thank you!



12

List of Abbreviations

ACF Active case finding

AIDS Acquired immune deficiency syndrome
ARI Annual risk of infection

BCG Bacille Calmette-Guerin

CDC Centers for Disease Control and Prevention
cl Contact investigation

CXR Chest X-ray

EPTB or ETB Extrapulmonary TB

ETS Enhanced tuberculosis surveillance

GP General Practitioner

HIV Human immunodeficiency virus

IBM Individual based model

ICER Incremental cost-effectiveness ratio

IGRA Interferon gamma release assay

IPT Isoniazid preventive therapy

LSHTM London School of Hygiene and Tropical Medicine
LTBI Latent TB infection

LTBR London TB Register



13

MDR-TB Multi-drug-resistant TB

MIRU-VNTR Mycobacterial interspersed repetitive units, variable number of tandem repeats

NICE National Institute for Health and Care Excellence
NNS Number needed to screen

PHE Public Health England

PTB Pulmonary TB

QALY Quality adjusted life year

SEIR Susceptible — exposed — infectious — recovered epidemic model
S| Susceptible — infectious epidemic model

SIR Susceptible — infectious — recovered epidemic model
STI Sexually transmitted infection

B Tuberculosis

TST Tuberculin skin test

UCL University College London

US or USA United States of America

WHO World Health Organization



14

List of Figures

Note that this list only includes those figures not included in a paper

Figure 1: Lifetime risk of active tuberculosis among people with a non-conversion positive
tuberculosis skin test (that is, the person did not have a negative TST in the last 2 years, and was not
a household contact of someone with TB) (taken from Horsburgh®®).........c.ccccoeiiiiieiiiiiiecceeee, 25
Figure 2: Annual mortality rate and case notification rate of all forms of TB in England and Wales
since 1913. Figure (b) shows the same data on a logarithmic scale, highlighting that there have been
some continued declines in mortality rates in the late 20™" and early 21 centuries, but not in
NOTITICATION FATES.28 ... ettt et b et e ae bt b e ebe e bt ebeeseeseeseeseeseeseeneenene 28
Figure 3: Proportions of cases in England and Wales with non-respiratory disease (1913-1981), or
non-pulmonary disease (1982-2015)%8. ........coiiiieiieecieeee et ettt et e et e e reenaeas 28
Figure 4: Geographic distribution of TB in England in 2013-2015. The inset shows London, over the
SAME PEIIOAY. .ottt ettt et e et e e te e ete e et e bt e eteeeateeeteeeaeeeaaeeeteeeateeteeeaeeeateereenaeeenns 29
Figure 5: Numbers of TB cases (of all forms) by year in England from the five most common countries
of birth, from the Tuberculosis in England, 2015 report?2. The countries of birth with the highest
rates were not provided in the report........cccceee i 30
Figure 6: The number of cases of all forms of TB and case notification rate in London from 2000,
taken from the London TB report 20152 ........ooviiiieieieiieereeetee ettt ettt eee et etee e eeveeereeeaneens 31
Figure 7: The proportion of cases with pulmonary or non-pulmonary disease by country of birth in
London 2010-2015. Only countries with more than 300 cases in this period are included?............... 32
Figure 8: M tuberculosis transmission model structure from Vynnycky and Fine!4. Note that
infectious cases are stratified by smear status, although this is not included in the model diagram. 43
Figure 9: M tuberculosis transmission model structure from Dye et al.’®..........ccccevvvevveeieceeiieennnn, 44

Figure 10: M. tuberculosis transmission model structure from Lin €t al.”® ........cccovvvevvevieceeiiieinnnne 45



15

Figure 11: Model diagram. S refers to susceptible (previously uninfected) people, Ls refers to
latently infected, or recovered people, Lf refers to recently infected people, Is refers cases who
developed reactivation disease, If refers to cases who developed disease after a recent infection or
reinfection. The two rates of infection, T and 8, represent pairwise and mass-action transmission
FALES FESPECLIVEIY oo 151
Figure 12: Distribution of prevalence when fitted to prevalence. The vertical dashed line is the target
value. There are no values beyond the scale shown here.............ouuvviiiiiiiiiiiiiiiiiiiiiie, 162
Figure 13: Distribution of incidence when fitted to prevalence. The vertical dashed line is the target
value. There are no values beyond the scale Shown here............uuvvvviviiiiiiiiiiiiiiiiiiiiieee, 163
Figure 14: Distribution of prevalence when fitted to incidence. The vertical dashed line is the target
value. There are no values beyond the scale Shown here............uuvvvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeen, 164
Figure 15: Distribution of incidence when fitted to incidence. The vertical dashed line is the target
value. There are no values beyond the scale ShOwNn here............uuvvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeean, 165
Figure 16: Prevalence of M. Tb infection when model is fitted to prevalence of disease. The red
Vertical IN@ INAICAES 5% ...ceivuriiiiiiiiie et e s e e 166
Figure 17: Prevalence of M. Tb infection when model is fitted to incidence of disease. The red
Vertical IN@ INAICAES 5% ..ceeiiuuriiiiiiiiie et st e e e s e e 167
Figure 18: Posterior parameter distributions when fitted to prevalence .........ccccooeeieiiiiiiiiiiciiieenn. 168
Figure 19: Posterior parameter distributions when fitted to incidence. This figure can be contrasted
with figure 18, which showed the posterior distributions when the model was fitted to disease
prevalence. In particular, there are large differences in 8, pf and PsS.....coocoveviiiiiiniiiiniinenieene 169
Figure 20: Posterior distribution when fitted to prevalence of the log ratio of the number of
infections from those with reactivation disease to the number from those with disease following
recent (re)infection (top panel), and the log ratio of the number of infections from those with

reactivation disease per case to the number from those with disease following recent (re)infection



16

per case(bottom panel). When these ratios are below zero, those with disease following recent
(re)infection are generating more infections than those with reactivation disease ....................... 171
Figure 21: Posterior distribution when fitted to the incidence of the log ratio of the number of
infections from those with reactivation disease to the number from those with disease following
recent (re)infection (top panel), and the log ratio of the number of infections from those with
reactivation disease per case to the number from those with disease following recent (re)infection
per case(bottom panel). When these ratios are below zero, those with disease following recent
(re)infection are generating more infections than those with reactivation disease ..........c...c......... 172
Figure 22: Posterior parameter distributions when fitted to incidence and the proportion of pairs
containing at least one infectious case that are |-l. .......cccci i 177
Figure 23: Distribution of prevalence when fitted to incidence and the proportion of pairs containing
at least one infectious case that are I-I. The vertical dashed line is the target value. There are no
values beyond the scale SHOWN here. ........oviiiiiiiiiiiiiiiiieiieeeeeeeeeeeeee e aesaeareereaeraree 178
Figure 24: Prevalence of M. Tb infection when model is fitted to incidence of disease and the

proportion of pairs containing at least one infectious case that are I-I. The red vertical line indicates

Figure 25: Posterior distribution of the log ratio of the number of infections from those with
reactivation disease to the number from those with disease following recent (re)infection (top
panel), and the log ratio of the number of infections from those with reactivation disease per case to
the number from those with disease following recent (re)infection per case(bottom panel), when
fitted to incidence of disease and the proportion of pairs containing at least one infectious case that
are I-l. When these ratios are below zero, those with disease following recent (re)infection are
ENErating MO INTECHIONS. ......oiiiiiiiiiiiiieeeeeeeeeee ettt e et e e e eeeeeeeeeeaaeseseesesarssssssssssssssssssssssssrnnnns 180
Figure 26: Density plots of parameter values for each parameter, using two chains started from

different points in parameter SPACE........c.cciii i 182



17

Figure 27: Distribution of model outputs using parameter distributions generated from the Markov
chain Monte Carlo fitting procedure, using two chains started from different starting points. The
targets for prevalence and incidence of disease were around 4/100000, the target for prevalence of
infection was 5% and the target for the proportion of infectious-infectious pairs (of those with at
least one iNfECtioUS PEISON) WaS 2.6% .......ccuuriiiiieeeeeicciiieeeee e e e e ectrrre e e e e e e e etrrre e e e e e e e esnssaaaaaaaeeas 183
Figure 28: Distribution of model outputs using parameter distributions generated from the Markov
chain Monte Carlo fitting procedure, using two chains started from different starting points. The
targets for prevalence and incidence of disease were around 4/100000, the target for prevalence of
infection was 5% and the target for the proportion of infectious-infectious pairs (of those with at
least one iNfECtioUS PEISON) WaS 2.6% ......cccuuriiiiieeeeeeeiireeeee e e e e ettt e e e e e e e e sabrrereeeeeeesassaeaeaaaeeas 184

Figure 29: The ratio of transmission from those with disease following reactivation to from those

with disease following recent (re-)infection, both overall (left) and per case (right)..........cccuuun..e. 185
Figure 30: trace of firSt Chain .......uueeeeiie s 192
Figure 31: trace of SECON ChaiN ......uuueueeii s 193

Figure 32: the effective sample size of the first chain after burning the number of elements shown on
the x-axis at the start of the Chain. .........uiiiiiiii e 194
Figure 33: the effective sample size of the first chain after burning the number of elements shown on

the x-axis at the start Of the ChaiN. ... e e e 194



18

List of Tables

Table 1 (calculated from Saunders et al.2) Summary of outcomes and yield (new infections & cases
per index case) of contact investigations by site of disease and smear status, from a twenty-one-year
retrospective cohort study in Birmingham, 1990-2010. Here LTBI is defined as either a positive TST or
IGRA, and no diagnosis of active disease. Number needed to screen (NNS) is the number of contacts
screened divided by the number of new cases (equivalently, the reciprocal of the proportion
screened positively). Both first- and second-ring contacts are included. It is not clear what the
background prevalence of LTBI is. It is also unclear what proportion of contacts were tested for
latent infection, although 11% of contacts were screened using IGRA. ..............cceeiiiiii, 36
Table 2 Summary of some features of all of the previous TB modelling studies that have either
incorporated contact tracing, or discussed doing so (adapted from Begun et al.”’, with additional
pPapers identified SINCE FEVIEW) ... ..uuiiiiiei ettt e et e e e e e e e s trb e e e e e e e e e e aarraaeeeaaeens 46
Table 3: Parameter values, or prior distributions of parameters that were fitted. *The ranges for pf
and ps were chosen so that their geometric mean value approximately matched the rates of
progression to disease following infection given in Sloot et al.2..........cceeviiiiiiiieecieceeceeee e 152
Table 4: Probability of no difference between the parameter distributions, according to the
KOIMOZOIrOV-SMITNOV TEST. ...uuuuereiiiiiiiiiiiiii e aaan 169
Table 5: Median and 95% confidence intervals for the posterior distribution of each parameter,
when fitted to INCIAENCE OF PrEVAIENCE. ......ceviiiiiiiiiiiiiieeiieeeeeeeereeereeeeeeereeerarrerereaerararrrrrrrrrararrerrraa.. 170
Table 6: Summary of results of the ratio of the total number of infections generated by those with
reactivation disease to the number generated by those with disease following recent (re)infection,
and of the ratio of the number of infections from those with reactivation disease per case to the
number from those with disease following recent (re)infection per case. Posterior results are shown
for when fitted to incidence and when fitted to prevalence. Note that while the figures used a log

scale on the x-axis, to make the results more easily visible, this table uses the actual values ......... 172



19

Table 7: Correlation of each parameter with the per case ratio, when fitted to either the prevalence
O thE INCIAENCE. ..o, 173
Table 8: Results stratified by values of 8. B was divided into nine equal width bands; in each figure,
starting in the top left and reading horizontally first, in the nth image only values of beta between (n-
1)/9 aNA N/ WEFE USEA. .ccooieiiiieieee ettt ettt e e e e e e e e e e e e e e s e abaeeeeeeeeseenssbreseeeeeeeeeanaes 174
Table 9: Parameter sets chosen when fitting to both incidence and prevalence together, with
associated values of incidence, prevalence and the per case ratio. The count column refers to the
total number of times that parameter set was chosen, and is proportional to the likelihood. ........ 176
Table 10: Parameter sets chosen when fitting to both prevalence of disease and of infection
together, with associated values of incidence, prevalence and the per case ratio. The count column
refers to the total number of times that parameter set was chosen, and is proportional to the

11 =111 e T o R PP PP PPP O PPPTPPPPP 176
Table 11: Parameter sets chosen when fitting to both incidence of disease and prevalence of
infection together, with associated values of incidence, prevalence and the per case ratio. The count
column refers to the total number of times that parameter set was chosen, and is proportional to

1R LI 11 =] 11 o Yoo FA PP PP PP 176
Table 12: How the parameter distributions vary with different values of the ratio of transmission per
case from those with reactivation disease to transmission per case from those with disease following

FECENT (FE)INTECTION. ittt e e e e e e e e e e e e eeesb e seeeseeessbaneeeeaanees 180



20

Outline of thesis

Aim and objectives

The aim of this PhD is to describe TB contact tracing outcomes in London since 2010 and explore

ways to improve it, using a combination of data analysis and mathematical modelling.

In order to achieve this aim, the thesis will address four objectives:

1. Quantify the status of contact tracing outcomes in London since 2012, and explore how
these differ between population subgroups.

2. Quantify the proportion of cases found through contact tracing that are due to transmission
between index case and contact.

3. Use asimple analytic model to evaluate the cost-effectiveness of screening contacts of non-
pulmonary, non-laryngeal cases.

4. Explore the relative intensity of transmission from cases found through contact tracing

compared to those found through other routes.

Rationale

In recent decades, England has had one of the highest notification rates of tuberculosis in Western
Europe, and almost 40% of England’s cases occurred in London throughout this period. Within this
context, in 2015 NHS England and Public Health England published a 5-year collaborative TB
strategy?, with the overall aim of reducing TB incidence and eliminating TB as a public health
problem. The strategy highlighted contact tracing as one of ten key approaches to reducing TB
incidence, and focuses on areas in which incidence is highest, such as London. The strategy proposes
two indicators (the proportion of cases with pulmonary disease that have at least one contact
identified; and the proportion of identified contacts of pulmonary cases that are evaluated) for
monitoring progress of contact tracing, but data for these indicators are not collected routinely

country-wide; the first objective of this thesis is to estimate these indicators for London. It is also not
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known the extent to which contact tracing identifies recent transmission, and estimating this

constitutes the second objective.

In 2016, national guidance for tuberculosis care and prevention was changed. One change was to
recommend only screening contacts of cases with pulmonary or laryngeal TB, whereas previously
contacts of all cases were traced. However, there is evidence from analysis of the contact tracing
data in London (see chapter 2) and elsewhere? that contacts of non-pulmonary, non-laryngeal cases
were more likely to have TB than the general population. The third aim of this thesis is therefore to
qguantify the cost-effectiveness of screening these contacts to understand the potential impact of
this change to guidance. An important unknown parameter determining this cost-effectiveness
proved to be the relative number of new infections generated by those found through household
contact tracing compared to those found through other routes. Estimation of this quantity forms the

final objective of the thesis.

Layout of thesis

This thesis is a ‘research paper style’ thesis, meaning several of the chapters are publications in peer-
reviewed academic journals. | have published one first-author paper, with two more currently in
review — these constitute chapters 2-4. Chapter 5 is not currently written as a paper, but may be

written up at a later date. There are six chapters in total, comprising the following:

1. Background and literature review: This chapter contains the following subsections: Natural
history of tuberculosis; Tuberculosis epidemiology in London and the UK; Tuberculosis care
and prevention in the UK; Tuberculosis Modelling.

2. An evaluation of tuberculosis contact investigations against national standards (first paper):
This paper estimated the contact tracing indicators from the national strategy, and contact
tracing yield, in London in 2012-15. It also estimated which population groups were

associated with improved indicators or higher yield.
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Description of secondary TB cases found through contact tracing in London (second paper):
This paper estimated the proportion of contacts that were diagnosed with TB for whom
probable transmission had occurred between index cases and contact between 2012-15. It
also estimated the average timespan between when the index case was diagnosed and
when the contact was diagnosed. It evaluated which population subgroups were associated
with greater proportions due to recent transmission, or longer timespans.
Cost-effectiveness of screening contacts (third paper): This paper evaluated incremental
cost-effectiveness ratios for the screening of contacts, separately for index cases with
pulmonary/laryngeal disease and those without disease at these sites.

Estimating the rate of transmission from contacts using pairwise equations: The aims of this
chapter are two-fold: firstly, to understand whether or not a pairwise modelling approach is
feasible for tuberculosis; and secondly, to understand whether cases with reactivation
disease generate more transmissions than those with disease following recent infection, due
to their contacts being less likely to have been recently infected.

Discussion and conclusions.
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1. Background and Literature Review

1.1 Natural history

Tuberculosis (TB) is an infectious disease most commonly caused by Mycobacterium tuberculosis (M.
tuberculosis). When this bacterium establishes in the lungs, the disease is known as pulmonary TB
(PTB), and infection can then be transmitted through the air via exhalation of M. tuberculosis, for
example, through coughing. TB in other organs is known as extrapulmonary TB (EPTB), and is
generally not infectious® when not accompanied by PTB, although EPTB may be a sign of subclinical
PTB disease. An exception is laryngeal disease, which is often assumed to be infectious, although
even this is debated*>. In some countries, including England and Canada, extrapulmonary TB is
typically more common in those born in the Indian subcontinent®® compared to other countries of
birth, and in Europe, is associated with being aged <15 years®. The relationship of site of disease and
sex is less clear, with extrapulmonary TB is positively associated with male sex in some studies®’, but

in others with female sex®.

The incubation period for TB is highly variable and is not well-defined. People who have been
infected but who have not yet developed disease are sometimes referred to as having “latent M.
tuberculosis infection” (LTBI). However, recent work has suggested this binary distinction is a false
one, and instead describes tuberculosis as a spectrum from infection through subclinical to
infectious stages, with patients moving both forwards and backwards along this spectrum during the
course of their illness'. In the absence of HIV infection or prior preventive therapy, around 10% of
those infected will develop disease at some point in their life, with the greatest risk in the first years
after infection!?'3, TB disease is often defined as “primary”, “reactivation” or “reinfection”**. Primary
disease refers to disease soon after initial infection. Reinfection disease is when an infected person
becomes infected again subsequent to the previous infection before developing disease. In this case

development of disease is thought to occur at a rate much greater than reactivation and lower than

following primary infection due to some protection provided by existing infection'*!°. An exception
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to this is if the patient had developed disease prior to reinfection; in that case the risk of disease
following reinfection may be higher than the average risk following primary infection®. Reactivation
is defined as disease many years after infection or reinfection, possibly due to the patient becoming
immunocompromised?’, or due to immunosenescence®®, and the rate of disease onset is much lower
than for reinfection disease or primary disease'®. The lifetime risk of developing disease following
infection is non-linearly dependent on age: those in the 0-5 and 16-25 year age groups have the
greatest risk, whereas those in the 6-15 year age group have the smallest (Figure 1)*°. The test for
infection used in figure 1 is the tuberculin skin test (TST), discussed in more detail in section 1.3. The
lower risk in the oldest age-groups is in part due to the fact that those that are TST+ in this age-
group will have been infected longer ago on average, and in part that they have less long to live after

the skin test, so the lifetime risk is lower.

Pulmonary TB can be diagnosed using smear microscopy, during which the number of bacilli in
sputum isolated from the case is counted. Whilst smear-microscopy is not very sensitive, it is highly
specific®® and is also useful as a correlate of infectiousness: smear-positive patients are typically
around five times more infectious than smear negative ones?!. This was determined by grouping
tuberculosis cases into clusters whose isolates had indistinguishable DNA, and defining the first case
in the cluster as the source case. The probable number of secondary case generated by smear
positive source cases was then compared to that for smear negative source cases, after further
assuming that for clusters with a smear negative source case, only those cases up-to and including

the first smear-positive case were classed as secondary cases.
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Figure 1: Lifetime risk of active tuberculosis among people with a non-conversion positive tuberculosis skin test (that is,
the person did not have a negative TST in the last 2 years, and was not a household contact of someone with TB) (taken
from Horsburgh??)

1.2 TB epidemiology in the UK and London

1.2.1 UK

Excepting the years affected by the World Wars, the notification rate of TB in England and Wales declined almost
continually from over 300/100,000/year in 1913 to around 11/100,000/year in 1995
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Figure 2). After that there was a slow increase, reaching 15/100,000/year in 2011, and prompting
London to be described in national media as Europe’s TB capital. In response to this situation, in
2015 PHE and NHS England released a collaborative national TB strategy for the period 2015-20201.

Since that peak, there has been a further decline; the case notification rate in England in 2015 was
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10.5/100,000, the lowest it has ever been??. Over this period the proportion of tuberculosis cases
with non-pulmonary disease has increased (Figure 3), perhaps due to an increasing proportion of

non-UK born cases (see below).

These historical reductions in TB notification rates have been attributed to many factors, including
reductions in the number of effective contacts made by infectious patients, resulting from reduced
crowding in living conditions, shortened duration of contact due to cases being admitted to

sanatoria, improvements in hygiene, the advent of antibacterial drugs for TB and other factors®3.

England has a very heterogeneous geographic distribution of TB, with the disease largely
concentrated in large urban centres such as London, Birmingham, Leicester and Manchester (Figure
4)?2, There are also large inequalities in the demographic distribution of TB in England, and, as in
other high-income countries, the incidence is largely influenced by cases in the foreign born
population (in 2015, 72.5% of cases in England were non-UK born??). In particular, many cases are
amongst immigrants from high-TB burden countries, especially the Indian subcontinent (47.4% of
cases were amongst people born in India, Bangladesh and Pakistan in 2015) and sub-Saharan Africa,
as these have much higher risk of infection in the birth- country than they would in the UK (Figure 5).
In 2015, TB notification rates for those born abroad were 18 times higher than for those born in the
UK?2. This could be due to either reactivation of infection acquired abroad, greater local transmission
than within the non-UK born group, or a combination of these two?*. Between 2011 and 2015, the
notification rate amongst those born outside the UK fell by over 30% (partly due to a decline in the
proportion of migration from high-burden countries, such as India and Pakistan), whereas
notification rates have remained lower, but relatively unchanged, amongst the UK-born?2. This
decline may also be linked to institution of pre-entry screening for active disease in the UK in 2012,

and of LTBI screening for new entrants (both discussed in the next session).

Those with social risk factors (a history of homelessness, imprisonment or drug use) are also at

heightened risk of disease®, and are typically a group which has more ongoing transmission than the



27

general population?>?. These risk factors are particularly important amongst the UK born

population.

Since 2010, the UK has used 24 loci mycobacterial interspersed repetitive units, variable number of
tandem repeats (MIRU-VNTR) strain typing to determine genetic relatedness of TB strains. When
typed isolates are indistinguishable, the cases are said to be clustered, and if cases are clustered and
epidemiological links are present, then it is typically considered that transmission between the cases
has likely occurred. In England between 2010-12, 75% of pairs of cases from the same household

shared a strain, and hence were due to probable recent transmission?’.
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Figure 2: Annual mortality rate and case notification rate of all forms of TB in England and Wales since 1913. Figure (b)
shows the same data on a logarithmic scale, highlighting that there have been some continued declines in mortality rates
in the late 20t" and early 215t centuries, but not in notification rates.28
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Figure 3: Proportions of cases in England and Wales with non-respiratory disease (1913-1981), or non-pulmonary disease
(1982-2015)%,
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Figure 4: Geographic distribution of TB in England in 2013-2015. The inset shows London, over the same period!.
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Figure 5: Numbers of TB cases (of all forms) by year in England from the five most common countries of birth, from the
Tuberculosis in England, 2015 report22. The countries of birth with the highest rates were not provided in the report.

1.2.2 London

The trend in case notification rate in London in recent years has been similar to that seen
nationwide: a decline since 2010 (Figure 6). However, the rate is much higher in London compared
to the rest of England combined; in 2015 London accounted for 38% of TB cases in England, the
notification rate was 26/100000, and one of its boroughs, Newham had a notification rate of

75/100,000 (Figure 4).

The proportion of TB cases with non-pulmonary disease is greater in the foreign born than the UK-
born in London, particularly those from the Indian subcontinent (Figure 7), perhaps because of
higher rates of reactivation in this group and the association between reactivation and non-
pulmonary disease®®. For example, whilst 36% of the UK born had non-pulmonary TB in this period,

of those born in India and Bangladesh 66% and 69% respectively were non-pulmonary.
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In London from 2010-2012, 46% of cases where clustered according to typing using 24-loci MIRU-
VNTR, which means about 34% of cases are due to likely recent transmission®. This second value
was calculated using the “n-1” method?’, that is, one case in each cluster is assumed to be a
remotely acquired infection or reactivation, and the rest are attributed to recent transmission. Due
to the resolution of MIRU-VNTR, matching isolates are only a proxy for recent transmission and
ideally would be combined with epidemiological data for a deeper understanding of transmission®,
though this was not done in the London study. These estimates are also sensitive to the sampling
fraction (a larger sample will give higher proportion clustered estimates®'), the timespan of the

study, and the variability of circulating strains®2.
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Figure 6: The number of cases of all forms of TB and case notification rate in London from 2000, taken from the London
TB report 20158
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Figure 7: The proportion of cases with pulmonary or non-pulmonary disease by country of birth in London 2010-2015.
Only countries with more than 300 cases in this period are included?.

1.3 TB care and prevention

1.3.1 Vaccine and treatment

From the latter part of the 19" Century until the 1980s, tuberculosis incidence rates declined in
developed countries, including the UK. The first part of this decline has been largely attributed to
improvements in living conditions and nutrition, and the subsequent decline followed the discovery
of anti-TB drugs, starting with Streptomycin in 194333, Prior to this, in 1921, the Bacillus Calmette-
Guerin (BCG) vaccine was discovered, and has played a key role in UK TB care and prevention since
1953 when the UK began vaccinating schoolchildren at around age 13 years®*. The efficacy of BCG
varies across the globe®+¢, and was never introduced in certain countries, including the Netherlands
and the United States®’. Reasons for this variation include prior M. tuberculosis infection,
sensitisation to environmental mycobacteria, and latitude (the efficacy is higher at higher
latitudes)®®%°. Consequently, not all countries have used the vaccine. Perhaps related to the first two
of these reasons, the vaccine is also typically more efficacious in infants than older individuals®. It
has also been observed that protection provided by BCG wanes over time, with protection typically

lasting up to 10 years, although some studies have seen protection up to 20 years for school-age
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vaccination®. This waning is faster in lower latitudes than higher latitudes. A study started in the
1950s showed BCG to have around 80% efficacy in schoolchildren in the UK*, and it has been shown
to be efficacious in preventing severe childhood disease®®. This led to the policy of vaccinating
schoolchildren at age 13 years in the UK, but declining prevalence and incidence have reduced the
benefit of BCG amongst schoolchildren*?. This resulted in the current policy of offering BCG to
neonates living in high-incidence (>40/100,000/year) parts of the UK or with relatives from high

incidence parts of the world*.

In the UK, treatment of active disease is with the standard regimen of 2 months of Isoniazid,
Rifampicin, Pyrazinamide and Ethambutol, followed by 4 months of Isoniazid and Rifampicin®. This
period is longer if the patient has central nervous system involvement or drug-resistant TB,
particularly if they have Rifampicin-resistant TB. Latent TB infection (LTBI) is treated with 3 months
of Isoniazid and Rifampicin or 6 months of Isoniazid, and is offered to contacts of drug-sensitive TB

cases aged under 65 years and for whom hepatotoxicity is less of a concern®.

1.3.2 Contact tracing

Contact tracing (the screening of people exposed to a case of active case of TB for signs of active
disease and M. tuberculosis infection) has been highlighted as a key element of TB care and
prevention in the PHE/NHS England collaborative national TB strategy?, and is the focus of this

thesis. Contact tracing aims to:

1. Reduce morbidity and mortality by finding active TB cases earlier;
2. Arrest further transmission, by finding secondary cases more quickly;

3. Prevent future cases by finding and treating those with latent infection?®.

Contact tracing practice for TB differs between high-income and low/middle-income countries,
because of differences in the availability of resources and the prevalence of TB and LTBI.

Additionally, high incidence countries may have different aims from the UK (e.g. reduced focus on
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finding latent infection). For these reasons, this review focuses on high-income, low-incidence

countries**.

In the UK, a contact investigation (Cl) is triggered once a case of laryngeal or pulmonary TB, known
as the index case, is diagnosed. At this point the index case is interviewed and asked to name all of
their close contacts (defined as those sharing a bedroom, kitchen, bathroom or sitting room, and
other people with whom they share contact equivalent to this)*3. Additionally, sometimes the
interview is followed up with a home visit, when a TB nurse visits the home of the index case. The
named contacts are invited to screening, which varies by clinic and by age of the contact: contacts
aged >65 years are typically given a chest X-ray (to diagnose active disease), and contacts aged <65
years either a TST or an interferon-y release assay (IGRA), both of which test for infection. This
difference between age groups is due to the fact that those >65 years are not eligible for preventive
therapy as it is contraindicated in this group. Until recently, the age cut-off for whether infection was
tested for was 35 years, but this changed at the start of 2016*%. Within London, whilst all clinics
follow the same guidance, there are some small differences in practice: for instance, some clinics use
the T-SPOT.TB test for latent infection, whereas others use QuantiFERON-TB Gold, and some clinics

undertake home visits to index cases, whilst others don’t.

In many countries, including the UK, variants of the ‘stone-in-the-pond’ principle is used*, in which
contact investigations are extended if the prevalence of infection is higher than expected amongst
close contacts. The exact implementation differs by country. In the UK, household and other close
contacts are investigated first and then the investigation is extended to casual (e.g. workplace)
contacts if: there is evidence of infection (greater than 10% of contacts infected); the index case is
young and the source of infection has not been found; or, there are particularly susceptible casual

contacts of a smear positive index case®.
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Policies on screening contacts of non-pulmonary, non-laryngeal cases vary between countries***’.

The UK has recently made a change to screen contacts of pulmonary or laryngeal cases only;

previously contacts of all cases were screened*®. An exception to this is if the index is still at school.

There is disagreement amongst UK based epidemiological studies over whether screening contacts
of extrapulmonary patients is worthwhile or not, with Rubilar et al. finding a lower yield from EPTB
index cases (0.029 cases of active disease or contacts with LTBI per index case, in Edinburgh) than
Saunders et al. (0.096, same units, in Birmingham — see Table 1), and Mandal et al. finding higher
yield (0.26 same units, also in Edinburgh)>*®4° This is in part due to differences in classifying LTBI
between the studies, with Rubilar et al. only reporting contacts who began chemoprophylaxis, and
the other two studies reporting all those with positive TST or IGRA, without reporting the number of
contacts given these tests (in the Rubilar et al. study, all contacts were offered Heaf tests, but the
number who declined is not stated. The Heaf test is a form of tuberculin skin test used in the UK

until 2005, when it was replaced by the Mantoux test).

In 2010 London introduced “cohort review” into its TB program. This process was first implemented
in New York City in 1993, where it was considered to be a key driver of huge reductions in TB
notification rates®’. Cohort review involves a quarterly appraisal of both case management and
contact investigation of each TB case, in which representatives of TB clinics meet to discuss specific
outcomes. In London it was associated with an increase in the proportion of cases who had contacts
being identified (77% of cases had at least one contact identified prior to cohort review, versus 86%
thereafter) and contacts assessed (74% prior to cohort review versus 81% thereafter), and cohort
review has subsequently been implemented across England®!. As a direct consequence of the
recording of cohort review, detailed data on contacts in London has been routinely collected since
2012/13 (the exact date varies by clinic) in the London TB register (LTBR). Cohort review has now
been expanded to the rest of the U.K., and so data on contact tracing outcomes is improving,

although this data is not routinely reported.
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Table 1 (calculated from Saunders et al.2) Summary of outcomes and yield (new infections & cases per index case)
of contact investigations by site of disease and smear status, from a twenty-one-year retrospective cohort
study in Birmingham, 1990-2010. Here LTBI is defined as either a positive TST or IGRA, and no diagnosis of
active disease. Number needed to screen (NNS) is the number of contacts screened divided by the number of
new cases (equivalently, the reciprocal of the proportion screened positively). Both first- and second-ring
contacts are included. It is not clear what the background prevalence of LTBI is. It is also unclear what
proportion of contacts were tested for latent infection, although 11% of contacts were screened using IGRA.

Number of | Total Number | Number [ Contact tracing | NNS to find | NNS to find
index Number | (%) of | (%) of | yield (contacts | one case of | one case of
cases of contacts | contacts | with TB or LTBI | TB either TB or
contacts | with LTBI | with TB per index case) LTBI

Smear- 1542 16034 1044 532 1.02 30 10

positive (6.51%) (3.32%)

PTB

Smear- 3514 15335 440 181 0.177 85 25

negative (2.87%) (1.18%)

PTB

EPTB 2309 9875 165 57 0.0961 173 44

(1.67%) (0.58%)

1.3.3 Other forms of screening and case finding

Since 2012, the UK has also operated a pre-entry screening system, screening immigrants from

countries with an incidence of >40/100,000/year as part of visa applications®. Prior to this, a

combination of pre-, post- and at entry screening had been used®3. In the period since 2012, the

incidence of TB amongst the non-UK born population has declined, although there is not yet

evidence that this is caused by the pre-entry screening programme. In addition to the pre-entry

programme, the UK has begun to operate a system of latent TB screening for new migrants from

very high burden (>150/100000/year) nations>*. This was introduced after it was shown to be cost-

effective in a trial period, costing £20819 per case averted®. Additionally, since 2005 in London, an

active case finding operation known as Find & Treat has operated, seeking to find cases of active TB

amongst the homeless and other marginalised populations of the capital. This operation has also

been shown to be highly cost-effective, costing less than £10000/QALY (Quality adjusted life year)

gained®®.
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1.4 Modelling

1.4.1 M. tuberculosis transmission models

Mathematical models of infectious disease have been used for over a century, since Ronald Ross
used a simple model to understand Malaria transmission in 1910%’. In that period, models have been
used for many types of questions, which can broadly be grouped into at least three categories

(adapted from Knight et al*®):

1. Projecting impact: both predicting the trajectory of an epidemic®®%°, and predicting the

possible impact of control strategies®>®2;

14,63.
’

2. Elucidating the natural history and epidemiology of infectious diseases

3. Driving empirical research by revealing gaps in data.

In each of these cases mathematical models are useful as they allow exploration of counterfactuals
and different scenarios, which may have been expensive, unethical or impossible to do empirically,

and synthesis of different data sources.

The first published tuberculosis model may have been that of Waaler et al. in 1962°%*. This paper
made forecasts of future prevalence trends in India in order to make the argument for greater use of
mathematical models in epidemiology. Since then tuberculosis models have been used to

understand TB natural history!*%>, to examine the impact of vaccination®®’, to explore the

V68—70 B71,72

interaction between TB and HI and the emergence of drug-resistant T , and to understand

the impact of contact tracing (see below), amongst other things.

Many different structures have been used to model the transmission dynamics of M. tuberculosis,
and there are at least two reviews detailing these’®>’#, Many of these are variants of the susceptible
(or uninfected) — exposed (or latent) — infectious — recovered (SEIR) model, which have been
modified to describe TB’s complex natural history. Most compartmental models include at least the

following compartments: Uninfected, Latently infected, Infectious, and Recovered’®. Due to the fact
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that a majority of those who will progress to disease will do so in the first 2 years after being
infected’®, most models incorporate both an early and a late latent stage. Due to the increased
infectiousness of smear positive cases, models also often split the Infectious category into smear
positive and smear negative groups'*’>. Decisions about these and other factors depend on what the

model will be used for.

As an example, figures 8, 9 & 10 show model structures of two older tuberculosis modelling papers
and one more recent study, those of Vynnycky and Fine'*, Dye et a/’® and Lin et al’® respectively.
These papers represent a range of different approaches to TB modelling, for a range of different
purposes. The first of these was designed with the objective of estimating the age-specific
contributions of primary disease, disease resulting from reinfection and disease resulting from
reactivation, and hence contains compartments for each of these disease states. The second aimed
to investigate the effect of directly observed therapy on TB control, and how this interacts with the
HIV/AIDS epidemic. The third model aimed to assess the impact of a new diagnostic tool, and so
includes a more detailed sub-model of the diagnostic pathway to elucidate the effect of the new tool

on different stages of the pathway.

It should be noted that TB models often do not explicitly include EPTB; of those shown here, only the

one by Dye et al. does.

1.4.2 Previous TB contact tracing modelling studies

To date, nine modelling papers have studied contact tracing of TB, none of which considered a UK
setting (see table 2). The first 5 of these were included in a systematic review”’; since then, four
more papers have been published. Four of these studies focus on a USA setting (two of which have
the same authors), three in Canada (two with the same authors), one in Africa and one purely
theoretical. Apart from Guzzetta et al. (2011)’8 they have each tried to quantify the
potential/observed impact of contact tracing or preventive therapy, with varying degrees of detail.

Only three of the studies explicitly incorporated extrapulmonary TB: Tuite et al.”®, Guzzetta et al.
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(2014)%° and Aparicio and Hernandez®. Tian et a/®? considered issues and settings which were most
similar to those in this project. The study was based on a region in northern Saskatchewan (Canada),
in which 90% of the population are First Nations (an ethnic grouping amongst whom the burden of
TB is the greatest in Saskatchewan). This is a high incidence region (notification rate of >100
cases/100,000 per year) in a low incidence country, with notification rates similar to those in the
London boroughs of Brent or Newham, though over a much greater area and smaller population.
They investigated several different scenarios, for example varying how contacts are prioritized and
the speed of the contact tracing process. They did this using an elaborate age- and ethnicity-
structured individual-based model (see below). They found that tracing younger contacts (those
aged younger than 10 years) first brought significant decreases in incidence, but increasing the

speed of contact tracing did not.

The model structures used in these papers varies from a simple SEIR model®, to a very complex
structure®. All of the most recent of these studies use individual-based models (IBMs)’88%828 The
latter type of model explicitly models each individual in the population, by determining stochastically
at each time-step whether or not that individual moves to a new disease state. This means that the
models are intuitively closer to reality than simple deterministic models, and can give an indication
of the uncertainty in model output due to the chance nature of transmission. However, due to their
stochastic nature, they must be run multiple times leading to longer run times and results which can
be harder to interpret than those of simpler models®. Both simpler models and IBMs can represent
uncertainty in parameters by running the model with a range of parameter values. The Guzzetta
model is the most complex of these models and includes a complex geography in order to explicitly
model community and workplace transmission. The Mellor paper uses a discrete-event simulation

model, meaning transmission events are generated from a Poisson distribution®®.
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1.4.3 Approaches to modelling contact networks

If we imagine M. tuberculosis transmission occurring in a network of contacts, and that contact
tracing follows the chain of transmission across this network, then the most intuitive way to model
contact tracing would be to create a contact structure which mimics typical contact patterns in
London. An IBM would then operate on this contact structure, similar to that seen in the Guzzetta et
al papers’®. Modelling of other diseases has also taken this approach, such as Lum et al.¥’, which
models incarceration rates as a disease using a synthetic social network based on US demographic
data. One difficulty with this approach arises when trying to create a realistic contact structure,
including the level of clustering (in a social network context, taken to mean the proportion of all sets
of three contacts which are mutually connected), or equivalently, the proportion of people who
share the same contacts. Data from two studies, namely the POLYMOD study and a study by Danon
et al, may help with reproducing a realistic model of contact structure®?°, The first of these tried to
describe contact patterns in a range of European countries, and the other just in the UK. Both
studies asked participants to create diaries of their daily contacts. However, these two studies give
very different results; for instance, Danon et al. reports approximately 27 contacts per day, and the
Polymod study 12 per day. Also, as the relationship between the amount of contact and M.
tuberculosis transmission risk is not well understood, the interpretation of these data in the context
of TB is not straightforward. At least one previous TB model was based on a synthetic contact
network®®, and whilst it did not explore contact tracing, it is possible the approach could be

extended.

Instead of explicitly modelling the network structure, some theoretical studies of diseases, other

than TB, have used pairwise equation models®3, These types of models use an equation set which
describes how the numbers of pairs of contacts in different disease states changes with time. Eames
(2008)°? adapted this approach in order to incorporate clustering and also used the model to look at

contact tracing. Due to TB’s complex natural history, the size of the equation set is greater than for
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simpler diseases (e.g. measles), due to the larger number of disease states typically used in the

model.

Another way to model elements of contact structure using a deterministic or partially stochastic
model is through household, or meta-population, modelling. These involve dividing the population
into subunits in which the contact rate is different from that in the population overall. These
subunits are typically households, but any subunit, for instance workplaces, is possible. Transmission
within subunits is then described separately from transmission outside subunits. Meta-population

models provide a balance between relevant details, and ease of computation and interpretation®°,

1.4.4 Economic evaluations

Cost-effectiveness analyses enable comparison of public health interventions to inform decision
making. This is often defined in terms of an incremental cost-effectiveness ratio (ICER), which
describes the ratio of change in cost to change in effectiveness (ICER = %), with effectiveness
often defined in terms of cases averted, lives saved or Quality Adjusted Life Years(QALYs)
gained/Disability Adjusted Life Years (DALYs) averted. One QALY is equivalent to a year lived in
perfect health, and they are calculated by multiplying the time spent in a given health state by the
utility of that health state (which is always <1 except for perfect health). DALYs measure the burden
of a disease and are defined as the sum of the years of life lost (YLL) and the years live with disability
(YLD). The YLL is the number of deaths cause by the disease multiplied by the difference between
the maximum expected life-expectancy (i.e. life-expectancy in the country with the longest life-
expectancy) and the life-expectancy of someone with the disease. YLD is the product of the number
of incident cases, the average time spent with the disease, and a utility weight. DALYs and QALYs are
based on similar ideas, but the where the latter is an individualised measure of the effect of an
intervention, the former provides a population-level measure of the burden of disease. Another

difference is that higher QALY values equate to a healthier individual, whereas for DALYs, smaller

values equate to a healthier population. In the UK, the National Institute for Health and Care
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Excellence (NICE) produces guidance on clinical practice, much of which is underpinned by economic
analyses. In NICE guidance, interventions which cost less than £20000-£30000/QALY gained are
taken to be cost-effective®. In the UK, the NHS provides a list of reference costs which can be used
when considering healthcare costs from the perspective of the NHSY, and the British National

Formulary produces a list of medicine costs®.

As aforementioned, in recent years two important case-finding strategies in the UK have been
informed by cost-effectiveness analysis: Pre-entry screening of migrants®, and the Find and Treat
service in London®®. The first of these was informed by a multi-centre cohort study and used a simple
decision tree model to explore the cost-effectiveness of different incidence thresholds for screening,
and expressed results in terms of costs per case averted. The second used a simple compartmental
model informed by data collected by the Find and Treat team. Neither included a transmission effect
(i.e. they did not calculate the cases prevented, QALYs gained or costs saved by reducing
transmission). Some economic evaluations are informed by transmission models where the

t%9. At least one previous

transmission effect is likely to be an important part of the overall impac
study has attempted to evaluate the cost-effectiveness of contact tracing®. This study found that
close contact screening of pulmonary TB patients in Montreal was actually cost-saving, i.e. costs

were lower with contact tracing than without, and so determined contact tracing to be highly cost-

effective in that setting. No studies have estimated the cost-effectiveness of contact tracing in the

UK as a whole or any parts of the UK.
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Table 2 Summary of some features of all of the previous TB modelling studies that have either incorporated contact tracing, or discussed doing so (adapted from Begun et al.”?, with
additional papers identified since review):

Author

Year

Type of model

Stochastic/
deterministic

Region

Low/high
prevalence?

Age-structured

Explicit extra-
pulmonary TB

Population
groups
considered

Background
incidence

Tuite et al.”™

2017

Individual
based

Stochastic

Canada

Medium —
High

Yes

Yes

Inuit
population of
the territory
of Nunavut

~200/
100,000 per
year.

Guzzetta et
al.8o

2015

Individual
based

Stochastic
USA

Low

Yes

Yes

Different
work places
and
education
settings
incorporated.

~5/ 100,000
per year.

Kasaie et al.?* Tian et al.®2

2014

Individual
based

Stochastic
USA

Medium

No

No

Homogeneo
us, but with
household

structure

incorporated.

~120/

100,000 per

year.

2013

Individual
based

Stochastic

Canada

Medium

Yes

No

90%
Nation,
other
aboriginal.

First
10%

unknown -
but northern
Saskatchewa
nincidence is
high ~150/

Guzzetta et
al.’®

2011

Individual
based

Stochastic
USA

Low

Yes

No

Different
work places
and
education
settings
incorporated.

~5/ 100,000
per year.

Mellor et al.8¢
2011

Tian et al.1ot

2011

Systems

Discrete event Dynamic

Stochastic

Africa

High
Yes

No

Age- and
Household
structure
incorporated.

~400/100,00
0

per year at
start

of
experiment,

Deterministic

Canada

Low

No

No

Homogenous
population.

Unknown.

Aparicio and
Hernandez®!

2006

Compartment
al

Deterministic
USA

Low

No

Yes

N/a

Decreasing
exponentially

from 54
/100,000 in
1950 to

Ziv et al .8

2001

Compartment
al

Deterministic

Theoretical

N/a

No

No

N/a

250/100,000
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Key questions
explored

Contact
tracing
implementatio
n

Key findings

To evaluate
which
interventions
(including
contact
tracing)
would benefit
TB control in
Nunavut

Direct
simulation.
Only
household
contacts
screened.
Those with
LTBI offered
preventive
therapy.

Incidence
projections

To wuse a
previously
developed
model to
assess
contact
tracing
success in
Arkansas,
USA.

Direct
simulation.
Screening of
both smear
negative and
positive
index cases,
include non-
household
contacts.

CT prevents
20% of TB

To derive
maximum
contact
tracing
impact in
both
household
and
community
scenarios.

All household
contacts
traced,

no others.

but

CT effective
if

100,000 per
year.

Examine a
range of
modifications
to contact
tracing
protocol:
age-
ethnicity-
prioritization;
increased
speed,;
reduced loss
to follow up;
greater
tracing
extent.

and

Direct
simulation.
Individuals
have
on
60
contacts, and
tracing
fraction is
varied.

average

CT
from

suffers

To describe
an age-
structured
IBM, with
evolving
contact
structure and
spatial map.

No contact
tracing
implemented

The
could

model

declining
over time.

To compare
CT

with other
Active Case
Finding
(ACF)
approaches
in

high-risk
groups,

in this case
HIV+
individuals.

Direct
Simulation.

Targeting TB
control at

Impact of
tracing a.
more
contacts and
b. tracing
more quickly.
CT
represented
as transition
rate
between

un-

investigated
and
investigated
states.

Increasing
the number

4.4/100,000
in 2000.

To develop a
model which
examines the
effect of
preventive
therapy
TB
incidence.

on

CT
represented
as increased
rate of LTBI
treatment.

Significant
reductions in

- What is the
effect on
incidence  of
treating early
latent
infection?

- How effective
does this
treatment
have to be to
eliminate TB?

CT
represented
as increased
rate of LTBI
treatment.

This sort of
treatment
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were variable
in absence of
interventions
Rapid
contact
tracing and
school-
based
screening
had limited
effectiveness

cases and
deaths. It’s
important to
trace

contacts  of
smear

negatives in
this context.

achieves
large
population
coverage. CT

effects on
incidence
lagged by ~3
years.

Diminishing
returns.
Prioritizing
based on
ethnicity and
age of
contact

led to
particularly
strong
incidence
reductions.

feasibly be
extended to
include
contact

tracing; more
data required
to estimate
household
transmission
accurately.

HIV+ could
be cost-
effective;

more  work

needed on
social
network
modelling.

of contacts
traced had a
larger effect
than
increasing
speed but
both suffered
from
diminishing
returns.

incidence,
even with
interventions
treating as
few as 5% of
recent
infections.

can have a
large effect.
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1.5 Summary

The national TB strategy, published by Public Health England in 2015 in response to relatively high
incidence rates for a high-income country, forms the focus of the first part of this thesis®. The
strategy highlighted contact tracing as one of ten key areas for action, and proposed two indicators
for monitoring progress on contact tracing. In chapter two we aim to quantify these indicators for
London. We focus on London because 40% of TB cases in England are in London?, and because
cohort review was initiated in London before other parts of the country®, a corollary of which is that

there is good data on contact tracing in the capital.

In chapter three, we aim to estimate the proportion of cases found through contact tracing that are
due to transmission, and also to estimate the typical time which contact investigations take in
London between index case and contact accessing care. A similar figure to the former of these was
recently estimated at 75% in the UK?’, though this study was based on postcodes rather than contact
investigations. Contact investigation times have not previously been estimated in the UK. As TB
incidence in London is largely amongst the non-UK born and those with social risk factors®, these
things are potential important risk factors for differential contact tracing outcomes and heightened

transmission, which we examine in chapters two and three.

The third chapter focusses on the question of whether we should screen contacts of non-pulmonary
cases, and was precipitated by a change in national guidance to no longer recommend screening
these contacts*®. Whilst we have seen that these contacts are generally not infectious, various
studies have found that the proportion of screened contacts of non-pulmonary cases that have TB is
quite high relative to the prevalence of tuberculosis in the population, including chapter two of this
thesis®192193 \We undertook a cost-effectiveness analysis to understand whether the change in policy

was justified. This was the first cost-effectiveness analysis of contact tracing in the UK.
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The fifth chapter describes the design of a pairwise TB model. The primary aim of this chapter was to
understand the feasibility of this modelling approach for modelling TB, a disease which has not been
specifically addressed by a pairwise approach previously. A secondary aim was to quantify whether
cases with reactivation disease generate more new infections than those with disease following a

recent infection, a question arising out of chapter 4 of the thesis.
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2 First paper: An evaluation of tuberculosis contact investigations

against national standards

Preamble

As aforementioned, Public Health England and NHS England published a Collaborative TB Strategy in
20157, that highlighted contact tracing as an area for action and proposed two indicators to monitor

progress in this area. These were:

1. The proportion of pulmonary TB cases that have at least one contact identified;

2. The proportion of identified contacts of pulmonary TB cases that are evaluated.

Currently, data are not collected at a national level to monitor these indicators, but the intention is
that ultimately they will be. No target level was set for any of the indicators in the strategy; rather,

the aim is that regions should aim to improve upon their own baseline.

Whilst not included as a formal indicator, a statistic that is commonly used in contact investigations
is the average yield per contact. This is defined as the proportion of evaluated contacts with active
disease or LTBI (note that yield can also be defined per index case, rather than per contact). There
are typically large differences between the yields of smear-positive pulmonary TB (PTB), smear-
negative PTB and non-pulmonary index cases (EPTB). Smear positive cases are usually the most

104 whereas EPTB cases are typically not infectious,

infectious and so are likely to have highest yields
so have lower yield?. In this case, contact investigations would be undertaken to find the source of
infection of the EPTB case?!%. One reason for not including yield as a contact tracing indicator, is
that it is not clear whether the aim should be for it to increase or decrease; for instance, screening
fewer contacts overall may lead to higher yield as a proportion of the number screened (because

closer contacts might be screened and/or total TB incidence may rise), but reducing the amount of

TB in the population might lead to lower yield.
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Whilst the strategy indicators and contact tracing yield are not calculated at national level, some
studies have calculated them for parts of the UK%#84%105106 for instance, Saunders et al calculated
the yield of active TB amongst contacts of PTB cases to be 2.3%? in Birmingham (see Table 1 for

more details), Underwood et al. calculated it to be 3.5% in Tower Hamlets%

, a borough of London.
In low- and middle-income countries, a systematic review in 2008 calculated the yield to be 4.5%%,
whereas a more recent (2013) systematic review calculated 3.1%°%. Both reviews observed

substantial heterogeneity in yield between studies. The latter review also calculated the yield in

high-income countries to be 1.4%.

In addition to between-study heterogeneity, some studies have observed within-study
heterogeneity in contact tracing screening outcomes. For example, contacts of Indian/Pakistani
ethnicity were less likely to complete screening than were white contacts?in Birmingham, and those
contacts of Caucasian ethnicity less likely to be TST positive than were non-Caucasian ones in south
Glamorgan, Wales'%®. Rubilar et al. found higher notification rates of EPTB amongst Asian cases than

non-Asian in Edinburgh?.

The aim of the first paper in this thesis was to calculate the strategy monitoring indicators, yield of
TB and yield of LTBI in London, and also to find out which population subgroups were associated
with improved indicators, or with higher yields. | focussed on London as it is the location of 38% of
TB cases in England, and also because it has good data on contact tracing due to cohort review. This
paper provided the first quantification of the England collaborative strategy for tuberculosis contact
tracing monitoring indicators. In so doing, it provides an important basis for monitoring future
trends in tuberculosis contact tracing outcomes in London. The paper also describes groups who
may be underserved by current contact tracing practices, thereby highlighting areas of potential

improvement or in need of further action.
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ORIGINAL ARTICLE

An evaluation of tuberculosis contact investigations

against national standards

Sean M Cavany,'* Tom Sumner,' Emilia Vynnycky," Clare Flach,? Richard G White,'
H Lucy Thomas,* Helen Maguire,>® Charlotte Anderson®

ABSTRACT

Background Contact tracing is a key element in
England’s 2015 collaborative TB strategy, although
proposed indicators of successful contact tracing remain
undescribed.

Methods We conducted descriptive and multivariable
analyses of contact tracing of TB cases in London
between 1 July 2012 and 31 December 2015 using
cohort review data from London's TB Register,
identifying characteristics associated with improved
indicators and yield.

Results Of the pulmonary TB cases notified, 60%
(2716/4561) had sufficient information for inclusion. Of
these, 91% (2481/2716) had at least 1 contact
(median: 4/case (IQR: 2-6)) identified, with 86%

(10 251/11 981) of these contacts evaluated. 4.1%
(177/4328), 1.3% (45/3421) and 0.70% (51/7264) of
evaluated contacts of pulmonary smear-positive,
pulmonary smear-negative and non-pulmonary cases,
respectively, had active disease. Cases who were former
prisoners or male were less likely to have at least one
contact identified than those never imprisoned or
female, respectively. Cases diagnosed at clinics with
more directly observed therapy or social workers were
more likely to have one or more contacts identified.
Contacts screened at a different clinic to their index case
or of male index cases were less likely to be evaluated
than those screened at the same clinic or of women,
respectively; yield of active disease was similar by sex.
10% (490/4850) of evaluated child contacts had latent
TB infection.

Conclusions These are the first London-wide estimates
of TB contact tracing indicators which are important for
monitoring the strategy’s success and informing risk
assessment of index cases. Understanding why
differences in indicators occur between groups could
improve contact tracing outcomes.

INTRODUCTION

In 2015, there were 10.4 million incident TB cases
and 1.4 million deaths worldwide, making TB the
largest cause of death by a single infectious agent.'
While England is a low burden country, with 5758
notified cases in 2015, 39% of these occurred in
London,>™ where overall incidence was 26/
100 000/year; in 2014, it reached 79/100 000/year
in one London borough.* While incidence remains
highest among the foreign-born, and many cases
are likely due to reactivation of infection acquired
abroad, molecular epidemiological  analyses

What is the key question?

» In London, what is the baseline level of contact
tracing indicators for the Public Health England
and National Health Service England
collaborative TB strategy?

What is the bottom line?

» In London 91% of pulmonary index cases have
at least one contact identified and 86% of
those identified are evaluated for signs of TB
and latent infection; there were significant
differences in these indicators between cases,
including when grouped by the sex of the case,
whether they have social risk factors, and the
staffing levels of the clinic.

Why read on?

» These results provide an important baseline for
monitoring progress of England’s national TB
strategy and highlight areas in which
improvements can be made, particularly those
which show improved indicators for contacts
screened at the same clinic as their index case
or clinics with a greater number of directly
observed therapy (DOT) or social workers.

attribute up to a third of new cases in London to
recent transmission.” UK-born patients with TB
and those of white ethnicity, 25% of whom have
social risk factors, were frequently ‘clustered’ and
also more likely to have delays exceeding 4 months
from symptom onset to starting treatment.® The
Collaborative Tuberculosis Strategy for England,’
published in 2015, highlights contact tracing as an
important tool for improving early TB diagnosis
and reducing transmission. Contact tracing, which
seeks to identify and diagnose contacts of infectious
cases, has been used for decades in high-income
countries where the heightened risk of disease
among contacts relative to the general population
makes it effective.® The strategy proposes two
indicators of improved contact tracing: the propor-
tion of pulmonary TB cases with close contacts
identified, and the proportion of identified close
contacts of pulmonary TB cases that are evaluated.

TB contact tracing in England broadly follows
the stone-in-the-pond principle.” Clinics evaluate
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close contacts (those with contact similar to that in a household)
first, followed by casual contacts (eg, workplace or school con-
tacts) if first round investigations suggest transmission to close
contacts has occurred. In England, until 2016, guidance recom-
mended identification and evaluation of household contacts of
all index cases, after which tracing just household contacts of
index cases with pulmonary or laryngeal disease was recom-
mended.” In 2010, cohort review, an approach to case manage-
ment and contact investigation appraisal that was shown to
improve case management outcomes, was first introduced to
London, and occurs quarterly.'” '

Several studies have found differences in both the proportion
of TB contacts evaluated and the yield (the proportion of evalu-
ated contacts diagnosed with TB) between ethnic groups and
different disease types in the UK'*'* and elsewhere.'*™"” The
findings and understanding gained from such studies are not
readily transferable to the large and ethnically diverse metrop-
olis of London. Using data on contact tracing collected in
London through cohort review since mid-2012, the main aim of
this study is the presentation of baseline levels of the strategy
contact tracing indicators, and of the proportion of contacts
who are secondary cases or have latent TB infection (LTBI) (the
‘yield’). A secondary aim is the identification of demographic
and clinical characteristics associated with different indicators
and yield estimates.

METHODS

Definition of terms

During the study period (1 July 2012-31 December 2015, see
below), immediately after the diagnosis of the index case, the
nurse asked the case for a list of close contacts. These contacts
were then requested to attend for screening as soon as possible.
Screening begins with symptom-screen; for asymptomatic con-
tacts this is followed by a tuberculin skin test (TST) or interferon
vy release assay (IGRA) in those under 35 years and consideration
of a chest X-ray (CXR) in those 35 years and over.” Those with a
positive symptom-screening, TST/IGRA result or CXR are evalu-
ated for signs of active TB. LTBI is defined as a positive result on
either a TST or IGRA, which both have variable sensitivity,® and
the absence of active disease. Those with ITBI are considered for
preventive therapy and/or BCG vaccination. The numbers of con-
tacts with TB is recorded in the London TB Register (LTBR) at
the initial contact investigation, so all new cases of TB among
contacts can be considered prevalent.'® '

Data set and inclusion criteria

The primary data source was the ITBR, a web-based register
containing demographic and clinical data on all TB cases noti-
fied in London since 2002. Clinical and demographic informa-
tion on patients is entered directly to the LTBR by TB clinic
staff. We restricted analyses to data collected after the introduc-
tion of cohort review (1 July 2012), after which the database
includes data on the aggregate number of contacts per case that
were: identified, evaluated, found to have LTBI and/or active
TB. Contact data were aggregated by whether the contact was a
child or adult (15 years old or above) and whether they were
evaluated at the same clinic as the index case or elsewhere. As
only contacts aged less than 35 years were evaluated for LTBI,
data on LTBI status of contacts was only used for child contacts.
No other demographic data on contacts were collected.
Individual level data were not available for whether a home visit
was undertaken; instead, the clinic’s policy was used to provide
clinic-level data. Only data from household and other close con-
tacts are included in the analysis.

London is divided into five sectors; in some of these, a non-
random selection of cases was reported at cohort review and
recorded in the ITBR. To avoid bias, we only included cases in
the analysis if the sector in which they were notified reported
80% or more of their cases at cohort review in a given quarter
(defined as at least one of the cohort review fields completed)
(see online supplementary appendix for a description of
included quarters by sector). Selection of quarters was done sep-
arately for analyses including all cases, or just pulmonary cases
(see online supplementary appendix). We removed further cases
if: their line listing contained inconsistencies (eg, more contacts
evaluated than were identified); included contacts were probably
casual contacts (an incident was declared and more than 20
close contacts were identified); a patient was not reported to
cohort review; or the index was detected through a previous
contact investigation. In multivariable analyses, we also removed
cases if data on an included exposure were missing. If the field
describing number of contacts was missing, we assumed it was
zero if other cohort review fields were complete and this
assumption did not create inconsistencies.

Indicators

We calculated the following four indicators:

1. The proportion of pulmonary index cases who had at least
one contact identified;

2. The proportion of identified contacts of pulmonary index
cases who were evaluated;

3. The proportion of all evaluated contacts that had active TB
(‘Yield of active disease per contact’);

4. The proportion of all evaluated child contacts that had LTBI
(“Yield of LTBI per child contact’).

Indicators 1 and 2 were proposed in the National Health
Service England and Public Health England collaborative strat-
egy’ and are recommended in the US Centers for Disease
Control and Prevention guidelines,”” while indicators 2, 3 and 4
were used in a systematic review of European contact investiga-
tions.”> As WHO and ECDC guidelines refer to low-income/
middle-income countries and multidrug-resistant cases, respect-
ively, we did not focus on these indicators here.?! 2? Indicators
1 and 2 include only pulmonary index cases, whereas indicators
3 and 4 include all index cases, in order to estimate the yield
from screening contacts of non-pulmonary cases. While LTBI
treatment is an important outcome of contact tracing in
England, it is not covered in this article.

Statistical analysis

We calculated the four indicators London-wide and for subsets
of index cases (based on disease site, smear status, age of
contact and ethnic group). We used multivariable logistic regres-
sion to assess the association of clinical and demographic factors
of the index cases, contacts, clinics and local authorities with
whether or not the index case (indicator 1) or contact (indica-
tors 2—4) satisfies each of the four indicators (see online supple-
mentary table S1 for details of included variables). As this was
an exploratory study all clinical and demographic factors with a
plausible direct or confounding impact on the outcome were
included in the model (see online supplementary appendix for
the exposures included). We assessed all variables for multicolli-
nearity. For indicators 2—4, as each index case may have several
contacts, index case exposures tend to cluster; adjustments were
made to the p values and Cls to account for this, using the
between-cluster variance estimator in Stata.”® For indicator 4,
we excluded adult contacts, as we did not know which of them
were tested for LTBI.
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Note that there may be discrepancies between numbers pre-
sented for the levels of the indicators and for the multivariable
analysis, due to cases missing data on variables included in the
multivariable analysis. All data were analysed using Microsoft
Excel V.14.0 and Stata V.13.1.

RESULTS

Comparison of included and excluded cases

From 1 July 2012 to 31 December 2015 inclusive, 9821 cases
were reported in the LTBR of which 4561 were pulmonary.
After excluding cases, 5491 cases of all forms of TB and 2716
pulmonary cases remained (figure 1). When considering all
cases, there were 971 (18%) pulmonary smear-positive cases,
1095 (20%) pulmonary smear-negative cases, 478 (8.7%) pul-
monary cases with unknown smear, four laryngeal cases without
pulmonary involvement and 2943 (54%) non-pulmonary, non-
laryngeal cases. In general, included and excluded cases shared
similar clinical and demographic factors (table 1).

Indicator 1. Proportion of pulmonary index cases who had

at least one contact identified

Of 2716 index cases with pulmonary disease, 2481 (91%) had
at least one contact identified (table 2). This led to 12 248 con-
tacts identified, a mean and median of 4.5 (95% CI 4.36 to
4.66) and 4 (IQR: 2-6) per index case, respectively. Table 3
shows the predictors of having at least one contact identified;

the multivariable analysis is restricted to those with complete
data on the variables included, limiting the sample from 2716
to 2327 of which 2168 (93%) cases had at least one contact
identified. Male cases were less likely than female cases to have
at least one contact identified (adjusted OR (aOR): 0.46 (0.30
to 0.68,)), as were those with a history of imprisonment com-
pared with those without a history of imprisonment (aOR: 0.27
(0.14 to 0.52)), those of black African ethnicity compared with
those of Indian ethnicity (aOR: 0.47 (0.27 to 0.83)) and recent
migrants compared with long-term migrants (aOR: 0.54 (0.35
to 0.84)). Smear-positive index cases were more likely to have at
least one contact identified compared with smear-negative index
cases (aOR: 1.84 (1.20 to 2.82)). There was a significant posi-
tive linear association between the number of social care or dir-
ectly observed therapy (DOT) workers (aOR per staff per 100
cases: 1.36 (1.07 to 1.72)) at the clinic and whether a case had
at least one contact identified. These associations were similar
for the proportion of index cases with three or more contacts
named, or with five or more, except that index cases with a
history of drug use were more likely to have three or more con-
tacts named than those without (data not shown).

Indicator 2. Proportion of contacts of pulmonary index cases
that were evaluated

Of the 12 248 contacts identified, 11 981 had data on age and
screening location and were included in this analysis. Of these,

Figure 1  Description of included and
excluded cases. LTBR, London TB

Recordsin LTBR since cohort review
{07/2012-12/2015)

Quarter with <30% completion of key
fields

Register.
(overall n=9821, pulmonary n=4561) (overall n=3819, pulmonary n=1486)
\
i 0/
Quarters W|thk_>ésy0ffaelt:§;npl eteness of T
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Allfields consistent Probableincidents
overall n=5831, pulmonary n=298 overall n=22, pulmonary n=27
Il n=58 | 4 Il n=22, pul
Close contact investigations only Not reportedto cohort review
(overall n=5803, pulmonary n=2943) (overall n=75, pulmonary n=49)
oy |n_dex p—— nqt foun_dth'rough Not reportedto cohort review
previous contact investigations (overall =243, pulmonary n=192)
(overall n=5734, pulmonary n=2900) P e
Final data set
(overall n=5491, pulmonary n=2716)
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Table 1 Comparison of characteristics of cases that were included and excluded in the analyses. Percentages are within-group column
percentages with the exception of the total row, where row percentages are given. Within-group totals may be discrepant to the stated total due

to cases with missing data

Index cases with all forms of TB

Index cases with pulmonary TB

Factor Number included (%) Number excluded (%) Number included (%) Number excluded (%)
Total 5491 (56%) 4330 (44%) 2716 (60%) 1845 (40%)
UK-born?
Yes 830 (19%) 943 (17%) 622 (23%) 500 (27%)
No 2880 (67%) 3862 (70%) 1744 (64%) 1093 (60%)
No, recent migrant (<2 years) 578 (13%) 674 (12%) 344 (13%) 233 (13%)
Ethnicity
Bangladeshi 257 (5%) 317 (7%) 105 (4%) 85 (5%)
Black-African 1278 (23%) 726 (17%) 608 (22%) 361 (20%)
Black-Caribbean 208 (4%) 118 (3%) 116 (4%) 66 (4%)
Black-Other 82 (2%) 58 (1%) 40 (2%) 29 (2%)
Chinese 81 (1%) 37 (1%) 52 (2%) 19 (1%)
Indian 1330 (24%) 1434 (33%) 510 (19%) 461 (25%)
Pakistani 976 (18%) 607 (14%) 496 (18%) 290 (16%)
White 498 (9%) 525 (12%) 201 (7%) 189 (10%)
Other 758 (14%) 476 (11%) 578 (21%) 330 (18%)
Sex
Male 3287 (60%) 2537 (59%) 1704 (63%) 1122 (61%)
Female 2204 (40%) 1793 (41%) 1012 (37%) 723 (39%)
Site of disease
Pulmonary or laryngeal 2548 (46%) 2018 (47%) N/a N/a
Non-pulmonary and non-laryngeal 2943 (54%) 2312 (53%) N/a N/a
Social risk factor
History of homelessness 230 (4%) 130 (3%) 187 (7%) 90 (5%)
History of imprisonment 127 (2%) 76 (2%) 105 (4%) 50 (3%)
History of drug use 229 (4%) 141 (3%) 179 (7%) 101 (6%)
BCG vaccinated
Yes 3136 (58%) 2627 (61%) 1541 (58%) 1115 (61%)
No 1117 (21%) 848 (19%) 568 (21%) 354 (19%)
Unknown 1129 (21%) 800 (19%) 563 (21%) 351 (19%)
Age
15 years old or over 5367 (98%) 4046 (93%) 2641 (97%) 1658 (90%)
Under 15 years old 124 (2%) 284 (7%) 75 (3%) 187 (10%)
Home visits policy
Yes 1179 (32%) 369 (9%) 907 (33%) 230 (13%)
No 3712 (68%) 3927 (91%) 1801 (67%) 1593 (87%)

10251 (86%) were evaluated (table 2), with a mean and
median of 3.9 (95% CI 3.72 to 4.00) and 3 (IQR: 1-5) per
index case, respectively. The multivariable analysis of predic-
tors of a contact being evaluated in table 4 is restricted to
those with complete data on the variables included, limiting
the sample of contacts from 11 981 to 10 476 of which 8986
(86%) were evaluated. Identified contacts of male index cases
were less likely to be evaluated than those of female index
cases (aOR: 0.68 (0.54 to 0.85)), as were contacts aged over
14 years (aOR: 0.30 (0.24 to 0.39)) when compared with
those aged under 15 years. Contacts screened at the clinic of
their index case (aOR: 1.65 (1.26 to 2.16)) were more likely
to be evaluated than those screened elsewhere. Identified con-
tacts of index cases notified in boroughs with higher notifica-
tion rates (aOR per 10 cases per 100 000: 0.93 (0.87 to
0.99)), and contacts of index cases of white ethnicity (com-
pared with Indian index cases, aOR: 0.61 (0.42 to 0.90)) were
less likely to be evaluated, though these two associations were
weaker.

Indicator 3. Proportion of evaluated contacts diagnosed

with active TB

Of the 16 495 contacts (of index cases with disease at any site)
evaluated, and no longer under investigation for signs of TB at
the time of the study, 294 (1.8%, 95% CI 1.6% to 2.0%) were
diagnosed with active TB (table 2). This figure rises to 2.6%
(243/9213) (95% CI 2.3% to 3.0%) and 4.1% (177/4328)
(95% CI 3.5% to 4.7%) for the contacts of pulmonary index
cases and sputum smear-positive pulmonary index cases,
respectively. This figure drops to 1.3% (45/3421) (95% CI
0.98% to 1.8%) and 0.70% (51/7264) (95% CI 0.51% to
0.89%) for the contacts of smear-negative pulmonary cases
index cases and index cases without pulmonary or laryngeal
involvement, respectively. Considering just index cases within
the black African ethnic group (the ethnic group with the
highest yield of active disease per contact) 2.8% (107/3817)
(95% CI 2.3% to 3.3%) of evaluated contacts had active
disease. For index cases aged under 15 years, 5.5% (27/491)
(95% CI 3.5% to 7.5%) of their evaluated contacts had active
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Table 2 Levels of indicators and outcomes over study period

Indicator Number positive/total Percentage (95% Cl)
1. The proportion of pulmonary index cases who have at least one contact identified 2481/2716 91% (90% to 92%)
The proportion of pulmonary index cases who have at least three contacts identified 181012716 67% (65% to 68%)
The proportion of pulmonary index cases who have at least five contacts identified 109312716 40% (38% to 42%)
2. The proportion of identified contacts of pulmonary index cases who are evaluated 10 251/11 981 86% (85% to 86%)
3. The proportion of evaluated contacts that have active TB 294/16 495 1.8% (1.6% to 2.0%)
The proportion of evaluated contacts of pulmonary smear-positive index cases that have active TB 17714328 4.1% (3.5% to 4.7%)
The proportion of evaluated contacts of pulmonary smear-negative index cases that have active TB 45/3421 1.3% (0.98% to 1.8%)
The proportion of evaluated contacts of non-pulmonary and non-laryngeal index cases that have active TB 51/7264 0.70% (0.51% to 0.89%)
4. The proportion of evaluated child contacts that have LTBI 490/4850 10% (9.3% to 11%)
The proportion of evaluated child contacts of pulmonary smear-positive index cases that have LTBI 27711046 26% (24% to 29%)
The proportion of evaluated child contacts of pulmonary smear-negative index cases that have LTBI 93/980 9.5% (7.8% to 11%)
The proportion of evaluated child contacts of non-pulmonary and non-laryngeal index cases that have LTBI 78/2386 3.3% (2.6% to 4.0%)

LTBI, latent TB infection.

disease. The multivariable analysis of predictors of an evaluated
contact being diagnosed with TB in table 5 is restricted to those
with complete data on the variables included, limiting the
sample from 16 495 to 14 614 contacts of which 263 (1.8%)
were diagnosed with TB. Adult contacts were associated with
lower yields of active TB per contact (aOR: 0.55 (0.40 to 0.75))
(compared with child contacts). Additionally, index cases aged
below 15 years, of black African ethnicity or with pulmonary or
laryngeal disease (especially those who are smear-positive) were
associated with contacts having an increased risk of active
disease. None of the assessed social risk factors (history of
homelessness, drug use or imprisonment) for the index case
were associated with the contact having active TB.

Indicator 4. Proportion of evaluated child contacts

diagnosed with LTBI

Of the 4850 child contacts evaluated and no longer under inves-
tigation for signs of TB at the time of the study, 490 (10%, 95%
CI 9.3% to 11%) were diagnosed with LTBI (table 2). This
figure rises to 26% (277/1046) (95% CI 24% to 29%) for con-
tacts of sputum smear-positive pulmonary index cases only, and
drops to 9.5% (93/980) (95% CI 7.8% to 11%) and 3.3% (78/
2386) (95% CI 2.6% to 4.0%) for the contacts of smear-
negative pulmonary index cases and cases without pulmonary or
laryngeal involvement, respectively. For index cases aged under
15 years, 17% (32/184) (95% CI 12% to 23%) of their evalu-
ated child contacts had LTBI. The multivariable analysis of pre-
dictors of a child contact being diagnosed with TB in table 6 is
restricted to those with complete data on the variables included,
limiting the sample from 4850 to 4305 child contacts of which
440 (10%) were found to have LTBI. Pulmonary smear-negative
(aOR: 2.92 (1.96 to 4.35)) and pulmonary smear-positive index
cases (aOR: 8.39 (5.76 to 12.2)) (both relative to non-
pulmonary and non-laryngeal index cases) were positively asso-
ciated with child contacts having LTBI (table 6). Conversely,
culture-negative index cases (aOR relative to culture-positive
index cases: 0.51 (0.34 to 0.76)) were negatively associated with
child contacts having LTBI. None of the assessed social risk
factors (a history of homelessness, drug use or imprisonment)
for the index case were associated with child contacts having
LTBI, though the numbers were very small.

DISCUSSION
Our analyses provide the first estimates of indicators that will be
used to monitor TB contact tracing in England, as part of the

Collaborative Tuberculosis Strategy for England. We found that
91% of pulmonary TB cases in London had at least one contact
identified and 86% of those contacts were investigated. For all
index cases, 1.8% of evaluated contacts had active TB disease
and 10% of child contacts had LTBI. The proportion of contacts
diagnosed with TB or LTBI was almost fivefold greater for con-
tacts of pulmonary or laryngeal index cases than for index cases
with other disease types. Compared with female index cases,
male index cases had fewer contacts identified, and fewer of
those identified were evaluated, but sex had no significant effect
on whether a case’s evaluated contacts had LTBI or TB disease.
Perhaps surprisingly, social risk factors were generally not sig-
nificantly associated with either identifying contacts, evaluating
those contacts, or for the resultant TB or LTBI yield per
contact, the exception being that those with a prison history
were less likely to have contacts identified compared with those
without a prison history. The study may however have been
underpowered to discern these relationships, as only around 5%
of included index cases had each social risk factor. Contacts of
children were more likely than those of adults to be diagnosed
with TB; in the former circumstance, it is more likely that
one of the contacts diagnosed with TB was the source case for
that child.

By using data elicited through cohort review, we could
include more information than that available from routine sur-
veillance. One limitation was that data from several clinics for
some periods had to be excluded as cohort review was done
selectively (see online supplementary appendix). We mitigated
this potential source of bias by only using data from clinics that
reported 80% or more of their contacts, although some differ-
ences between included and excluded cases remained (table 1)
and it reduced the power of the study. Also, cases removed from
the multivariable analysis due to missing variables were more
likely to be culture-positive, white, UK-born or homeless, and
less likely to be screened at the clinic, than those included. It is
difficult to predict the impact of these exclusions on the results.
However, the proportion of contacts evaluated (86%) may be
an overestimate, given that both more contacts of white index
cases and fewer contacts screened at the clinic are excluded than
included. Further, as more contacts of children were excluded
than included (table 1), it is possible that the estimates of yield
of TB and LTBI among contacts are underestimates. A second
limitation is that little data were collected on individual contacts,
potentially masking important determinants of contact out-
comes, including the length and intensity of exposure, and risk
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Table 3 Associations with pulmonary index cases having at least one contact named (indicator 1)

At least one contact identified

Characteristics of the index case Yes (row %)* No* a0R (95% CI) p Value
Total 2168 (93%) 159 N/a N/a
UK born
Yes 506 (94%) 31 1.16 (0.71 to 1.91) 0.01
No, long-term migrant 1390 (94%) 94 1
No, recent migrant 272 (89%) 34 0.54 (0.35 to 0.84)
History of drug use
Yes 133 (92%) 1" 1.57 (0.73 to 1.37) 0.25
No 2035 (93%) 148 1
History of homelessness
Yes 123 (85%) 21 0.56 (0.31 to 1.01) 0.06
No 2045 (94%) 138 1
Former prisoner
Yes 76 (81%) 18 0.27 (0.14 to0 0.52) <0.01
No 2092 (94%) 14 1
Sex
Male 1320 (91%) 124 0.46 (0.30 to 0.68) <0.01
Female 848 (96%) 35 1
Ethnicity
Indian 417 (95%) 20 1 <0.01
Black-African 468 (89%) 59 0.47 (0.27 to 0.83)
White 431 (93%) 34 0.73 (0.38 to 1.41)
Other 852 (95%) 46 1.06 (0.61 to 1.85)
Culture
Positive 1684 (94%) 104 1 0.02
Negative 419 (90%) 46 0.59 (0.40 to 0.89)
Not done 65 (88%) 9 0.52 (0.23 to 1.16)
Smear
Negative 945 (92%) 79 1 <0.01
Not done 367 (90%) 40 0.69 (0.44 to 1.06)
Positive 856 (96%) 40 1.84 (1.20 to 2.82)
Clinic case count (linear, 100 cases/year) =12 s=0.58 0.72 (0.46 to 1.12) 0.15
Clinic policy of home visits*
Yes 714 (92%) 64 0.66 (0.44 to 0.99) 0.04
No 1454 (94%) 95 1
Age of index case
0-14 years 63 (97%) 2 1 0.19
15 years and over 2105 (93%) 157 0.36 (0.08 to 1.62)
Notification rate*t (linear, 10 cases/100 000 population/year) X=3.7 s=0.58 1.10 (0.98 to 1.23) 0.10
Nurses* (linear, nurses/100 cases/year) =35 s=0.87 0.90 (0.63 to 1.28) 0.54
Admin staff* (linear, staff/100 cases/year) %=1.0 s=0.63 0.81 (0.50 to 1.31) 0.39
Social workers/DOT staff* (linear, staff/100 cases/year) x=0.88 s=0.87 1.36 (1.07 to 1.72) 0.01

Adjusted OR (aOR) has been adjusted for everything in the table.
*Mean and SD presented for continuous variables.

tNotification rate in the year and local authority in which the index case was notified. N=2327.

DOT, directly observed therapy.

factors increasing the chance of the contact progressing to
disease. A third limitation is that the available data come from a
relatively short period (42 months), so temporal trends were
indiscernible. Unfortunately, data on the HIV status of index
cases are not recorded in the LTBR. Finally, the number of
patients with multidrug-resistant and extensively drug-resistant
TB was too small to do a subgroup analysis of this group.

The proportion of pulmonary index cases with at least one
contact identified (91%) compares favourably with previous
figures for one sector of London in 2012, namely 78% and
88% before and after cohort review, respectively.'' It is also
comparable to recent findings from the USA where the

corresponding figures were 94% and 86% for smear-positive
and smear-negative, culture-positive index cases, respectively,”*
and higher than the figure in Piedmont, Italy (77%)."” Similarly,
the proportion of identified contacts who were evaluated (88%)
was higher than the north central London (74% precohort
review, 82% postcohort review) and US figures (82% for smear-
positives, 81% for smear-negatives). These figures suggest
London TB clinics undertake high quality contact tracing,
although further improvements in certain groups may be feas-
ible. Note that the higher proportion of smear-positive index
cases with at least one contact identified than smear-negative
index cases, found in this study and others, is likely due to
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Table 4 Associations with contacts of pulmonary index cases being evaluated (indicator 2)

Contact evaluated

Characteristics of the index case Yes (row %)* No* aOR (95%Cl) p Value
Total 8986 (86%) 1490 N/a N/a
UK born
Yes 2240 (86%) 907 1.22 (0.92 to 1.61) 0.13
No, long-term migrant 5692 (86%) 357 1
No, recent migrant 1054 (82%) 226 0.82 (0.59 to 1.13)
History of drug use
Yes 564 (80%) 137 0.99 (0.60 to 1.62) 0.97
No 8422 (86%) 1353 1
History of homelessness
Yes 480 (77%) 147 0.66 (0.40 to 1.06) 0.09
No 8506 (86%) 1343 1
Former prisoner
Yes 8708 (86%) 1400 0.63 (0.35 to 1.14) 0.13
No 278 (76%) 90 1
Sex
Male 5106 (83%) 1024 0.68 (0.54 to 0.85) <0.01
Female 3880 (89%) 466 1
Ethnicity
Indian 1690 (87%) 263 1 0.05
Black African 1985 (88%) 275 0.88 (0.62 to 1.25)
White 1739 (82%) 378 0.61 (0.42 to 0.90)
Other 3572 (86%) 574 0.93 (0.69 to 1.25)
Culture
Positive 7221 (86%) 1174 1 0.46
Negative 1507 (84%) 280 0.84 (0.63 to 1.11)
Not done 258 (88%) 36 1.03 (0.48 to 2.21)
Smear
Negative 3391 (84%) 625 1 0.14
Not done 1285 (85%) 220 1.02 (0.74 to 1.41)
Positive 4310 (87%) 645 1.27 (1.00 to 1.61)
Clinic case count* (linear, 100 cases/year) X=17 5=0.58 0.81 (0.64 to 1.04)
Clinic policy of home visits
Yes 3078 (87%) 480 1.09 (0.82 to 1.43) 0.56
No 5908 (85%) 1010 1
Age of index case
0-14 years 292 (90%) 34 1 0.93
15 years and over 8694 (86%) 1456 0.97 (0.53 to 1.80)
Notification rate*t (linear, 10 cases/100 000 population/year) x=3.8 s=2.1 0.93 (0.87 to 0.99) 0.02
Nurses* (linear, nurses/100 cases/year) %=34 s=0.87 0.89 (0.72 to 1.09) 0.26
Admin staff* (linear, staff/100 cases/year) %= 0.99 5=0.60 1.17 (0.86 to 1.60) 0.32
Social workers/DOT staff* (linear, staff/100 cases/year) x=0.89 5=0.89 0.95 (0.81 to 1.10) 0.47
Age of contact
15 years and over 6569 (83%) 1344 0.30 (0.24 to 0.39) <0.01
0-14 years 2417 (94%) 146 1
Contact screened at clinic
Yes 7629 (87%) 1147 1.65 (1.26 to 2.16) <0.01
No 1357 (80%) 343 1

*Mean and SD presented for continuous variables.

tNotification rate in the year and local authority in which the index case was notified. N=10 476.

aOR, adjusted OR; DOT, directly observed therapy.

clinics’ need to focus limited resources on those index cases for
whom the yield is likely to be highest. The yield per contact of
all forms of TB in this study was higher than from a similar
study in Birmingham, another high incidence inner city region
of the UK, in 1990-2010."* That study found a yield per
contact of active TB of 3.3% (compared with 4.1% in this
study) and 0.58% (versus 0.70% in this study) for smear-

positive pulmonary and non-pulmonary index cases, respect-
ively. The yield per contact of active TB among contacts of pul-
monary index cases presented here (2.6%) is high relative to
other studies in high-income settings. A systematic review of
contact tracing outcomes found a grouped yield per contact of
TB in high-income countries of 1.4%," a similar study to ours
in Italy found a yield per contact of active disease of 0.71%,"”
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Table 5 Associations with evaluated contacts (of index cases with TB at any site) with active TB

Characteristics of the index case

Contact diagnosed with active TB

Yes (row %)* No* aOR (95%Cl) p Value
Total 263 (1.8%) 14 351 N/a N/a
UK born
Yes 71 (2.3%) 2973 1.31 (0.86 to 1.99) 0.41
No, long-term migrant 159 (1.6%) 9834 1
No, recent migrant 33 (2.1%) 1544 1.23 (0.71 to 2.15)
History of drug use
Yes 18 (2.9%) 612 1.06 (0.56 to 2.01) 0.85
No 245 (1.8%) 13739 1
History of homelessness
Yes 13 (2.6%) 485 0.77 (0.36 to 1.66) 0.51
No 250 (1.8%) 13 866 1
Former prisoner
Yes 9 (2.8%) 312 1.02 (0.37 to 2.84) 0.96
No 254 (1.8%) 14039 1
Sex
Male 164 (2.0%) 7884 1.35 (0.95 to 1.91) 0.09
Female 99 (1.5%) 6467 1
Ethnicity
Indian 39 (1.2%) 3130 1 <0.01
Black African 103 (3.0%) 3324 1.95 (1.17 to 3.26)
White 32 (1.7%) 1910 0.81 (0.44 to 1.50)
Other 89 (1.5%) 5987 1.03 (0.63 to 1.67)
Culture
Positive 225 (2.4%) 9316 1 0.12
Negative 71 (0.8%) 4033 0.70 (0.43 to 1.15)
Not done 7 (0.7%) 1002 0.50 (0.23 to 1.09)
Disease type
Non-pulmonary and non-laryngeal 41 (0.6%) 6391 1 <0.01
Pulmonary smear-negative 44 (1.4%) 3107 2.10 (1.20 to 3.69)
Pulmonary smear-positive 166 (4.3%) 3696 6.71 (4.1 t0 11.0)
Pulmonary, smear unknown or laryngeal 12 (1.0%) 1157 1.39 (0.73 to 2.64)
BCG
Not vaccinated 51 (1.6%) 3222 0.78 (0.51 to 1.18) 0.28
Vaccinated 177 (2.0%) 8502 1
Unknown 35 (1.3%) 2627 0.73 (0.44 t0 1.19)
Clinic case count™ (linear, 100 cases/year) x= 1.1 5=0.52 0.97 (0.68 to 1.40) 0.89
Age of index case
0-14 years 25 (5.7%) 417 1 <0.01
15 years and over 238 (1.7%) 13934 0.25 (0.13 to 0.48)
Notification rate*t (linear, 10 cases/100 000 population/year) =37 s=1.9 1.05 (0.95 to 1.17) 0.32
Age of contact
15 years and over 151 (1.5%) 10133 0.55 (0.40 to 0.75) <0.01
0-14 years 112 (2.6%) 4218 1
Contact screened at clinic
Yes 233 (1.9%) 12162 1.38 (0.81 to 2.37) 0.24
No 30 (1.4%) 2189 1

*Mean and SD presented for continuous variables.

tNotification rate in the year and local authority in which the index case was notified. N=14 614.

aOR, adjusted OR.

and a study in Amsterdam found 0.79% of contacts had
prevalent TB and 0.39% incident TB,'® although these com-
parisons do not account for differences in smear-positivity
prevalence. There are no comparable estimates of the yield
per contact of LTBI among child contacts. The overall preva-
lence among contacts (1.8%) compares to 0.50% of contacts
with Rgeva]ent TB and 0.53% with incident TB in a European
study.

Overall, TB contact tracing in London is performing well
across the suite of indicators when compared with previous
studies in London or elsewhere. Contacts of cases with pulmon-
ary or laryngeal TB are more likely to have TB or LTBI, com-
pared with contacts of cases with non-pulmonary and
non-laryngeal TB. However, prevalence of active TB among
contacts of non-pulmonary patients is still very high (0.70%)
relative to background TB prevalence, (0.027% in 2006%°),

Cavany SM, et al. Thorax 2017;72:736-745. doi:10.1136/thoraxjnl-2016-209677
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Table 6 Associations with evaluated child contacts (of index cases with TB at any site) being diagnosed with LTBI

Child contact diagnosed with LTBI

Characteristic of the index case Yes (row %)* No* a0R (95% CI) p Value
Total 440 (10%) 3865 N/a N/a
UK born
Yes 113 (16%) 611 1.23 (0.85 to 1.78) 0.44
No, long-term migrant 285 (9%) 2854 1
No, recent migrant 42 (10%) 400 0.87 (0.51 to 1.48)
History of drug use
Yes 29 (18%) 136 1.35 (0.62 to 2.96) 0.45
No 411 (10%) 3729 1
History of homelessness
Yes 17 (14%) 108 0.95 (0.47 to 1.94) 0.90
No 423 (10%) 3757 1
Former prisoner
Yes 8 (10%) 74 0.53 (0.21 to 1.36) 0.19
No 432 (10%) 3791 1
Sex
Male 218 (10%) 1995 0.80 (0.59 to 1.09) 0.16
Female 222 (11%) 1870 1
Ethnicity
Indian 62 (8%) 700 1 0.41
Black African 134 (10%) 1232 1.07 (0.69 to 1.64)
White 72 (18%) 322 1.54 (0.90 to 2.62)
Other 172 (10%) 1611 1.06 (0.71. 1.58)
Culture
Positive 375 (14%) 2283 1 <0.01
Negative 49 (4%) 1260 0.51 (0.34 to 0.76)
Not done 16 (5%) 322 0.60 (0.33 to 1.11)
Disease type
Non-pulmonary and non-laryngeal 67 (3%) 2041 1 <0.01
Pulmonary smear-negative 91 (10%) 823 2.92 (1.96 to 4.35)
Pulmonary smear-positive 252 (27%) 692 8.39 (5.76 t0 12.2)
Pulmonary, smear unknown or laryngeal 30 (9%) 309 2.35 (1.35 t0 4.10)
BCG
Not vaccinated 87 (10%) 822 0.83 (0.56 to 1.21) 0.54
Vaccinated 280 (11%) 2343 1
Unknown 73 (9%) 700 1.08 (0.72 to 1.60)
Clinic case count™ (linear, 100 cases/year) 2=11 s=0.52 1.22 (0.85 to 1.76) 0.28
Age of index case
0-14 years 30 (18%) 134 1 0.01
15 years and over 410 (10%) 3731 0.40 (0.20 t0 0.77)
Notification rate*t (linear, 10 cases/100 000 population/year) ®=3.7 s=1.8 1.04 (0.93 to 1.16) 0.45
Contact screened at clinic
Yes 388 (11%) 3306 1.29 (0.83 to 2.01) 0.27
No 52 (8.5%) 559 1

*Mean and SD presented for continuous variables.

tNotification rate in the year and local authority in which the index case was notified. N=4305.

a0R, adjusted OR; LTBI, latent TB infection.

which has implications for the recent change to the National
Institute for Health and Care Excellence (NICE) TB guidelines,
limiting screening to contacts of pulmonary and laryngeal
patients.”

We found that contacts screened at a different clinic to the
index case (accounting for 16% of all contacts) are less likely to
be evaluated than those screened at the same clinic, suggesting
gains can be made by improving cross-clinic contact tracing.
Clinics were increasingly likely to successfully evaluate their
contacts with increasing numbers of DOT and social workers
per index case, indicating the important role played by these

staff in building relationships with patients. Future continuation
of these relationships may be affected by recent policy recom-
mendations, for example, cessation of screening of contacts of
non-pulmonary non-laryngeal patients and screening for LTBI
in all contacts aged under 65 years (previously just under
35 years old).

Further work elucidating how performance against contact
tracing indicators affects transmission and diagnostic delay
would be important, as would the impact of recent changes in
procedure to comply with latest national guidance. The recently
changed NICE guidelines recommend limiting screening to

744
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others to distribute, remix, adapt and build upon this work, for commercial use,
provided the original work is properly cited. See: http:/creativecommons.org/licenses/

pulmonary and laryngeal cases’ contacts (bringing the UK into
line with many other countries, as well as testing all those aged
under 65 years with TST/IGRA and administering preventive
therapy to this group (rather than just those aged under
35 years, but the implications for cost-effectiveness are unclear.
Cost-effectiveness modelling using data from this study may
help. Completion of cohort review fields by all clinics has
improved recently; continued high levels of completion of these
fields would greatly benefit future contact tracing studies.
Further work to understand the full impact of home visits at an
individual level would be useful. This intervention has been
found to aid identification and evaluation of contacts in the
USA”® and Portugal,”” and to improve preventive therapy out-
comes in the USA and Canada,”® but our analysis was unable to
show a relationship between home visits and improved contact
identification and evaluation. Finally, qualitative research into
improving engagement with men and those with prison history
could potentially improve the proportion of contacts success-
fully evaluated, as these groups are less likely (compared with
women and those without a prison history, respectively) to have
contacts identified and evaluated (for men) but do not necessar-
ily have lower yields per contact, suggesting room for
improvement.
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Addendum

Clarifications

e On page 54 in the first paragraph of the results, we state that there were 2716 pulmonary
cases, and also that there were 971 pulmonary smear positive cases, 1095 pulmonary smear
negative cases and 478 pulmonary cases with unknown smear, which totals 2548 pulmonary
cases. The reason for this discrepancy is that we applied the exclusion criteria separately for
pulmonary cases and for all cases combined. The former figure (2716) refers to the number
of pulmonary cases included in the pulmonary-only dataset, whereas the latter (2548) refers
to the number of pulmonary cases included in the all-cases dataset.

e Similarly, in figure one more cases are excluded from the pulmonary-only dataset for being
probable incidents than were excluded in the all-cases dataset for that reason. This is again a
consequence of applying the exclusion criteria separately, meaning that these two figures
represent slightly different time periods.

e The reason for the separate pulmonary-only and all-cases datasets was so that indicators 1
and 2, which refer only to pulmonary index cases, and indicators 3 and 4, which refer to all
cases, could be estimated using the maximum amount of available data. Several other

apparent discrepancies between the text and the tables occur for similar reasons.

Corrections
e Thereis a discrepancy between the exclusion criteria shown in figure 1 and the methods: the
figure states that sectors are included if they reported 90% or more of their cases, whereas
the text states 80%. The figure given in the text (80%) is correct.
e Inthe fourth row of figure 4, the entry in the second column should read “index cases found

through previous contact investigations” rather than “not report to cohort review”.
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3. Second paper: Transmission events revealed in tuberculosis

contact investigations in London

Preamble

The first paper of this thesis showed that at a practical level (i.e. the things within clinics’ control),
contact tracing in London is being undertaken well when compared to other countries, as measured
by both indicator 1 (the proportion of pulmonary cases with at least one contact identified) and
indicator 2 (the proportion of identified contacts of pulmonary cases that are evaluated), as both of
these indicators are typically as high or higher than values found in other locations. It also showed
that the proportion of cases found to have either active TB or LTBI during contact investigations in
London is high relative to other high-income, low-incidence nations or regions of the UK. For
instance, 2.9% of all evaluated contacts of pulmonary cases had active TB, more than double the
average yield of contact investigations amongst high-income countries (1.4%'). However, this says
little about the impact of contact tracing as in the UK approximately 95% of cases are notified, so
cases would probably be found anyway if they had not been found through contact tracing®.
Additionally, part of the potential impact of contact tracing is derived from preventing cases, i.e.
those which would have been infected by contacts found to have active TB had they been infectious
for longer. In order to get a better understanding of the impact, it would help to know how many of
the cases found are involved in chains of ongoing transmission, and also whether contact tracing
found them sooner and by how much. This is what the second paper of this thesis sought to do for

London. This paper is in review at Scientific Reports.

To do this | used the same dataset as that used in the first paper (i.e. the LTBR, a web-based register
of cases diagnosed in London which includes some contact tracing outcomes), but focus on pairs of
cases and contacts diagnosed with TB, and supplement the dataset with mycobacterial-interspersed-
repetitive-units variable-number-tandem-repeats (MIRU-VNTR) typing data to look at transmission.

When two cases have indistinguishable isolates and are known to have epidemiological links (e.g.
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they know each other, or work in the same place), then transmission between them is usually
described as confirmed?’. In our study, all case-contact pairs had epidemiological links by definition,

and so when they shared isolates this was probably due to recent transmission.

Two studies in the US (2002, 2004) calculated the proportion of cases found through contact tracing

which had an indistinguishable isolate from their index*'%!!

, and a recent study in England (2017)
attempted to estimate the proportion of pairs which had indistinguishable isolates and shared an
address?’; all three of these studies are discussed in the paper. They calculated that 71%, 70% and
75% of pairs shared isolates respectively. Additionally, a study in Cape Town (2004) calculated that in
households with more than one case, 46% of cases had an isolate that was indistinguishable from
that of at least one other member of their household'2. This implies that less than or equal to 46%
of household case-contact pairs would have indistinguishable isolates in this setting. We would
expect the proportion to be lower in high incidence settings than low incidence settings, as this
study found, because the risk of community transmission is likely to be increased as the proportion
of those encountered in the community that have TB will be greater. A study in Poland (2012) found
an intermediate figure of 63% of cases due to intra-household transmission'3. However, to our
knowledge, no study has attempted to estimate the proportion of those cases found through
contact tracing that are due to recent transmission in a UK setting, nor has any study attempted to
estimate how long contact investigations typically take in a UK setting. This study provides the first
estimates of both of these things in a UK setting, and describes groups for whom contact
investigations are longer and for whom cases found through contact investigations are more likely to
be due to transmission. The results contain the important finding that a large minority (20%) of cases
found through contact tracing had an isolate which did not match their index case, implying that

cases of TB are found through contact tracing irrespective of whether transmission has taken place.
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Abstract

Contact tracing is a key part of tuberculosis prevention and care, aiming to hasten diagnosis and
prevent transmission. The proportion of case-contact pairs for which recent transmission occurred
and the typical timespans between the index case and their contact accessing care are not known;
we aimed to calculate these. We analysed individual-level TB contact tracing data, collected in
London from 20/01/2011-31/12/2015, linked to tuberculosis surveillance and MIRU-VNTR 24-locus
strain-typing information. Of pairs of index cases and contacts diagnosed with active tuberculosis,
85/314 (27%) had strain typing data available for both. Of these pairs, 79% (67/85) shared
indistinguishable isolates, implying probable recent transmission. Of pairs in which both contact and
the index case had a social risk factor, 11/11 (100%) shared indistinguishable isolates, compared to
55/75 (75%) of pairs in which neither had a social risk factor (P=0.06). The median time interval
between the index case and their contact accessing care was 42 days (IQR: 16, 96). As over 20% of
pairs did probably not involve recent transmission between index case and contact, the
effectiveness of contact tracing is not necessarily limited to those circumstances where the index

case has transmitted disease to their close contacts.

Key words: tuberculosis, contact tracing, London, United Kingdom, MIRU-VNTR, transmission.
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Introduction

Contact tracing, the systematic screening of contacts of tuberculosis (TB) cases, is an important part
of TB control in the UK and other high-income, low-incidence countries, and is highlighted as a key
element of the Public Health England (PHE)/National Health Service (NHS) England collaborative
tuberculosis strategy’. It aims to reduce transmission from and morbidity in contacts with active TB,
and find contacts with latent M. tuberculosis infection that are eligible for preventive therapy®.
London accounts for nearly 40% of England’s TB cases®, and during 20/01/2011-31/12/2015, 13 692

TB cases were notified in London, with a median of four contacts identified per case*.

If a contact is diagnosed with active TB, there may have been recent transmission between index
case and contact, or the contact may have been infected, recently or historically, by another source.
Understanding the extent to which cases found through contact tracing are due to recent
transmission shows the value of contact tracing in interrupting ongoing transmission. Where the
proportion of cases identified due to recent transmission is high, this is more likely to reflect active
and ongoing transmission. Reducing the time between the index case and their contact accessing
care means earlier diagnosis of an active case, benefitting the individual and reducing the risk of
onward transmission from an infectious source. Whilst around 5% of cases in London are found
through contact tracing [unpublished data], less is known if those cases are due to recent
transmission, nor of the typical timescales (such as the median time between the index case and

their contact accessing care) involved in contact investigations.

Since 2010 in the UK, isolates from culture confirmed TB cases have been routinely strain-typed
using 24-loci mycobacterial-interspersed-repetitive-units — variable-number-tandem-repeats (MIRU-
VNTR) strain-typing’. Using strain-typing data, transmission between cases is considered not to have
occurred if their isolates are distinct and probable if the isolates are indistinguishable and supported
by evidence of contact between cases. Previous studies using strain-typing data in the United States

found that around 70% of contacts with TB may have been infected by or have infected their index
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case®®, but no studies have estimated this in the UK. Whilst a recent study in France estimated the
time between index case notification and the contact being screened to be 48 days’, to our
knowledge no studies have directly estimated the time interval between index case notification and

diagnosis of TB in a contact in the UK.

We aimed to describe the extent of transmission that was identified through contact tracing, and the
time taken from index case identification to finding the active case among their contacts. This was in
order to provide TB services with evidence for the value of contact investigations, and where efforts

might be targeted or strengthened in order to give the biggest benefit.

Our first objective was to estimate the proportion of index case-contact pairs for whom probable
recent transmission had occurred, and determine factors associated with differences in this
proportion. The second objective was to estimate the time interval between the index case and the
contact accessing care, as a proxy measure for contact investigation length, and determine which
factors are associated with longer or shorter intervals. An additional aim of the study was to
understand whether the patient characteristics of those contact tracing pairs found to be due to

recent transmission were also common among the pairs tracing for whom investigations are longer.
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Methods

Dataset & inclusion criteria. The primary data source was the London TB Register (LTBR; a web-
based register containing demographic and clinical data on all TB cases notified in London since
2002). TB cases are notified in England either if they are culture confirmed, or based on the
clinician’s decision to treat with a full course of anti-TB therapy. From 2012, the LTBR has
incorporated data on contact tracing from ‘cohort review’; this is a quarterly case management and
contact tracing appraisal conducted by clinical staff for TB cases, introduced incrementally across
London from 2010™. This paper utilizes contact tracing data collected as part of cohort review,

linked to surveillance data from the LTBR and strain typing data held by PHE.

Contacts identified during contact investigations and diagnosed with active TB are linked in the LTBR
to the index case of the investigation. For the period of the study (20/01/2011-31/12/2015) contact
tracing was conducted according to national guidance CG117", which recommended screening
household and other close contacts of all cases. During the study period, contact investigations
began immediately after the diagnosis of the index case, whereupon the nurse asked the case for a
list of close contacts. Screening begins with symptom-screen; for asymptomatic contacts this is
followed by a tuberculin skin test (TST) or interferon-gamma release assay (IGRA) in those aged
under 35 years and consideration of a chest X-ray (CXR) in those aged 35 years and over. Those with
a positive symptom-screening, TST/IGRA result or CXR are evaluated for signs of active TB. Those

with LTBI are considered for preventive therapy.

The study population included any pair for which the index case was notified in the study period and
had at least one contact diagnosed with active TB. Pairs were excluded if the linked contact began
their current episode of care prior to their index case. For the first objective, analysis was further

limited to pairs for which both contact and index case had strain typing results.

In London, isolates of culture-confirmed TB cases are typed at the PHE Mycobacterium Reference

Laboratory, with results matched with surveillance data using the Enhanced Matching System
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(EMS)*. Isolates are defined as indistinguishable if at least one in the cluster had 24 loci typed and

all others had 23 or 24 loci typed and matched in all typed loci.

Within the LTBR, the episode of care start date is the date when a patient was first seen by the clinic

at which they were notified, and is a mandatory field recorded for all patients.

Analysis. We took the following approach for the two objectives:

1.

To determine the proportion of strain typed pairs for whom index and contact had
indistinguishable isolates. This was stratified by country of birth, site of disease & smear
status, social risk factors (current or history of: imprisonment, drug or alcohol misuse and/or
homelessness), age and sex, based on attributes of the index, contact or shared by both. We
evaluated the sensitivity of these results to excluding contacts not recorded as presenting
through contact screening, and to including pairs for whom the contact accessed care first.
There were four instances when the same contact with TB was named by two different index
cases; we evaluated the sensitivity of results to the exclusion of these links so that each
contact only appeared in one pair.

To estimate the median and distribution of the time interval between episode of care start
dates of index and contact(s). We measured the interval in days between episode of care
start date of the index case and contact, and explored whether the factors mentioned in
objective one were associated with longer time intervals, in each instance adjusted for the
site of disease of the index. Differences in medians were assessed for significance using

Mood’s median test.

Software: All data were analysed using Microsoft Excel 14.0 and Stata 13.1.
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Results

Comparison of excluded and included data. There were 451 cases of TB in the study period
recorded as having one or more contacts diagnosed with TB (286 when restricting to strain typed
pairs), resulting in 697 potential case-contact pairs (406 when restricting to strain typed pairs)
(Figure 1). After applying the inclusion criteria, 85 pairs (21%) were included in the analyses for
objective one and 314 pairs (45%) for objective two, corresponding to 81/286 (28%) and 247/451
(55%) of all strain-typed index cases and all index cases, respectively. There were 44 index cases

included in more than one case- contact pair overall, and three in more than one strain-typed pair.

In the analyses for each objective, a varying number of pairs were also removed where there were
insufficient data on the demographic trait or clinical characteristic of interest. Those included in
analysis for objective one had a different ethnic profile to those excluded (Table 1). Index cases
included for objective two were more likely to be male, have pulmonary disease or be 15 years old
or above, than those excluded (Table 1). As children are less likely to be culture positive than adults,
adults were over-represented in both included and excluded pairs for analysis of objective one

relative to objective two.

Pairs of index cases and contacts with indistinguishable isolates. Overall, 67/85 (79%) of contacts
who were diagnosed with TB had indistinguishable isolates from their index case. This was similar
across a range of clinical and demographic factors relating to both the index case and the contact
(Table 2). For pairs in which both case and contact had a social risk factor, 11/11 (100%) pairs had
indistinguishable isolates (compared to 55/70 (75%) where either or both had no social risk factors,
P=0.07). For all other factors the p-value for the association with indistinguishable isolates was

above 0.1.

If we remove pairs for whom the contact was listed as presenting through a route other than contact
tracing, the proportion who have indistinguishable isolates was similar at 48/61 (79%). If we include

pairs for whom the contact accessed care prior to the index, the proportion is slightly lower at
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85/112 (76%), and the association between a higher proportion of pairs with indistinguishable
isolates and the presence of social risk factors is weaker. Removing pairs which contain contacts

already named in another pair did not change the results.

Timescales of contact tracing. The median time interval between episode of care start dates for
index and contact was 42 days (interquartile range (IQR): 16, 96). The time interval was slightly
shorter for pulmonary index cases (41 days, IQR: 16, 96) compared to non-pulmonary index cases
(56 days, IQR: 15, 103), and shorter for smear positive pulmonary index cases (37 days, IQR 14, 91)
compared to smear negative pulmonary index cases (47 days, IQR 20, 96); the significance level of
these differences was P=0.12 and P=0.57 respectively. There was also no evidence of a difference
when comparing smear positive pulmonary, smear negative pulmonary and non-pulmonary index
cases (P=0.25). The median time interval was 42 days (IQR: 14, 96.5) among contacts diagnosed with

pulmonary TB, and 47 days (IQR: 19.3, 94.5) for non-pulmonary contacts (P=0.69).

This time interval between accessing care had a positively skewed distribution (Figure 2) with most
contacts accessing care within six weeks (52% for pulmonary index cases, and 33% for non-
pulmonary index cases) and 39% (122/314) of all contacts first accessing care within one month of

their index.

Contacts that were UK-born or recent migrants (entered within two years; numbers were small in
this group) (aOR: 2.0 [1.2, 3.4] and 3.9 [1.3, 12] respectively) were more likely to be identified and
access care within six weeks of their index case (Table 3), compared to longer-term migrants. Adult
contacts (aged greater than 14 years) (aOR: 0.38 [0.23, 0.65]) were less likely to have a short

investigation compared to children.
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Discussion

Our analysis estimates almost 80% of contacts diagnosed with TB and strain-typed in London are
part of a recent transmission event involving the index case and the contact. This implies that 20% of
contact investigations that find new cases do so even though no transmission has occurred between
the index case and their contact. When both the case and the contact had one or more social risk
factors, recent transmission was more likely to have occurred. The median time-interval between
index and contact starting care was six weeks (42 days). Contacts who were adults (compared to
children) or non-UK born migrants who entered >2 years previously (compared to UK born) were
more likely to have an interval longer than six weeks. Contacts with social risk factors were not

associated with delayed intervals of longer than six weeks.

A limitation of this study was the small number of pairs (85) where cases and contacts had strain
typing results (21% of 406 pairs with strain-typed index cases; 12% of all 697 pairs). As a result, our
analysis may have lacked power to discern all associations. In addition, findings may not be
generalizable to other TB patients as for the included pairs the index cases were almost all
pulmonary (95%), were more often of white or other ethnicity, more often UK born (35%), male
(73%) and were almost all (98%) adults. We may have over-estimated the contribution of social risk

factors as a result of this inclusion bias.

We may have overestimated the proportion of indistinguishable isolates compared to a higher
resolution method such as whole genome sequencing (WGS)*®. However, the combination of
microbiological and epidemiological links is good evidence that patients with indistinguishable

isolates represent recent transmission.

We were also not able to include 176 pairs where cases were identified through contact tracing, but

the contact was not linked in the LTBR.
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The proportion of index cases and contacts in London with indistinguishable isolates (79%) was
higher than estimates of 70-71% in three previous studies in the United States of America®®. The
first of these studies found that pairs with unconfirmed transmission were more likely to include
smear-negative source cases and a foreign-born secondary case, and less likely to include secondary
cases under the age of 15 years, compared to pairs with confirmed transmission; the significance
level of these relationships in our study was 0.75, 0.19 and 0.29 respectively. A recent UK-wide
study found that 75% of pairs of cases with the same address had indistinguishable isolates,
supporting results presented here. Other recent studies based on MIRU VNTR typing data estimated
the proportion of all cases due to recent transmission to be 34% in London and 10% in North-West
England™*°. While these results are not directly comparable with ours, both findings support the
notion that contacts of new cases of TB are more likely to have been recently exposed to
tuberculosis than other TB cases, and so contact tracing is an essential tool to identify individuals at

increased risk of disease.

A recent study in France found the mean period from index notification to completion of contact
screening was 48 days’. A previous modelling study used a value of a quarter of a year (in rural
Saskatchewan, Canada: a setting with greater barriers to screening than London)*’, more than twice
the median of 42 days found in London. A study in the Netherlands estimated the incubation period
of TB cases (with any site of disease) to be around 1.3 years (95% Cl: 1.1-1.4), with 30% of cases
having an incubation period of less than six months™®. This suggests that, for pairs with pulmonary

index cases where there has been recent transmission from index to contact, for every week that a

' . . : y ' ! 309
contact investigation is shortened, it may be possible to find and prevent disease in ~1% (= = )

26 weels

of infected contacts. However, a modelling study found that shorter contact investigations had little

population-level impact"’.

That case-contact pairs with social risk factors were more likely to have indistinguishable isolates

than those without, coupled with the higher prevalence of disease seen in those with social risk

10
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factors', suggests ongoing transmission occurring in this group in London, supporting previous
studies™*°. This supports the emphasis given to this group in national guidelines, in particular
recommendations for a programme of active case-finding amongst homeless and drug-users using a
mobile X-ray unit, and to coordinate contact investigations around those with social risk factors in
locations frequented by the index'. The higher proportion of indistinguishable isolates amongst

19,21

these pairs may be because the index cases were more likely to be infectious and for longer, or

because of the contact’s increased susceptibility.

Previous analysis of contact tracing outcomes in London found the prevalence of active disease
amongst contacts of pulmonary patients to be 2.6%". Assuming that, as found here, 80% of contacts
of pulmonary index cases that develop active TB do so following recent transmission from their
index case, this suggests that 0.52% of the contacts of pulmonary cases developed disease without
transmission having occurred between the case-contact pair. This proportion can be seen as the risk
of TB disease in contacts of TB patients that comes from sources other than the known index,
perhaps due to shared risk factors and/or community contacts. A study in London in 2006 found the
prevalence of TB amongst the homeless population to be 0.79%, amongst problem drug users to be
0.35%, and amongst prisoners to be 0.21%. Our study suggests that, even after removing the effect
of transmission from the known index case, the risk of TB in a close contact of a TB case is high when
compared with other risk groups in London®. However, contacts may self-present more quickly than

the aforementioned risk groups.

In London, some clinics aim to screen contacts of smear positive patients within two weeks of
contact identification, and contacts of non-smear positive cases within six weeks. While some
contacts will be identified subsequent to diagnosis of the index case after the building of a
relationship between case manager and patient, it is possible that these targets are not met for
some contacts: 12 pairs had a time interval of more than six months between index case and contact

accessing care.

11
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WGS of TB isolates has recently been rolled out across the UK?2. This will enable studies looking at
transmission and clustered cases to link cases more accurately, which will in turn enable greater

understanding of transmission networks and better target the allocation of resources.

We only found two pairs with an index case with non-pulmonary TB in which probable recent
transmission occurred, but there were only four typed pairs with non-pulmonary index cases in total.
Further research to understand the impact of 2016 changes to guidance, which no longer
recommends screening contacts of non-pulmonary, non-laryngeal index cases'’, would be useful.
The results presented here could be utilized in modelling studies to assess the impact of contact
tracing in different groups. Improved linkage of contacts would enable future research to have
sufficient power to find risk factors with greater significance for the types of contacts which are

most likely to have been part of a transmission event.

Whilst those pairs with social risk factors are more likely to involve recent transmission, these
contacts may also be harder to identify and reach”. This highlights the importance of services such as
Find & Treat in identifying these patients in London®®. While we have quantified the typical times
between index cases and their contacts accessing care, our study was not able to estimate the
impact of shortening contact investigations, and when this is greatest. Further work to quantify this
would be useful, perhaps incorporating mathematical modelling as well as data on the
infectiousness of contacts. Finally, our results show that on the whole contact tracing in London

happens in a timely manner thanks to the great effort of healthcare staff.

12
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Figures and tables

Case-contact pairsin LTBR
(01/2010-12/2015)
{overalln=697, cul+ index n=443)

Case-contact pairs with all details
{overalln=521, cul+ index n=323)

A4

Contact’s LTBR number not listed
{overalln=176, cul+ index n=120)

Case-contact pairs started care in correct
order
(overall n=315, cul+ index n=246)

\4

Contact started care prior to index
(overall n=206, cul+ index n=77)

All cluster IDs available where needed
{overall n=315, cul+ index n=183)

A\ 4

Cluster ID unavailable
(overall n=0, cul+ index n=63)

Final dataset

{(overall n=315, cul+ index n=62)

A4

Contact not culture positive
{overall n=0, cul+ index n=121)

Figure 1: Flowchart of included and excluded case-contact pairs, for objectives one (‘typed index’) and objective two
(‘overall’). Note that boxes three and four on the right were not exclusion criteria for objective two.
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Table 1: comparison of characteristics of index cases included in the analyses and those with one or more contacts who were diagnosed with TB but were excluded from the analyses. The
analyses involving strain typing data (objective 1) only included index cases that had a strain typed isolate and at least one contact who also had a strain typed isolate. Percentages are
column percentages except for the total row. P-value is chi-squared p-values for differences between groups

Factor Analyses of indistinguishable isolates of case-contact-pairs Analyses of time between episode of care start date of index
(objective 1) case and contact (objective 2)
Number included (%) Number excluded (%) | p-value Number included (%) | Number excluded (%) | p-value
Total 81 (28%) 205 (72%) N/a 247 (55%) 204 (45%) N/a
UK-born? Yes 28 (35%) 50 (24%) 0.22 82 (33%) 70 (34%) 0.68
No 44 (54%) 127 (62%) 135 (55%) 103 (50%)
No, recent migrant (<2 years) 9 (11%) 28 (14%) 30 (12%) 29 (14%)
Ethnicity Bangladeshi 1(1.2%) 6 (2.9%) 0.02 4 (1.6%) 5 (2.5%) 0.42
Black-African 15 (19%) 62 (30%) 65 (26%) 63 (31%)
Black-Caribbean 2 (2.5%) 9 (4.4%) 10 (4.1%) 6 (2.9%)
Black-Other 5(6.2%) 3 (1.5%) 11 (4.5%) 5(2.5%)
Chinese 0(0%) 3 (1.5%) 2 (0.81%) 4(2.0%)
Indian 21 (26%) 50 (25%) 53 (22%) 54 (26%)
Pakistani 1(1.2%) 13 (6.4%) 15 (6.1%) 12 (5.9%)
White 17 (21%) 25 (12%) 34 (14%) 26 (13%)
Other 19 (23%) 33 (16%) 52 (21%) 29 (14%)
Sex Male 59 (73%) 126 (61%) 0.07 164 (66%) 106 (52%) <0.01
Female 22 (27%) 79 (39%) 83 (34%) 98 (48%)
Site of disease Pulmonary 77 (95%) 179 (87%) 0.05 211 (85%) 150 (74%) <0.01
Non-pulmonary 4 (4.9%) 26 (13%) 36 (15%) 54 (26%)
Social Risk Factor History of homelessness 7 (8.6%) 14 (6.9%) 0.61 15 (6.2%) 9 (4.5%) 0.45
History of imprisonment 5(6.3%) 6 (3.0%) 0.20 10 (4.1%) 4 (2.0%) 0.20
History of drug use 11 (14%) 19 (9.4%) 0.30 21 (8.6%) 12 (6.0%) 0.29
Alcohol misuse 7 (8.9%) 11 (5.5%) 0.30 15 (6.3%) 7 (3.5%) 0.19
Age 15 years old or over 79 (98%) 192 (94%) 0.19 216 (87%) 148 (73%) <0.01
Under 15 years old 2 (2.5%) 13 (6.3%) 31 (13%) 56 (27%)

14
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Table 2: The proportion of contacts diagnosed with TB who share a strain with their index case. Only index cases and
contacts who both had typed isolates are included. The denominator is the number of case-contact pairs for whom that
risk factor applies and the numerator is the number of these that have indistinguishable isolates.

Risk factors (Number pairs with indistinguishable p-value
isolates) / (total number of pairs) (%)

Overall 67/85  (79%) N/a

Index case pulmonary 65/81  (80%) 0.15
Index case extrapulmonary 2/4 (50%)

Index case smear positive pulmonary 54/68  (79%) 0.75
Index case smear negative pulmonary 10/12  (83%)

Index case UK born 26/30  (87%) 0.19
Index case non-UK born 41/55  (75%)

Contact UK born 30/35  (86%) 0.19
Contact non-UK born 37/50  (74%)

Both index and contact UK born 20/23  (87%) 0.26
Either index or contact or both non-UK born 47/62  (76%)

Both index and contact non-UK born 31/43  (72%) 0.12
Either index, contact or both UK born 36/42  (86%)

Both index and contact have one or more social risk factors 11/11  (100%) 0.06
Either index, contact or both have no social risk factors 55/70  (75%)

Child contact 10/11  (91%) 0.29
Adult contact 57/74  (77%)

Index case female 17/23  (74%) 0.50
Index case male 50/62  (81%)

Contact female 30/38  (79%) 0.98
Contact male 37/47  (79%)

Both index and contact female 7/10 (70%) 0.76

Both index and contact male
Index and contact different sex

27/34  (79%)
33/41  (80%)

15
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Table 3: Comparison of characteristics of contacts whose episode of care start date is six weeks or less after their index
case with those of contacts whose episode of care start date is more than six weeks after that of their index case.
Percentages are within-group column percentages except for the total row. All odds ratios are adjusted for the site of

disease of the index except for site of the disease of the contact, where it is omitted due to collinearity.

Factor Number (%) of contacts with Adjusted odds
short or long time intervals ratio for
between index case and contact investigation
. p-value .
accessing care being short
six weeks or More than six (95%confidence
less weeks interval)
Total 142 (51%) 138 (49%) N/a N/a
UK-born? Yes 78 (55%) 55 (40%) <0.01 | 2.03[1.24,3.36]
No 51 (36%) 77 (56%) 1
No, recent migrant (<2 years) 13(9.2%) 5(3.7%) 3.88[1.29, 11.7]
Ethnicity Indian 25 (18%) 33 (24%) 0.06 1
Black-African 52 (37%) 33 (24%) 1.95 [0.98, 3.89]
White 24 (17%) 17 (12%) 1.59 [0.69, 3.62]
Other 41 (29%) 55 (40%) 0.90 [0.46, 1.77]
Sex Male 78 (55%) 73 (53%) 0.57 | 1.15[0.71, 1.85]
Female 64 (45%) 65 (47%) 1
Site of disease Pulmonary 98 (69%) 87 (63%) 0.98 | 1.28[0.78,2.12]
Non-pulmonary 44 (31%) 51 (37%) 1
Social Risk Factor | History of homelessness 3(2.1%) 4(3.0%) 0.66 | 0.71[0.15, 3.28]
History of imprisonment 2 (1.4%) 6 (4.4%) 0.20 | 0.34[0.07, 1.74]
History of drug use 7 (5.0%) 5(3.7%) 0.60 | 1.44[0.44,4.75]
Alcohol mis use 3(2.1%) 4 (3.0%) 0.56 | 0.63[0.14, 2.89]
Any social risk factor 11 (7.9%) 11 (8.4%) 0.83 | 0.91[0.38,2.19]
Age 15 years old or over 75 (53%) 99 (72%) <0.01 | 0.46[0.28,0.76]
Under 15 years old 67 (47%) 39 (28%) 1

16
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Figure 2: Distribution of the time in weeks between the episode of care start date of an index case and that of the
contact, delineated by the site of disease of the index. Ranges include the upper bound, and exclude the lower bound,
after the first bar.
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Addendum

Clarifications
e When we refer to ‘contact investigation length’, we mean the typical timescale associated
with contact investigation. Ideally this would be the time between when the contact is
elicited and when they are screened, though in this paper we use the time between index

case and contact diagnosis as a proxy for this timespan.

Corrections

® There are some discrepancies between the figure 1 and the first paragraph of the results;

the figures given in the text are correct.
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4. Third paper: Should NICE reconsider the 2016 UK guidelines on
tuberculosis contact tracing? A cost-effectiveness analysis of

contact investigations in London

Preamble

As mentioned in the discussion for both papers one and two, in 2016 the NICE guidelines changed to
no longer recommend screening of contacts of non-pulmonary, non-laryngeal (ETB) index cases
(unless the index was under 15 years old)*. These cases are typically not infectious?, and this is the
reason given for this change to guidance**. However, it is possible these ETB cases have infectious
contacts, and that they were infected recently. Analysis of the yield of contact tracing (paper one'®?,
chapter 2) found that the proportion of contacts of non-pulmonary cases that had active disease was
quite high (0.7%), relative to the prevalence of TB in the population (0.027%), and comparable to
other risk groups (e.g. homeless, 0.79%)4. In addition, analysis of strain typing data (paper two,
chapter 3) found that 20% of contacts who had active disease were infected by a source other than
the index case that triggered the contact investigation. Both of these findings imply that there may
be some benefit to screening contacts of ETB cases, even though they’re not infectious, as they show
that the risk of TB amongst contacts is high irrespective of whether transmission from the index case
has occurred. It is also possible that ETB cases form an outer node of a transmission cluster, and in
the contact tracing may uncover, and potentially avert, transmission related to this cluster.
Furthermore, while the WHO does not recommend the screening of ETB cases in low- and middle-
income countries!'®, a number of countries in Europe did screen contacts of ETB cases in 2008%;
these ranged from very low incidence countries like Cyprus and Israel (4.4/100000 and 6.0/100000
respectively at the time of the survey) to high incidence countries like Kazakhstan (210/100000 at

the time of the survey).



99

Cost-effectiveness analyses have become an important part of informing tuberculosis care and
prevention policy, and are used by NICE to inform their guidelines**!®, They have been used in the
UK to evaluate the screening of migrants>® and the homeless®®; both of these studies are discussed in
more detail in the following paper. Over the years at least nine studies have evaluated the cost-
effectiveness of screening for LTBI amongst migrants'?, typically finding it to be effective. However,

while a number of studies have evaluated the effectiveness of giving preventive therapy to

118-120 121,122

contacts , or the effectiveness of case finding , only one study has attempted to evaluate
the cost-effectiveness of contact tracing as a whole'®. That study, by Dasgupta et al. (2000), was
based on just six cases found, did not evaluate contact tracing as its main aim (which was migrant
screening), and did not include the effect of reduced transmission from contacts by finding them

sooner. As aforementioned, no studies have previously estimated the cost-effectiveness of contact

tracing in the UK or London.

The third paper, which is in review at Thorax, evaluates the cost-effectiveness of contact
investigations in London in the period 2012-15, and in so doing, improves understanding of the
impact of the aforementioned change to NICE guidance. This paper is the first cost-effectiveness
analysis of contact tracing to incorporate all of the potential impacts of contact tracing (reduced
morbidity in contacts, prevented cases, reduced transmission from contacts, and reduced mortality),
the second overall, and the first in the UK. It addresses an area of direct relevance to national policy
guidelines, following recent, potentially controversial, changes to guidance®. It also provides a novel

framework for delineating and quantifying the effect of contact tracing.
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Abstract (222)

Background — In January 2016, clinical TB guidance in the UK changed to no longer recommend
screening contacts of non-pulmonary, non-laryngeal (ETB) index cases. However, no new evidence
was cited for this change, and there is evidence that screening these contacts may be worthwhile.
The objective of this study was to estimate the cost-effectiveness of screening contacts of adult ETB

cases and adult pulmonary or laryngeal tuberculosis (PTB) cases in London, UK.

Methods — We carried out a cross-sectional analysis of data collected on tuberculosis index cases
and contacts in the London tuberculosis register, and an economic evaluation using a static model
describing contact tracing outcomes. All adult TB cases (215 years old) in London from 2012-15, and

their contacts, were eligible (2465/5084 PTB and 2559/6090 ETB index cases were included).

Results — Assuming each contact with PTB infects 1 person/month, screening contacts of ETB cases
costs £78000/QALY (95% Cl: 39000 to 140000) and screening contacts of PTB cases costs
£30000/QALY (95% Cl: 18000 to 50000). Screening contacts of ETB cases costs £30000/QALY if each
contact with PTB infects 3.4 people/month. Limitations of this study include the use of self-reported

symptomatic periods, and lack of knowledge about onward transmission from PTB contacts.

Conclusions =Screening contacts of ETB cases in London was almost certainly not cost-effective at a
willingness-to-pay threshold of £30000/QALY, supporting recent changes to NICE national

guidelines.
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Key Messages

What is the key question? Was NICE correct to change its tuberculosis clinical guidelines to no

longer recommend screening contacts of non-pulmonary TB cases?

What is the bottom line? It is almost certainly not cost-effective to screen contacts of non-
pulmonary TB cases in London at a willingness-to-pay-threshold of £30000/QALY, providing strong
evidence that the decision to cease recommending screening contacts of non-pulmonary cases was

the correct one.

Why read on? In addition to helping an answer an important policy question that has been
questioned by several recent papers, this article provides the first cost-effectiveness analysis of
contact tracing in the UK and the first to incorporate non-pulmonary cases, and proposes a novel

way to evaluate contact tracing effectiveness.
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Introduction (440)

Contact tracing, the systematic screening of contacts of tuberculosis (TB) cases, is a fundamental
part of TB control in high-income countries, and is highlighted as a key element of the Public Health
England (PHE)/National Health Service (NHS) England collaborative tuberculosis strategy 2015-2020".
The aim of contact tracing is threefold: to reduce morbidity and mortality in contacts with TB by
finding them sooner; to reduce transmission from those contacts with active TB; and to find contacts

with latent M. tuberculosis infection (LTBI) who are eligible for preventive therapy (PT)

In January 2016, the UK National Institute for Health & Care Excellence (NICE) TB guidelines changed
from recommending screening contacts of all cases, to only screening contacts of pulmonary or
laryngeal TB (PTB) cases. No new evidence was cited to justify this change®. Although the guidance
on whether contacts of non-pulmonary cases are screened differs between countries*®, most

advocate not screening.

Whilst non-pulmonary, non-laryngeal TB (ETB) cases are typically not infectious, there is evidence
that their contacts are more likely to have TB than the general population. Between 2012-15, the
prevalence of active TB amongst contacts of ETB index cases in London was 0.7%°, compared to
0.027% in the general population’. Similar patterns are observed in Birmingham®?, and in both cities
the prevalence of disease amongst contacts of ETB cases was higher than the prevalence of disease
amongst migrants eligible for pre-entry screening™ ,and more than 10 times higher than the NICE
threshold for new entrant screening®. Additionally, studies have shown only 25% of pairs of cases
sharing an address in the UK", and 20% of case-contact pairs in London' had different M.
tuberculosis isolates, implying the risk of disease in household contacts is high irrespective of
whether transmission has occurred. This suggests that the fact that ETB cases are not infectious may

not be a valid justification for not screening their contacts.

In light of this evidence, key stakeholders have questioned the change in guidance and a cost-
effectiveness analysis has been called for’. To our knowledge, only one previous study has

4
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attempted to evaluate the cost-effectiveness of contact tracing®, and no studies have done so in the
UK or London, nor have any studies attempted to evaluate the cost-effectiveness of contact tracing
delineated by site of disease of the index case. In this study we aim to evaluate the effectiveness and
cost-effectiveness of contact tracing, for ETB and PTB index cases, in London. We first estimate
symptomatic periods and the number of contacts found with active disease or LTBI per index case.
We then use these values alongside previously published data to develop a simple static model to

calculate the cost-effectiveness.
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Methods (1016)

Data analysis: We used data on adult and adolescent (> 15 years old) TB cases notified to the
London TB register (LTBR) during 2012-2015. The LTBR is a web-based register containing
demographic and clinical data on all TB cases notified in London since 2002°. We excluded index
cases that were notified in a region and year where the completeness was less than 80%, or were
children (< 14 years old) (because contacts of children with ETB will still be screened under new
guidelines)®. When estimating yield we excluded index cases who first accessed health-care through
contact investigation, as the number of contacts is not recorded consistently® . Costs were calculated

3,14
d

based on national accounting expenditures and current treatment guidance for Englan (see

Appendix part 1 for details).

|15

Other data sources: Estimates of utility scores were taken from lJit et al™. The life-time risk of

16
l.

developing disease following infection was taken from Sloot et al.” and the efficacy of PT from

Smieja et al."” and Ayieko et al.’® See Table 1 for details of data sources.

Effectiveness: We quantified the effectiveness of contact tracing with four outcomes:

1. Morbidity: the reduction in time contacts with TB are symptomatic if they are found earlier
due to contact tracing.

2. Prevention: the number of contacts with LTBI prevented from developing active TB following
PT.

3. Transmission: the number of cases prevented by reducing transmission from: a) contacts
with prevalent TB found earlier through contact tracing; b) cases prevented from occurring
due to PT.

4. Mortality: the number of TB deaths prevented by contact tracing.

Model description: We developed a simple static model to estimate the cost-effectiveness of

screening contacts of ETB and PTB cases in London during the period 2012-2015. The model was
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used to calculate the four measures of effectiveness and estimate the quality-adjusted life-years
(QALYs) gained by contact tracing using the following equations (see Table 1 and Table 2 for

definitions of symbols).

In all equations o is either P or E, and represents the site of disease of the index cases under
analysis. The number of PTB index cases is given by Np = (1 — fg)N and the number of ETB index

cases is given by Ng = fg N, where f5 is the fraction of all adult cases that have ETB.

The reduction in morbidity was calculated using the number of contacts with TB per index case (Yy),
the proportion of contacts with TB that have ETB (€,) and the difference in symptomatic period of

cases found through contact tracing and those found through other routes:

S e =Y S e =S
tmorbidity, . = Na <Y0_(1 _ Eo_) ( P, pass:;vzs 25P, traced) + Yaea ( E, passll):/zs 255, traced))

The number of cases of TB prevented by PT, assuming contacts with LTBI are recently infected is:

Nyrevention, o = No Z Yo®o,j 00800, | P

j=a.c

where ¢5c = 1 — ¢4 4. As the efficacy of PT is different in children (c¢) and adults (a), and children
are more likely to begin preventive therapy than are adults (Appendix part2, Table G), we calculated

the effectiveness of PT separately for these two groups.

The number of cases of TB prevented by reducing transmission from contacts with PTB by finding

them sooner is:

SP, passive SP, traced) p

Ntransmission, o= Na'yo'(l - 60) ( 365.25

The prevention of subsequent generations of TB cases which would have occurred in the absence of

contact tracing is given by Nyter generations, o (S€€ Appendix part 3).
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The number of TB-related deaths prevented by screening contacts is calculated as follows:

365.25 Emorbidity, o

Nmortality, o= ( + Ntransmission, o + Nprevention, o + Nlater generations, o‘) u

Soverall

where p is the case fatality ratio. The first term in this equation describes the reduction in mortality

among prevalent cases in contacts identified sooner via contact tracing.

To calculate the amount of onward transmission from prevented cases, we assumed a range of
values for the number of new infections per PTB case per month infectious, r, and explored the
dependence of results on this parameter. This parameter, r, can be related to the updated Styblo

1192 these studies calculated that each case of

rules developed by Trunz et al. and van Leth et a
smear positive TB would lead to approximately 3 to 6 new infections, equating to a value of r

between 0.5 and 1 (see Appendix part 4).

Cost-effectiveness: Costs were calculated from a health system perspective. We excluded diagnostic

and treatment costs of contacts with TB, as we assumed these contacts would be treated later
regardless of whether the contact investigation took place. However, we subtracted the costs of
diagnosis and treatment of cases that are prevented. We assumed latently infected contacts are
given a 3 month course of rifampicin and isoniazid (with pyridoxine)®, and assumed this has the same

efficacy as 6 months of isoniazid®".

We calculated the resulting incremental cost-effectiveness ratio (ICER) for contact tracing of both
PTB and ETB index cases, using no screening as the baseline comparator for both. Equations for
these calculations are given in the Appendix part 3. Following NICE recommendations, we assumed a
ratio of £20000-30000/QALY as being cost-effective’”. We included secondary cases which occurred
at any time after infection, but assumed most occur in the first year'®. Consequently, most costs and
QALY gains occurred in the first year, and so no discounting was included in the main analysis (see

Appendix part 5 for a discussion of discounting).
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Uncertainty and sensitivity: 95% confidence intervals were calculated by randomly selecting 10000

parameter sets from the distributions shown in Table 1 and Table 2. Correlation coefficients were

calculated between the distribution of each parameter and distribution of the ICER.

We explored the sensitivity to the symptomatic period by doubling each of these periods, and to

assumptions about risk of disease following infection and preventive therapy by using estimates of

= L=

these from Erkens et al.” instead of the estimates from Sloot et a

15
I

We explored sensitivity to utility scores by using values from Mears et al.”. These were derived from

25
s

the same source ** as those of Jit et al.”® used in our primary analysis, but differ as the Jit et al values

were based on London specific data.

Role of finding source: The funding sources played no part in the study design, data analysis, writing

of the manuscript or decision to submit for publication.
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Results (795)

Mean symptomatic periods. During the period 2012-2015 in London, there were 5084 PTB cases, of
whom 2465 met the inclusion criteria and had data on symptomatic period. Of these, 82 were found
through contact tracing, and were symptomatic for a mean period of 76.6 days (95% Cl: 58.5, 94.7).
Those who accessed care through other routes were symptomatic for a longer mean period of 110

days (95% Cl: 103, 117 days) (p=0.0016) (Table 2)

During the same period there were 6090 ETB cases, of whom 2559 were included and had data on
symptomatic period. Of these, 26 were found through contact tracing and had a mean symptomatic
period of 152 days (95% ClI: 15.0, 289 days). Those who accessed care through other routes had a
mean symptomatic period of 180 days (95% Cl: 165, 195 days) (p=0.36). See Table E in Appendix part

2 for further details.

Preventive therapy. Of 1497 contacts with LTBI identified in the study period, 1165 (77.8% (95% ClI:
74.9%, 80.7%) started PT and 918 of those that started (78.6% (95% Cl: 75.4%, 81.8%) completed PT
(Table 2). See Table G in Appendix part 2 for further details; of note is that children are much more

likely than adults to start PT and, for contacts of PTB cases, to complete PT.
Effectiveness

Reduction in morbidity of contacts: On average, in a single year, not screening contacts of adult ETB
cases would have led to those contacts with TB being undiagnosed for a combined additional 2.58
years (95% Cl: 0.660 to 8.59) (Table 3). For contacts of PTB cases this would be 10.5 years (95% Cl:

4.02 to 26.4).

Cases prevented by preventive therapy: By giving PT to contacts of ETB cases we would expect to
prevent 5.45 (95% Cl: 3.71 to 7.59) cases. This value would be 18.9 (95% Cl: 13.1 to 25.8) cases

prevented by giving PT to contacts of PTB index cases.

10
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Cases prevented by reduced transmission from contacts: Finding contacts of ETB index cases with TB
sooner via contact tracing, thereby reducing onward transmission, could prevent 1.71 cases (95% Cl:
0.584 to 3.33) when r = 1 new infections per PTB case per month infectious. The corresponding
value for PTB index cases is 8.76 (95% Cl: 3.56 to 14.9). This reduction in cases is directly

proportional to the assumed value of r.

Prevention of subsequent generations of cases: Preventing cases from occurring amongst contacts of
contacts of ETB cases could avert 1.62 cases (95% Cl: 0.772 to 3.11) when r = 1, and 5.19 cases (95%
Cl: 2.08 to 12.2) when r = 2. The corresponding figures for PTB index cases are 8.63 (95% Cl: 4.77 to

14.7) and 33.1 (95% Cl: 16.1 to 66.7).

Reduction in mortality: When r = 1, screening contacts of ETB cases could prevent 0.551 deaths

(95% ClI: 0.303 to 1.14) and screening contacts of PTB cases 2.27 deaths (95% Cl: 1.36 to 3.94).

Cost-effectiveness: The cost per QALY of screening the contacts of ETB cases is £101000/QALY (95%
Cl: 46200 to 178000) when transmission is not included (r = 0), £77700/QALY (95% Cl: 38800 to
139000) for r = 1 new infection per PTB case per month infectious and £56400/QALY (95% ClI:
29300 to 102000) for r = 2 (Table 3, Figure 1a). The equivalent values for PTB cases are
£43700/QALY (95% Cl: 23700 to 70100), £30300/QALY (95% Cl: 17700 to 50100) and £18700/QALY
(95% Cl: 10500 to 32700) respectively (Figure 1b). Screening contacts of ETB cases becomes cost-
effective at a £30000/QALY threshold when r = 3.40. If r = 1, the yield of ETB index cases would
need to be 0.0959 (an almost 5-fold increase above the observed yield, and greater than current

PTB yield) in order for screening contacts of ETB cases to become cost-effective at £30000/QALY.

Sensitivity: Cost-effectiveness results are most sensitive to the symptomatic period of those found
through contact tracing (Table 4) (especially of contacts of ETB index cases), the probability of
developing disease, and the yield of ETB index cases. At low levels of transmission from PTB

contacts, the symptomatic period of contacts with ETB explains most of the variation in the ICER. As

11
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the amount of transmission from contacts is increased, the results become more sensitive to the
probability of developing disease and the symptomatic period of PTB index cases, and less sensitive
to the symptomatic period of ETB index cases. Increasing each symptomatic period by a factor of 2
(Figure 1(c) and (d)), then for r = 1.60 the mean cost-effectiveness of screening contacts of ETB
cases is below the £30000/QALY threshold. Calculating the probability of developing disease from
Erkens et al. rather than Sloot et al. does not qualitatively change the cost-effectiveness results (not
shown). Using utility scores used by Mears et al.”” instead of those used by Jit et al.?® leads to a slight

decrease in cost-effectiveness (Appendix part 6).
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Discussion (1334)

Principal findings:

On average, we estimate that in a single year, screening contacts of ETB would save a total of 2.58
years of morbidity in contacts with prevalent TB, and prevent at least 5.45 cases through reduced
transmission and PT. However, screening ETB contacts was very unlikely to be cost-effective at a
threshold of £30000/QALY, even with the assumption of high levels of transmission from contacts.
Hence, the results presented here support recent changes to the NICE guidelines to remove
screening of contacts of ETB cases from their guidance. In contrast, screening contacts of PTB cases
was probably cost effective at a £30000/QALY threshold, especially when assuming high levels of
transmission from contacts. Neither was likely to be cost-effective at a £20000/QALY threshold at

plausible levels of transmission.
Strengths and limitations:

This study used high quality data on contact tracing yield in London to answer an important question
for TB care and prevention, which has implications for TB policy in the UK. The approach used
proposes a novel way of quantifying the effectiveness of contact tracing across four potential
impacts (reduced morbidity, preventive therapy, reduced transmission and reduced mortality). The
main limitation of the study is the large uncertainty in several parameters. However, we explored
this first by varying the number of infections generated by each case (r), and by carrying out a
probabilistic sensitivity analysis of all other parameters. A related limitation is the treatment of
transmission. It is difficult to know the rate at which infectious contacts would infect further
contacts, so we explored a range of assumptions. We did not characterise the indirect effect of
contact tracing on transmission at a population level, though as only five percent of all cases in
London are found through contact tracing, this is probably negligible over short time-scales. The
guantitative nature of this approach is unable to assess broader outcomes of contact tracing, such as
community engagement and tackling stigma. Finally, we used the self-reported symptomatic period

13
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to estimate the time during which cases are infectious. Due to issues with patient recall and the fact
that the ratio of estimated prevalence to incidence in London”*® is much greater than the mean self-
reported symptomatic period found in this study, it is likely that this value systematically
underestimates the true time people are symptomatic. Our sensitivity analysis showed that cost-
effectiveness of contact tracing would increase and screening contacts of ETB cases would be
possibly cost-effective at a £30000/QALY threshold if the symptomatic period was double that

estimated by self-reported symptom onset (Figure 1).

Relation to other studies:

In recent years, studies in the UK have evaluated the cost-effectiveness of screening new migrants®’
and hard to reach populations using a mobile X-ray unit (MXU, known as Find & Treat)®. In 2011
Pareek et al.”” found that screening migrants from countries with an incidence exceeding
150/100000 cost £21000 per case averted. This is cheaper than screening ETB contacts, and similar
to screening PTB contacts for r = 1 new infections per PTB case per month infectious (Table 3). Jit
et al. found that screening hard-to-reach groups in London cost £6400-£10000/QALY gained, so was
more cost-effective than screening PTB cases even if r = 2. In their study, Jit et al.”> found that
about 80% of QALYs gained were due to improved case-management of these complex cases, and
the cost-effectiveness of screening alone was similar to screening contacts of PTB cases. The case
management impact would likely be smaller for contact tracing than for the MXU, because the
population of contacts is less complex, and case management is not an explicit aim of contact
tracing. When Dasgupta et al."> compared the cost-effectiveness of screening close contacts to
migrant screening in Montreal, they found that close contact investigation was cost saving. This was
due to much lower treatment costs of contacts as opposed to cases found through other routes, due
largely to much higher rates of hospitalization amongst passively detected cases. However, this
assumption was based on only six cases found through contact tracing. We did not explore the

impact of decreased hospitalization rates here due to a lack of data. Finally, a 2008 study in British
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Columbia, Canada® found that giving PT to contacts was cost-effective, though this study focused on
infectious index cases. Our results are not directly comparable with this study due to its focus on PT,

but both support the continued screening of contacts of PTB cases.

Interpretation of results:

These results support the recent decision to remove screening contacts of adult ETB cases from NICE
guidance. In order for screening these contacts to be cost-effective at a £30000/QALY threshold, r
would need to be 3.40 new infections per PTB case per month infectious, which would mean each
smear positive case would need to generate 21 new infections. This is likely to be high for some
settings'®, but may be plausible in crowded environments, such as homeless shelters®’. Additionally,
we found that if the yield per ETB index case was above 0.0959, then the ICER for screening contacts
of these cases was below £30000/QALY. In London, ETB cases with a history of homelessness or drug
use have a yield greater than this (unpublished data), supporting recommendations for active case-
finding amongst this group. Additionally, subgroups for whom the yield is higher, are also those for
whom 7 is likely to be higher, further increasing the impact of screening contacts of those
subgroups. It is unlikely that the average yield of ETB cases in other parts of the UK are much higher
than those seen in London®, implying that it would also not be cost-effective to screen contacts of

ETB cases nationally.

The impact on the ICER caused by changing the amount of transmission () indicates the importance
of reducing transmission from contacts as one of the impacts of contact tracing. It is plausible,
though, that the number of infections generated by a contact with PTB (i.e. the value of r) will be

19,20

lower than that suggested by the re-estimated Styblo rule™, as the household contacts of

someone themselves found through contact tracing are more likely to have already been infected.

The main reason for the low ICER for ETB index cases was the small difference in symptomatic period

of contacts with ETB and cases with ETB found through other routes (Table 4), suggesting that the
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impact may be improved by hastening contact tracing for these contacts. The NICE guidelines now
recommend PT for anyone aged under 65 years. This may cause a small improvement in cost-
effectiveness, as we would now expect a higher yield of LTBI per case, as more contacts will be
tested for LTBI, provided it is not accompanied by lower rates of PT enrolment and completion. The
introduction in 2017 of whole genome sequencing (WGS) in the UK*® may also affect our
conclusions. Whilst a study of the current strain typing service found no impact on contact tracing®®,
it is plausible that faster turnaround times and improved targeting available with WGS may affect

contact tracing yields.

Further research:

This work would benefit from an improved understanding of the rate of onward transmission from
contacts. Mathematical modelling work incorporating transmission on a network structure may help
to understand this. It would also help to have a greater understanding of the proportion of contacts
that have pulmonary TB and how this differs across groups. If there are subgroups for whom a
greater than average proportion of contacts with TB have PTB, then this would increase the cost-
effectiveness in these groups. Whilst we were able to estimate this proportion for the whole
population, our small sample meant we could not stratify this estimate. Work to understand how
the different screening approaches (migrant, hard-to-reach populations and contacts) interact would
help our understanding of the impact of each. Our results were very sensitive to estimates of the
symptomatic period of contacts, both due to the uncertainty of these estimates and the fact that
they are based on self-reported periods. A more thorough understanding of diagnostic delay

amongst both contacts and non-contacts is needed.
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303 Tables

304 Table 1: Variables and constants from other sources. Cl = confidence interval, ETB = non-pulmonary and non-laryngeal tuberculosis, LTBR = London TB register, NICE = National Institute
305 for Health & Care Excellence, PT = preventive therapy, TB = tuberculosis, BNF = British National Formulary, QALY = quality-adjusted life years, UK = United Kingdom. t=this was calculated
306 using the age-specific case-fatality ratios given in Mears et al. and the age-structure of cases calculated from the LTBR. Note that some confidence intervals differ slightly from those in the
307 literature due to the use of beta distributions. Following current treatment guidance (NICE 2016), we used the following references to calculate cost values: NICE 2011, Pareek et al. 2011,
308 Reference costs 2016, Dowdy et al. 2008, Dinnes et al. 2007, BNF 2017; where necessary, we inflated costs according to inflation to the base year 2016. See Appendix parts 1 and 6 for
309 details of cost and utility calculations.

Name of variable (units, if applicable) Symbol  Value 95% Cl, (or *range) Distribution  Source

Life-time probability of developing disease P 0.1 (0.08, 0.12) Beta Sloot et al.*®
following infection

Efficacy PT in adults Ta 0.6 (0.49, 0.70) Beta Smieja et al."’
Efficacy PT in children e 0.4 (0.16, 0.57) Beta Ayieko et al.’®
Average number of cases per year N 2790 N/a N/a LTBR

Fraction of all adult cases that have ETB fE 0.545 N/a N/a LTBR

Fraction of those tested for active TB that T 0.2 N/a N/a Mears et al.”®

have active TB

Case fatality ratio U 0.0363 N/a N/a Mears et al.”*'and LTBR
Relative average treatment length of non- fi 0.33 N/a N/a Assumption
completed PT

Contact tracing, per contact traced, £ Co 244 N/a N/a See Appendix part 1
Further tests if case is suspected to have Cy 497 N/a N/a See Appendix part 1
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310

active disease, £

Cost per full course PT (3 month rifampicin
and isoniazid, with pyridoxine), £

Cost per full course (6 months) of
treatment of tuberculosis disease, £
Average utility of a healthy person, given
age structure of TB cases in London
Symptom onset to diagnosis

On treatment

Utility preventive therapy

Average # of QALYs at death for someone
living in UK

Average # of QALYs at death for someone
living in UK with TB as cause of death

852
1694
0.876
0.68Uy
0.79Uy
0.9992Uy

72.6

52.2

N/a
N/a
N/a
N/a
N/a
N/a

N/a

N/a

N/a
N/a
N/a
N/a
N/a
N/a

N/a

N/a

See Appendix part 1

See Appendix part 1

Calculated from Kruijshaar et al via Mears et al
Kruijshaar et al via Jit et al

Kruijshaar et al via Jit et al

Kruijshaar et al via Mears et al

Calculated from Mears et al. and LTBR

Calculated from Mears et al. and LTBR
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311
312

313

Table 2: Estimates of parameters calculated from the LTBR. All parameters are chosen from a normal distribution. ETB = non-pulmonary and non-laryngeal tuberculosis, PTB=Pulmonary
or laryngeal tuberculosis. LTBI = latent M.Tb infection, LTBR = London TB report, PT = preventive therapy, TB = tuberculosis

Name of variable (units, if applicable) Index case disease type Symbol Value Standard error
Number of contacts screened per index case ETB ng 2.50 0.0464
PTB np 3.86 0.0729
Number of contacts found with TB per index case ETB Y 0.0196 0.00395
PTB Yp 0.0938 0.00838
Proportion of contacts with TB that have ETB ETB €g 0.486  0.0802
PTB €p 0.337 0.0301
Number of contacts found with LTBI per index case ETB Vg 0.119  0.00767
PTB Vp 0.471  0.0219
Proportion of index contact’s with LTBI that are children ETB bk 0.206  Not varied
PTB bp.c 0.360  Not varied
Proportion of contacts with LTBI that begin PT, adult contact ETB 0, 0611  0.0515
PTB 0,pp 0.666 0.0318
Proportion of contacts with LTBI that begin PT, child contact ETB O6.pp 0931 0.0477
PTB O.pp 0969 0.0238
Proportion of contacts starting PT that complete PT, adult contact ETB Oapc 0.875 0.042
PTB O.pc 0.803 0.031
Proportion of contacts starting PT that complete PT, child contact ETB O.pc 081 0.0876
PTB O.pc 0906 0.0311
Mean symptomatic period of PTB cases not found through contact tracing (days) N/a Sp, passive 110 3.66
Mean symptomatic period of PTB cases found through contact tracing (days) N/a Sp,traced  76.6 9.26
Mean symptomatic period of PTB cases (days) N/a Sp overal 109 3.55
Mean symptomatic period of ETB cases not found through contact tracing (days) N/a SE, passive 181 7.41
Mean symptomatic period of ETB cases found through contact tracing (days) N/a SE traced 152 69.9
Mean symptomatic period of all cases (days) N/a Soveral 147 4.26
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314
315
316
317
318
319

320

Table 3: Summary of the effectiveness measures included, costs incurred, quality adjusted life years(QALYs) gained and resulting incremental cost effectiveness ratio (ICER) for screening
contacts of the indicated index cases compared to a baseline of not screening those contacts. Numbers are given for a year with a case-load that is the average caseload of the years 2012-

15 (i.e. 2790 cases); note that the case-load does not affect the ICER. No discounting was applied; see Appendix part 5 for a discussion of discounting. Case-equivalents averted refers to
both cases averted, and the reduction in the time contacts are symptomatic divided by the mean symptomatic period of TB cases. ETB = non-pulmonary, non-laryngeal; PTB = pulmonary
or laryngeal; r = the number of infections generated by a pulmonary contact per month infectious; ICER = incremental cost-effectiveness ratio; PT = preventive therapy (3 months of

isoniazid and rifampicin). Numbers in brackets indicate the 95% confidence intervals.

Quantity (units, if applicable)

r=0

ETB indexes
r=1

r=2

r=0

PTB indexes
r=1

r=2

Reduction in time contacts are
symptomatic (years)

Cases prevented by
administering PT (cases)
Transmission reduced by
finding contacts sooner (cases)
Transmission reduced from
prevented cases (cases)
Reduction in mortality
(deaths)

Total case-equivalents averted
Total QALYs gained

Total costs incurred

(£ 000 000s)

Incremental cost-effectiveness
ratio (£ 000s/QALY)

2.58[0.66, 8.59]
5.45 [3.71, 7.59]
0.0[0.0, 0.0]

0.0[0.0, 0.0]
0.431 [0.238,
0.977]

11.9 [6.56, 26.9]
10.6 [5.98, 23.4]

1.07 [1.03, 1.12]
101.0 [46.2,
178.0]

2.58 [0.66, 8.59]
5.45 [3.71, 7.59]
1.71[0.584, 3.33]

1.62[0.772, 3.11]
0.551 [0.303,
1.14]

15.2 [8.34, 31.4]
13.7 [7.66, 27.6)

1.06 [1.02, 1.11]

77.7 [38.8,139.0]

2.58[0.66, 8.59]
5.45[3.71,7.59]
3.41[1.17,6.62]

5.19[2.08, 12.2]
0.743 [0.408,
1.45]

20.5[11.2,39.9]
18.7 [10.4, 35.6]

1.05[1.01, 1.1]

56.4 [29.3, 102.0]

10.5 [4.02, 26.4]
18.9 [13.1, 25.8]
0.0 [0.0, 0.0]
0.0 [0.0, 0.0]
1.64 [0.997, 3.08]
45.0[27.5, 85.0]
39.9[24.8,73.9]

1.74[1.67, 1.82]

43.7 [23.7,70.1]

10.5 [4.02, 26.4]

18.9 [13.1, 25.8]
8.76 [3.56, 14.9]
8.63[4.77,14.7]
2.27[1.36,3.94]
62.4 [37.5, 109.0]
56.3 [34.2, 95.9]

1.71[1.63,1.78]

30.3[17.7,50.1]

10.5 [4.02, 26.4]

18.9 [13.1, 25.8]
17.5[7.02, 29.8]
33.1[16.1, 66.7]
3.47 [2.04, 5.89]
95.6 [56.2, 162.0]
87.5[51.7, 148.0]

1.63[1.52,1.72]

18.7 [10.5, 32.7]
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321
322
323
324

Table 4: Sensitivity of the ICER to each parameter. The numbers presented are the square of the correlations of each parameter value with the ICER across all 10000 parameter sets. A

higher number indicates the given parameter explains a greater proportion of the uncertainty in the ICER. The shading indicates the correlation; deeper shading indicates a higher

correlation. r = number of new infections per PTB case per month infectious. ETB = non-pulmonary and non-laryngeal tuberculosis, LTBI = latent M.Tb infection, PT = preventive therapy,
PTB = pulmonary or laryngeal tuberculosis, QALY = quality-adjusted life years, ICER = incremental cost-effectiveness ratio.

Number of contacts screened, ETB index

Number of contacts screened, PTB index

Yield of active tuberculosis, ETB index

Yield of active tuberculosis, PTB index

Proportion of contacts with ETB, ETB index
Proportion of contacts with ETB, PTB index

Yield of LTBI, ETB index

Yield of LTBI, PTB index

Probability of starting PT, ETB index, adult contact
Probability of ending PT, ETB index, adult contact
Probability of starting PT, PTB index, adult contact
Probability of ending PT, PTB index, adult contact
Probability of starting PT, ETB index, adult contact
Probability of ending PT, ETB index, adult contact
Probability of starting PT, PTB index, adult contact
Probability of ending PT, PTB index, adult contact
Efficacy of PT, adult

Efficacy of PT, child

Probability of developing disease ever
Symptomatic period, passively detected PTB cases
Symptomatic period, contact traced PTB cases
Symptomatic period, PTB cases

Symptomatic period, passively detected ETB cases
Symptomatic period, contact traced ETB cases

21

r=0

ETB indexes PTB indexes

0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.03
0.01
0.06
0.00
0.01

0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.03
0.03
0.16
0.00
0.00

r=1

ETB indexes PTB indexes

0.00
0.00
0.08
0.00
0.03
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.07
0.01
0kl
0.00
0.00

048

0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.04
0.26
0.00
0.00
0.38

r=2

ETB indexes PTB indexes

0.00
0.00
0.09
0.00
0.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.13
0.02
0.14
0.00
0.00
0.30

0.00
0.00
0.00
0.02
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.28
0.05
0.31
0.00
0.00
0.15
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Symptomatic period, passively detected cases 0.00 0.00 0.00 0.00 0.00 0.00
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328
329
330
331
332
333

Figure

Non-pulmonary & non-laryngeal Pulmonary or laryngeal

B

i
150

100 -

ICER (000s GBP/QALY)

—50

—100 + .

0 1 2 3 4 0 1 2 3 4
Average number of new infections generated per contact with PTB per month infectious

Figure 1: Summary of incremental cost-effectiveness ratios and 95% confidence intervals (shaded region) for different
levels of transmission from contacts. The comparator is no screening. The dashed horizontal line indicates the
£30000/QALY cost-effectiveness threshold and the dotted horizontal line the £20000/QALY threshold. The solid
horizontal line indicates when contact tracing becomes cost-saving. (a) and (b) represent the main results for ETB and
PTB index cases respectively. (c) and (d) represent results for a symptomatic period which is double the self-reported
period. GBP = pounds sterling, ETB = non-pulmonary, non-laryngeal tuberculosis, PTB = pulmonary or laryngeal
tuberculosis, QALY = quality-adjusted life years, ICER = incremental cost-effectiveness ratio.
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Appendix

1. Cost Calculations

Table A: Cost of contact tracing, per contact traced (Cy), T indicated costs which were inflated to the base year 2016. HRG = healthcare resource group, IGRA =
Interferon Gamma Release Assay, NHS = National Health Service, NICE = National Institute for Health & Care Excellence, TB = tuberculosis.

Item Quantity Unit costs (£) Total costs, including uprating (£) Reference

TB specialist nurse - non face to face (HRG code N28AN) 1 21.10 21.10 NHS Reference costs 2015-2016*
TB specialist nurse - face to face (HRG code N28AF) 2 61.93 123.86 NHS Reference costs 2015-2016*
Mantoux skin testt 1 1.22 1.32 NICE*>¥

IGRA blood test} 0.5 56 30.21 Pareek et al 3

Outpatient appointment for IGRA positive (HRG code WF02B) 0.25 239.83 59.96 NHS Reference costs 2015-2016°"
Chest X-ray (to rule out active disease) 0.25 28 8.04 NICE»®*

Per contact traced 244

Table B: Further tests if case is suspected to have active disease, per contact with suspected TB (C,), T indicated costs which were inflate. HRG = healthcare
resource group, NHS = National Health Service, NICE = National Institute for Health & Care Excellence, TB = tuberculosis.

Item Quantity Unit costs (£) Total costs, including uprating (£) Reference

TB specialist nurse - face to face (HRG code 3 61.93 185.78 NHS Reference costs 2015-2016""
N28AF)

Outpatient appointment for diagnosis (HRG code 1 239.83 239.83 NHS Reference costs 2015-2016"
WF02B)

Chest X-rayf 1 28 32.17 NICE*¥

Sputum smear microscopy+ 1 1.56 1.83 Dowdy*¢

Culture and MDR identificationt 1 30 36.37 Dinnes***’

Liver function test (HRG code DAPS04) 1 1.18 1.18 NHS Reference costs 2015-2016*
Per contact with suspected TB 497

Table C: Cost per full course PT (3 month rifampicin and isoniazid with pyridoxine) (Cpyr) . BNF = British National Formulary, HRG = healthcare resource group,
NHS = National Health Service, PT = preventive therapy.
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Item Quantity Unit costs (£) Total costs (£) Reference
(pack-size if
applicable)
Follow-up appointments nurse only (HRG code N28AF) 3 91.93 185.78 NHS Reference costs 2015-2016°"
Follow-up appointments nurse & consultant (HRG code 2 188.50 377 NHS Reference costs 2015-2016'
WF02A)
Isoniazid 300mg daily, 3 months 10 (28) 19.24 192.40 BNF 2017"
Rifampicin 600mg daily, 3 months 4(60) 21.98 87.92 BNF 2017"
B6 pyridoxine 10mg tablets (per month) 1 (500) 8.48 8.48 BNF 2017"
Per person completing treatment 852

Table D: Cost per full course of treatment for tuberculosis disease (Cgy), * assuming 15% do not complete treatment, after an average of 2 months. BNF = British
National Formulary, HRG = healthcare resource group, IGRA = Interferon Gamma Release Assay, NHS = National Health Service, NICE = National Institute for
Health & Care Excellence, TB = tuberculosis.

Item Quantity Unit costs (£) Total costs (£) Reference
(pack-size
if
applicable)
Admission (weighted average of HRG codes DZ14F, DZ14G, 0.05 3904.16 195.21 NHS Reference costs 2015-2016°"
DZ14H, DZ14J, DZ517)
Follow-up appointments nurse only (HRG code N28AF) 5 61.93 309.64 NHS Reference costs 2015-2016*
Follow-up appointments nurse & consultant (HRG code 2 188.50 94251 NHS Reference costs 2015-2016*"
WEF02A)
Rifater (R,I,P) 120mg, S0mg, 300mg (Sanofi, 100 tabs) 6 tablets 4 (100) 26.34 105.36 BNF 2017"
daily for 2 months
Ethambutol hydrochloride (solo) 400mg (non-proprietary, 56 4 (56) 42.74 170.96 BNF 2017"
tabs) 3 tabs daily for 2 months
Rifinah (R,I) 300/150 (Sanofi, 56 tabs) 2 tab daily for 4 months 5(56) 2522 126.10 BNF 2017"
Pyridoxine B6 (solo) 10mg (non-proprietary, S00 tabs) 1 tab 1 (500) 8.48 8.48 BNF 2017"
daily for 6 months
Per person starting treatment* 1694

Comment on inflation of costs: Cost values taken from past years were inflated to 2016 according to consumer price inflation™.
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Comment on quantities: Unless stated otherwise, estimated quantities for items other than drugs or NHS reference costs were taken from Mears et al.'*, who based the

average estimates on standard treatment protocols, informed by expert judgement.

Comment regarding tariff costs: Using NHS tariff costs appeared to give higher costs for hospital admission than did the reference costs, and so the use of these costs was

not further explored.

Comment regarding sensitivity and uncertainty of costs: We did not vary costs when calculating uncertainty, or in the sensitivity analyses, because the standard errors in
the costs were very small relative to the standard errors in other parameters. We estimated the standard deviation of costs from the mean cost and quartile costs using the
approach of Wan et al.*®. We then calculated the standard error using the sample size in the NHS reference costs. For example, the unit cost for a TB specialist nurse (non-
face to face) was £21.10 (see above). the lower and upper quartiles are £15.36 and £28.77, and the sample size is 53742. The approach referred to above calculates the

standard deviation as £9.94, and hence the standard error is £0.04, or less than 0.5% of the cost.
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2. Data tables

Table E: Number of cases in each category and the respective mean symptomatic period (in days), with information on missing data. Note slightly different
exclusion criteria used for each of the final three columns, hence the final two columns do not align exactly eih the first columns. See Cavany et al.® for details of
exclusion criteria. CT = Contact tracing, s.e. = standard error

All cases Pulmonary or Non-pulmonary and
Laryngeal index non-laryngeal index

Total number included after applying exclusion criteria (% is of all cases in study period) 5509 (49%) 2758 (54%) 2897 (48%)
Found through CT (% is of all those included) 142 (2.6%) 113 (4.1%) 41 (1.4%)

Found through other routes (% is of all those included) 5367 (97%) 2645 (96%) 2856 (99%)

Mean symptomatic period , all cases (days) 147 [s.e. = 4.26] 109 [s.e. = 3.55] 180 [s.e. = 7.36]

Mean symptomatic period if found through other routes (days) 148 [s.e. = 4.33] 110 [s.e. = 3.66] 180 [s.e. = 7.41]

Table F: Break down of the number of LTBI cases starting and completing preventive therapy by disease type of the index. Note that different cases were included
for the three categories (as the exclusion criteria were applied independently to each category), hence the lack of agreement. See Cavany et al.’ for details of
exclusion criteria. Cases found through contact tracing are excluded as their contact tracing results are not reported consistently. LTBI = latent M. Tb infection, PT
= preventive therapy, s.e.=standard error.

All cases found through routes other than contact tracing

Pulmonary/Laryngeal included 2645 (55%)

Mean number of contacts with LTBI per index 0.279 [s.e. = 0.0114]
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Non-pulmonary & non-laryngeal 0.119 [s.e. = 0.00395]

Pulmonary/Laryngeal 0.366 [s.e. = 0.0178]

Mean number of contacts completing PT per index 0.171 [s.e. = 0.00819]

Non-pulmonary & non-laryngeal 0.0683 [s.e. = 0.0219]

Table G: Break down of the proportion of contacts with LTBI starting and completing preventive therapy by disease type of the index and age of the contact. LTBI
= latent M.Tbh infection, PT = preventive therapy, s.e.=standard error. Child refers to ages 0-14 and adult to 15 and above.

All contacts Adult contacts Child contacts

Pulmonary/laryngeal 0.776 [s.c. = 0.0168] 0.666 [s.c. = 0.0318] 0.969 [s.c. = 0.0238]

Proportion of those who start PT that complete PT 0.786 [s.e. = 0.0164] 0.822 [s.e. = 0.0266] 0917 [s.e. = 0.0245]

Non-pulmonary & non-laryngeal 0.753 [s.e. = 0.0319] 0.875 [s.e. = 0.0420] 0.810 [s.e. = 0.0876]
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3s

Equations

We use the following equations to quantify the ICER:

1.

The prevention of subsequent generations of cases is calculated as follows. We say each prevented case
would have generated

F = (1 - €4)Sp, overan”P
cases, and each of those prevented cases would have generated F cases etc. Hence, taking the limit of

this sum, we find that

= (Npre\'en[mn. o o Ntransm\ssion‘ O')F

Nlaler generations,oc — 1—F

The costs are calculated in the following ways:

The costs of screening contacts (note that contacts with TB are excluded from the second part of the

equation, as we assume they will ultimately be diagnosed anyway):

i
COStscreemng, c = Na' (nUCO + Y(,,C'1 (F = 1))
c

The costs of administering preventive therapy to contacts, including those who begin but do not
complete preventive therapy, and deducting costs of cases which do not occur. Costs are assumed to be

incurred at a constant rate:

COStpreventlve therapy, ¢ — NG'CPTD Z ya¢a,j9j,0,B (ej,a.C + (1 - gj,a,C)fi) - Npre\fennon. a(Cl + CFT)

j=ac

The costs saved by preventing transmission from contacts and stopping transmission from prevented

Cases:

COSttransmisslonA o= _(Cl + CFI') (Ntransmisslon‘ c + Nlater generations, a')
The effectiveness measured in QALY is calculated as follows:
The QALY gained by finding cases sooner:

QALYmorb|d1ty. i Uy = Uo)tmorbidlty, o

The QALY gained for each case prevented is:
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Soverall 6 (UH - Ul)
365.25 12

QALchlra case = (UH - UO)

The QALY gained by administering preventive therapy to contacts with latent infection (the number
of QALY gained by preventing cases by preventive therapy), and subtracting QALY's lost from three

months of preventive therapy:

3N, (
= Npreventlon. GQALYexm, anE - 1 Z yj,ﬂej,a,B (ej,u’,C + (1 - ej,o’,C)fi)

=a,c

QALY

prevention, &

UH - UPT)
. :
J

The QALY gained by reducing transmission from contacts with TB:

QALY"ansmissmn‘ o = (NLransmission. o + Nlater_generations,o’)QALYextra case

The QALY gained by reducing the number of deaths:

QALYmortality, P (Nmorlalily, o Nlatcr generations, o-)#(AH - ATB)

4. Putting all this together we get an incremental cost effectiveness ratio (ICER) per QALY gained, using
no screening as the baseline, of

COStscreemng. o + COStpreventlve therapy, o + COSttransmission. o
+ QALY + QALY + QALY

transmission, o

ICER, = o2y

morbidity, o prevention, o mortality, o

Note that the ICER is independent of the number of index cases (N) as this appears once in each term

on the numerator and denominator
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4. Styblo Rule
Given that in London 45% of PTB cases are smear positive(21), and assuming that smear negative PTB cases
are 0.22 times as infectious as smear positive PTB cases(22), if each PTB case is symptomatic for 0.3 years ,
then a value of r = 1 (or each PTB case generates 12 infections per year) means that each smear positive case

equates to about 6.3 new infections.

Let . be the number of new infections per PTB smear positive case per month infectious (and recall that r is
the number of new infections per PTB case per month infectious), p, the proportion of PTB cases that are smear

positive, and p_ be the relative infectiousness of smear negative cases (estimated as 0.22'%). Thenr = r,p, +

r

r.p_(1 — p,). or rearranging, r, = o

Then, withp, = 0.45 and p_ = 0.22, with Sp, oyeran = 0.3 years, we find that = 1 corresponds to each smear
positive case generating 7, Sp, overan = 6.3 infections. This is broadly in line with the two re-estimations of the

Styblo rule'®"’, although it is at the upper end of the ranges found in those studies.
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5. Discounting

Whilst discounting was not included in the main analysis, we explored the potential impact of including
discounting in a rudimentary fashion, using the following approach. First, we calculate a discounting factor, D,
by assuming new cases occur after infection according to the distribution given in Sloot et al." , and assume all
those with infection have been recently infected. We then discount cases which occur after the first year at a rate
of 3.5% per year and 1.5% per year (as reccommended by NICE™"). Finally we multiply those costs and QALY's
which occur in the future by this factor D (i.e. costs and QALY's associated with mortality and cases prevented
through reduced transmission and preventive therapy). As most cases develop disease in the first year using this
approach, this equated to multiplying the total number of QALY's and costs gained/incurred from these cases by

D = 0.987 for a rate of 3.5%/year and D = 0.994 for a rate of 1.5%/year.

For example, we calculate the discounting factor for a 3.5% per year rate of discounting according to Table H.
Column 2 is taken from Sloot et al. and shows the cumulative risk of developing disease by year, and column 3

the yearly risk. The fourth column indicates the factor by which we should discount costs and QALY occurring

this year, calculated as so that cases in the first year are undiscounted. The final column is then the

discounted risk in the given year, i.e. the product of columns three and four. The discounting factor is then the
cumulate discounted risk (sum of last column) divided by the cumulative undiscounted risk (sum of third
column).

Table H: Calculating the discounting factor, see text for explanation. The discounting factor is the ratio of
the sum of the final column to the sum of the third column

Year Cumulative risk of | Risk of developing Discount cases in this year by | Discounted risk this year
developing disease | disease this year a factor of...

1 0.083005 0.083005 1 0.083005

2 0.094874 0.011869 0.985222 0.011694

3 0.096503 0.001629 0.970662 0.001581

4 0.096503 0 0.956317 0

5 0.096503 0 0.942184 0

6 0.096503 0 0.92826 0

7 0.099067 0.002564 0.914542 0.002345

8 0.099067 0 0.901027 0

9 0.099067 0 0.887711 0
10 0.099067 0 0.874592 0
11 0.099067 0 0.861667 0
12+ 0.1 0.000933 0.848933 0.000792
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The following two tables show results when discounting is set to 3.5%/year, and 1.5%/year. As most cases occur

in the first year, which is undiscounted, discounting has little impact on results.
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Table I: Summary of the effectiveness measures included, costs incurred, quality adjusted life years(QALYs) gained and resulting incremental cost effectiveness

ratio (ICER) for screening contacts of the indicated index cases compared to a baseline of not screening those contacts, with a discounting rate of 3.5%/year.

Numbers are given for a year with a case-load that is the average caseload of the years 2012-15 (i.e. 2790 cases); note that the case-load does not affect the ICER.

Case-equivalents averted refers to both cases averted, and the reduction in the time contacts are symptomatic divided by the mean symptomatic period of TB cases.
ETB = non-pulmonary, non-laryngeal; PTB = pulmonary or laryngeal; r = the number of infections generated by a pulmonary contact per month infectious; ICER
= incremental cost-effectiveness ratio; PT = preventive therapy (3 months of isoniazid and rifampicin). Numbers in brackets indicate the 95% confidence intervals.

Discounting makes little difference to the ICER in this analysis.

Quantity (units, if applicable)

r=0

ETB indexes
r=1

PTB indexes
r=1

Reduction in time contacts are
symptomatic (years)

Cases prevented by administering PT

(cases)

Transmission reduced by finding
contacts sooner (cases)
Transmission reduced from
prevented cases (cases)
Reduction in mortality (deaths)
Total case-equivalents averted

Total QALYSs gained

Total costs incurred

(£ 000 000s)

Incremental cost-effectiveness ratio
(£ 000s/QALY)

0.0[0.0,0.0]

0.0[0.0,0.0]
0.431[0.239, 1.0]

11.9 658, 27.6]
104 [5.93. 23.7]
1.07[1.03. 1.12]

103.0 [45.6. 179.0]

258 [0.665. 8.78]

5.45[3.72.7.59]

1.71[0.591,331]

1.62[0.754,3.13]
0.551 [0.307, 1.15]

15.2 8.4, 31.7]
13.5[7.65. 273]
1.06 [1.02, 1.11]

78.8 [39.2, 138.0]

3.41[1.16, 6.62]

5.19[2.11, 12.2]
0.743 [0.399, 1.44]

20.5[11.0, 39.8]
18.419.96, 35.2]
1.05 [1.01, 1.1]

57.4[29.9. 107.0]

0.0 [0.0.0.0]

0.0 [0.0,0.0]
1.64[0.999,3.15]

450275, 86.9]
39.4[24.5,74.6]
1.75 [1.67, 1.82]

442[23.5.71.1)

10.5 [4.0, 27.0]

18.9[13.2, 25.5]

8.76 [3.54, 14.9]

8.63 [4.73, 14.8]
227(138,3.89]

62.4[37.9,107.0]
55.5[34.0. 94.0]
1.71[1.63, 1.78]

30.8 [18.1. 50.7]

175 [7.08.29.7]

33.1[16.0, 66.7]
3.47[2.02. 5.89]

95.6 [55.6.162.0]
86.0 [50.2, 146.0]
1.64[1.53.1.73]

19.0 [10.7. 33.4]
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Table J: Summary of the effectiveness measures included, costs incurred, quality adjusted life years(QALYs) gained and resulting incremental cost effectiveness
ratio (ICER) for screening contacts of the indicated index cases compared to a baseline of not screening those contacts, with a discounting rate of 1.5%/year.
Numbers are given for a year with a case-load that is the average caseload of the years 2012-15 (i.e. 2790 cases); note that the case-load does not affect the ICER.
Case-equivalents averted refers to both cases averted, and the reduction in the time contacts are symptomatic divided by the mean symptomatic period of TB cases.
ETB = non-pulmonary, non-laryngeal; PTB = pulmonary or laryngeal; r = the number of infections generated by a pulmonary contact per month infectious; ICER
= incremental cost-effectiveness ratio; PT = preventive therapy (3 months of isoniazid and rifampicin). Numbers in brackets indicate the 95% confidence intervals.
Discounting makes little difference to the ICER in this analysis.

ETB indexes PTB indexes

Quantity (units, if applicable) r=o0 r=1 re2 r=o i re2

Reduction in time contacts are

symptomatic (years)

Cases prevented by administering PT

(cases)

Transmission reduced by finding
contacts sooner (cases)
Transmission reduced from
prevented cases (cases)
Reduction in mortality (deaths)
Total case-equivalents averted

Total QALYs gained

Total costs incurred

(£ 000 000s)

Incremental cost-effectiveness ratio
(£ 000s/QALY)

0.0[0.0,0.0]

0.0 [0.0, 0.0]
0.431[0.24, 1.0]

11.9[6.61, 27.7]
10.5[5.98, 23.9]
1.07[1.03,1.12]

102.0 [45.3, 177.0]

258 [0.683, 8.93]

5.45[3.73.7.61]

1.71 [0.569. 3.29]

1.62[0.765, 3.11]
0.551[0.307, 1.14]

15.2 [8.46, 31.5]
13.6 [7.68, 27.4]
1.06 [1.02, 1.11]

78.2[39.1, 138.0]

3.41[1.16, 6.68]

5.19[2.12, 123]
0.743 [0.399, 1.43]

20.5 [11.0, 39.3]
18.5[10.1,35.1]
1.05[1.01, 1.1]

56.9 [29.8, 105.0]

0.0 [0.0,0.0]

0.0[0.0.0.0]
1.64[1.01,3.13]

45.0 [27.9, 86.3]
39.7[24.9, 74.6]
1.75 [1.68, 1.82]

43.9[23.4.69.9]

10.5 [4.02, 26.8]

189133, 25.8]

8.76 [3.4, 14.8]

8.63 [4.81, 14.6]
2.27[138,3.88]

62.4[38.1,107.0]
55.9[34.5,94.1]
1.71[1.64, 1.78]

30.5[18.1.49.7]

17.5 [7.02,29.7]

33.1[15.8.66.7]
3.47[2.02.5.82]

95.6 [55.7. 160.0]
86.8 [50.9, 145.0]
1.64[1.52,1.73]

18.8 [10.7.33.1]
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6. Utility Calculations

Table K: This table shows how we calculate the number of quality adjusted life years (QALYs) accrued at death by someone who does not have tuberculosis, and
the number accrued by someone who dies prematurely from TB. The case fatality ratio (CFR), life expectancy (LE) and utilities are taken from Mears et al.”%, the
population estimates are taken from Office for National Statistics®’, and the caseloads are taken from the London TB register. The final three columns are
calculated. The QALYs at this LE is calculated by summing the age-specific healthy utilities up until the gender-specific life-expectancy given in that row. From
these columns we can calculate the values of Ay = 72.4 and Ayp = 52. 1 given in Error! Reference source not found..

Age CFR (%) LE (men) LE (women) Utility withno ~ Male Female Cases in QALYs/year up QALYsatthis  QALYs at this
B population, population, London , to this age LE (men) LE (women)
2015 2015 2015

59 0.2 735 7738 i 289,083 276,855 177 0.94 70.18 72.98

15-19 1.2 635 67.6 0.94 240.789 227381 890 0.94 70.18 73.05

25-29 1.2 539 577 0.94 410,745 421.885 3040 0.94 70.46 73.12

378,059 358.584 1995

293,289 296,029 1323

213,163 219.039 840

147,623 163,020 527

85.856 103.614 382

32,967 52,762 138

In order to calculate A from this table, we take the product of the “Population” and “QALYSs at this LE” columns, divided by the total population, to get the QALY at death

for both men and women. We then take the sum of these, weighted by the population of each group to get Ay. To calculate A7, we take the product of the “CFR”, “Cases in
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London™ and “QALY S/year up to this age™ columns and the midpoint of the age ranges, and divide by the product of the “Cases in London™ and “QALY S/year up to this

age” columns.
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Non-pulmonary & non-laryngeal Pulmonary or laryngeal
200 (a) (b)

150 -

ICER (000s GBP/QALY)

T T T T L T T T L | T

0 1 2 3 4 0 1 2 3 4
Average number of new infections generated per contact with PTB per month infectious

Figure A: Summary of incremental cost-effectiveness ratios and 95% confidence intervals (shaded region)
for different levels of transmission from contacts if we use utility scores given in Mears et al. (¢ and d) as
opposed to Jit et al. (a and b) The comparator is no screening. The dashed horizontal line indicates the
£30000/QALY cost-effectiveness threshold and the dotted horizontal line the £20000/QALY threshold.
The solid horizontal line indicates when contact tracing becomes cost-saving. GBP = pounds sterling, ETB
= non-pulmonary, non-laryngeal tuberculosis, PTB = pulmonary or laryngeal tuberculosis, QALY =
quality-adjusted life years, ICER = incremental cost-effectiveness ratio
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Addendum

Clarifications
In the methods section, we state that ‘infected contacts are given a 3 month course of
rifampicin and isoniazid’. To clarify: this is the current standard of care in the UK*3.
e Insection 3 of the appendix (‘Equations’), the equation for Niter generations, « Will only
converge if F < 1, and also neglects overlapping contacts. As F <« 1 with parameters used

in the model, both of these assumptions are valid.

Corrections

® The last subsection in the methods section should read ‘role of funding source’.
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5. Estimating the relative transmission intensity from tuberculosis
cases with reactivation disease compared to those with primary

disease using a pairwise model

Introduction

The results presented in chapter four suggest that it is very unlikely that screening contacts of non-
pulmonary, non-laryngeal cases is cost effective in London, and hence in the UK. However, it was
uncertain whether screening contacts of pulmonary or laryngeal cases was cost-effective at either of
the cost-effectiveness thresholds used in the UK (i.e. £20000 and £30000). This uncertainty was
largely derived from uncertainty in the symptomatic period of cases found through contact tracing,
and in the number of infections generated by cases per day (see Table 4 and Figure 1 in chapter 4). It
is plausible that recently infected cases (as those found through contact tracing often are — see
chapter 3) will generate fewer new infections, on average, than cases with reactivation disease, due
to the likelihood of the recently infected cases sharing contacts with their index case (a ‘saturation

effect’). In this final section, we aim to explore this saturation effect.

In order to do so it is necessary to consider the local network structure of the population around
each case, in order to estimate how many of their contacts are exposed. Often, this has been
incorporated into TB models by using an individual based model with an explicit network structure’®"
8084 A significant drawback of this type of model is that it can be difficult to parametrize and
computationally expensive®. An approach which has been used for a range of other diseases,
although never for TB, is that of pairwise equations. As discussed in chapter 1, this approach, rather
than having equations which describe the number of individuals at each stage of the natural history
of a given disease, instead has equations which describe the number of pairs across which
transmission can occur®9%123 This is particularly intuitive for sexually transmitted diseases, for

which the pair is the natural unit, and has been used in theoretical contact tracing studies before®.
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Previous studies have extended the pairwise equation system to include a random, ‘mass action’
transmission term to the equations®. If we consider pairs to represent close (e.g. household)
contacts, and the random transmission term to represent casual contacts, then a pairwise system
may plausibly describe M. Tb transmission. However, as a pairwise equation system needs one
differential equation for each possible pair of disease states, the complexity of TB’s natural history
(e.g. compared to gonorrhoea) will cause the resultant system of equations to be correspondingly

complex.

Our primary aim in this study was to understand the extent to which a pairwise model is useful for
modelling M. Tb transmission. Our secondary aim was to use the pairwise model to understand the
extent of the saturation effect when considering the amount of transmission from cases that have
been recently infected or reinfected (for simplicity, taken to be within a year), relative to those with
reactivation disease. This has relevance for contact tracing, as cases found through contact tracing
are likely to have been infected in the past year (see chapter 3). We believe this is the first study to
qguantify whether the number of infections attributable to cases that have themselves been recently
infected differs from that from cases experiencing reactivation disease, and the first pairwise model

applied specifically to tuberculosis.
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Methods

Model structure: As the number of differential equations required for a pairwise model increases
quadratically with the number of compartments used to describe the natural history of the disease,
it is beneficial to keep the number of compartments as small as possible, at least for this exploratory
study. Consequently, we used a simplified model of tuberculosis natural history which doesn’t
account for age structure (Figure 11), parameterized using values from the literature and from
surveillance data for London (Table 3). In the model, everyone is born uninfected. People can be
infected either by a close (pairwise) contact (represented by 7 in Figure 11 and the equations) or by
a casual contact (represented by ). Infected people are stratified into those that are recently
infected or reinfected (L) and those that have latent infection (L) — people stay in the recently
(re)infected compartment for one year on average before moving to the latent compartment?,
People with a recent infection (Ly compartment) progress to disease at a rate, ps, and those with

latent infection (Ly compartment) develop reactivation disease at a rate p,. As the recently infected

develop disease at a faster rate than those with latent infection, ps < py.

Those in the Ly compartment can also be reinfected, upon which there is a transition to the L
compartment, but the chance of reinfection is reduced by a factor ¢ compared to initial infection,
due to a protective effect of previous disease or infection. There are two infectious compartments,
but this is merely to record from which infected compartment disease was developed; there are no
differences in the recovery or mortality rates, nor in infectiousness. Both infectious compartments
recover to the latent compartment, implying a life-long risk of relapse/reinfection. Both infected and
both infectious compartments have a constant rate of mortality, with a higher rate in the infectious
compartments. To maintain a constant population size, the birth rate (into the susceptible

compartment) is equal to the mortality rate.
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Figure 11: Model diagram. S refers to susceptible (previously uninfected) people, Lg refers to latently infected, or
recovered people, Ly refers to recently infected people, I refers cases who developed reactivation disease, I refers to
cases who developed disease after a recent infection or reinfection. The two rates of infection, T and 8, represent pairwise
and mass-action transmission rates respectively
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Table 3: Parameter values, or prior distributions of parameters that were fitted. *The ranges for p; and p; were chosen so that their geometric mean value approximately matched the
rates of progression to disease following infection given in Sloot et al.12

Parameter

Value, or prior distribution

Units

Source

Contacts per person, n
Pairwise contact parameter, T

Random contact parameter, 8

Mortality rate, u

TB mortality rate, ur

Recovery rate, p

Protection against reinfection by
being latently infected, o

Rate recently (re)infected move to
latent, [

Rate that latent progress to disease,
Ps

Rate that recently (re)infected
progress to disease, pr

Population size, N

5
Log-Uniform(4x107°, 4x10)

Uniform(0, 1)

0.01/365.

0.07/365.

Log-Uniform(5x10*, 5x10%)

0.79
1/365.
Log-Uniform(2x10°°, min(py, 2x107%))

Log-Uniform(6x107°, 6x107?)

8640000

Contacts

Number of effective pairwise
contacts made per day

Number of effective casual contacts
made per day

Deaths per day per capita

Deaths per day per capita

Cases per day per capita

Cases per day per capita

Cases per day per capita

Cases per day per capita

People

London TB register
Plausible range

Plausible range

To give an average life
expectancy of 100 years, in
absence of TB.

PHE surveillance database,

via Mears et al.***

Plausible range. Implies an
average duration of
infectiousness of between 2 and
2000 days (in the absence of
death).
Andrews et al'?®

Calculated so that people remain
for an average of 1yearin L¢
Plausible range*, with p; < py.

Plausible range*, geometric mean
1.9 cases per day per 1000
people

Office for National Statistics?®
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Clustering coefficient, ¢ Uniform(0,1) The proportion of sets of pairs Uninformative prior
connected by a central contact that
form triples
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Pairwise equation system: We wish to understand whether cases who have developed TB following
recent (re)infection (i.e. the Ir compartment) generate fewer infections than those with reactivation
disease due to a saturation effect amongst their contacts. That is, in our pairwise system, do those
who have disease following a recent (re)infection have fewer uninfected contacts, and so cause

fewer infections than do those with reactivation disease?

The pairwise system is a deterministic set of differential equations for which each equation describes
the number of each type of pair. Terms of the form [AB] represent a pair of people, one of whom is
in the A compartment, and the other in the B compartment. Similarly, a term of the form [ABC]
represents a triple in which A is paired with B and B with C. The transitions shown in Figure 11 can
be found in the equations by locating the corresponding parameter. In order to simplify the
equations, the number of like pairs (e.g. S-S pairs) are counted twice in each direction, whereas
unlike pairs are counted once in each direction. This results in the appearance of a factor of 2 in
some of the equations. In this system, each infectious-susceptible pair and each infectious-latent
pair results in transmission at a rate T or ot respectively. There is also a random contact term,
highlighted in these equations in red, which acts on the susceptible and latent compartments at a
rate proportional to the total number in the infectious compartment. These terms can be thought of
as representing transmission between close contacts () and casual contacts () respectively. The
number of close contacts is fixed throughout a model run at 5, and each person in the model has the

same number of close contacts. The equations for this system are as follows:

0. % =2 (M([SLS] + [SLe]) + pr(ISL] + [SIe]) — ©([SSL] + [SSIF]) — w)
1 B0 = (1oL + [LsLy]) + pr ([Lshs] + [Llf]) — 7 (L6ST] + [LSIF] +

o([SLgL] + [SLSIf])) +1[SLe] + p([SI] + [SI]) — (ps + i)[SLs] — <1+a>mSLISVJ(uSJ+lsz)
2. % = u([LeLs]) + [LeLe]) + pr([LeLs] + [Le]) + 7 ([SSIS] +[ss1] +

o([SLsls] + [SLslr]) = ([LpSEs] + [LfSIfD) = (L+ps +0)[SLe] +

Blisl+[17])(IsS1+olSLs]-[SLy])
N
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3. % = “([ISLS] + [ISLfD + IJ'T([ISIS] + [Islf]) - T([Sls] + [IsSIs] + [ISSIf]) + ps[SLS] —
o+ uplst) - 2D

a0 B (e + D)) + e (e + Tt ]) = <([1] + (181, + [16517]) + py[SL]
(p + ur)[SI] _ Blstr](Usi+lir])

N
d[zsth] - 2( [Ls Lf] + p([Ls1s] [lef]) — ot([LsLsLs] + [LsLsIf]) — (ps + w[LsLs] —

o [LsLs] ( (5] +[1f]))
N

6. %_ ULrLs] + p([LeLs] + [Lr1f]) +r( LsSIs] + [LsSIr] +0( LsLsls) + [LsLsls] —
([LrLsls] + [LfLSIf]))) = (U+pr+ 20+ p)[LrLs] + min s b ;U[L el
7. S = 1[iLy] + p(Usks) + [11]) = oe([Ls ) + [IsLols) + (L ]) + polLsLs] -
aBILsIs) ([Is]+[1£])

(p +pur +ps + WlILs] —

% = 1[1:Ls] + p([Isl,] + [ 1f]) = ot([Lske] + [ Lsk] + [sLsIf]) + pr[LsLs] -

(s + 1+ p + )Ll | — Lt AUTD

9, % =2 (r ([ersts) + [epsip] + o([LrLst] + [LrLsk])) = (L4 + )LL) +

ﬁ([LfS]+U[LfLs])([Is]+[1f]))

N

N

10, st _ (ISI + UsSIT + [151] + 0 (Lo L] + UsLsk] + [IsLslf])) + pslLrLs] -

dt
(p+ur+1+ps + )LL) +° ([155]+U[151L\ls])([ls]+[1f])
11, B o (st (i) + 161 + o ([Loly] + 1Ll + [LsLsiy])) + py[LrLs] -

B([15s)+al1rLs]) (15 +[1£])
(L+ps+u+p+ur)lelf] + =L s

12. U5 = 2(p, [1,L,] = (p + ) s 1)
13. d[lslf] = pslrLs] + prlisLy] = 2(p + pr)|Is1f]
14, @ = 2pylirLe] = o + unliflf])

We can calculate exactly the number of singles from these terms:

1
15. [4] = 2Z5[4B]
As transmission can occur within a pair, or from outside the pair, triple terms appear in the above

equations. This is approximated using the closure equation:

[AB][BC](n-1) PN[AC]
6. [ABC] = n([B] [(1 ¢)+n[A ]
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Where n is the average number of contacts, and ¢ is the clustering coefficient (the proportion of
triples that form triangles, or in other words, for what proportion of triples in which A is a contact of
B and B is a contact of C, is A also a contact of C?). When ¢ = 0, the term in the square brackets is 1
and none of the triples form triangles, i.e. if A is connected to B, and B to C, then is never connected
to C. Similarly, if ¢ «< 1, a negligible proportion of the triangles will form triples. If ¢ = 1, then every

triangle forms a triple, i.e. if Ais connected to B and B to C, then A is always connected to C

In order to separately quantify the total number of transmissions which take place from the Isand If
compartments, we use the following eight equations. In these equations, T terms represent
transmission from those who developed disease following reactivation of latent infection, Tr terms
represent transmission from those who developed disease following recent (re)infection, the
superscript p represents pairwise transmission, r represents transmission from casual contacts, and

the even numbered equations each represent transmission to previously infected contacts:

17. 2 — 7([SI,] + [1,1;] + [I:S1])

dt
de, , reinfection
18, 22t = gr([Lgls] + [IsLsly | + [IsLsI])
19 UTsr _ Blsllig)
dt N
20. AT s, reinfection — BolLs]lis]
dt N
dTf

21— = 1([SIe] + [1:Sk] + [1:S])
22. m = O'T([lef] + [ISLSIf] + [IfLSIf])

dt
23, &rr _ AISIy)
dt N
24. de,r, reinfection — BolLs] [lf]
dt N

We also estimate the incidence using the following equations:

dlIncg

25. = psLg

Model fitting: We aimed to reproduce the incidence and prevalence of pulmonary disease in
London, and to then identify values for the ratio of infections generated by cases with reactivation

disease to infections generated by cases with disease following recent (re)infection that are
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consistent with the observed data. We fitted to an annual incidence of pulmonary disease of
12.3/1000008 and a prevalence of pulmonary disease of 13.3/100000 persons''*. This latter figure is
over ten years old (from 2003), and is an approximation, as no prevalence survey was undertaken, so
it was calculated using a point prevalence of cases who were or should have been on treatment. It is
also further approximated, as the data were not stratified by site of disease; to arrive at the value of
13.3/100,000 we assumed 49% of cases had pulmonary disease, which is the proportion of incident

cases in the most recent year with pulmonary disease.

We varied: the clustering coefficient, ¢; the recovery rate, p; the progression rate following recent
(re)infection, py; the reactivation rate, pg; the pairwise contact parameter, 7, and the casual contact
parameter, 8. We fit the model using the sampling-importance-resampling algorithm, sometimes

known as Bayesian melding. This consists of the following steps:

1. Sample each parameter from its prior distribution. In our case we take M = 1500000
parameter sets from the prior distribution.

2. Obtain the model output for each of these M parameter sets. In our case, the model output
is the equilibrium prevalence and incidence of disease. This was obtained by running the
model for 1000 simulated years, using a time-step of 1 day..

3. Estimate the likelihood of each of these model outputs with respect to the data point we are
fitting to. In our case this means estimating the likelihood of the model predicted
equilibrium prevalence or incidence, to the prevalence or incidence (respectively) in London
in 2016.

4. Compute the weights of each input parameter set which are proportion to the overall
likelihood, calculated by multiplying the estimated likelihoods with respect to each data
point. As initial attempts to use the combined likelihood of the incidence and prevalence

yielded few posterior parameter sets, possibly due to inaccuracies in the estimate of
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prevalence, we separately use either the likelihood with respect to prevalence or with
respect to incidence.

5. Generate the posterior distribution of the model output, by resampling from the original
output sets with weights proportional to the likelihood. In our case we resample m=12000

sets.

To estimate the likelihood of the prevalence data for a given model run we used the binomial

13.3N

distribution, with k =
100000

(i.e. the number of prevalent cases in the data), n = N (the population

size), and p equal to the model predicted prevalence. We calculate the likelihood of the incidence

12.3N

100000 (i.e. the number of incident cases in one year in

data using the Poisson distribution, with k =

the data) and 4 equal to the model predicted number of incident cases in one year.

For model fitting, we calculate the incidence, prevalence and prevalence of infection, using the

following equations, where superscripts represent time-steps and T is the final time-step

1" +1}T)

25. Prevalence = -

Inch) +Inc}(cT) —Inch_l) —Inc)(cT_ D

26. Incidence =
NAt

oI
. . S
27. Prevalence of infection = f

If the region of parameter space which maximises the likelihood is sharply ‘ridge-like’, it may be
difficult for a Bayesian melding algorithm to effectively explore the optimum region of parameter
space. For this reason, alongside the fact that the Bayesian melding model fit did not prove
satisfactory, we also fitted the model using the Metropolis-Hastings Markov Chain - Monte Carlo
(MCMOC) algorithm. We used uniform prior distributions for each of the six parameters and
calibrated to: the incidence of disease, the prevalence of disease, the prevalence of infection (5%,
taken from a US study as no recent estimate exists in the UK), and the proportion of all pairs

containing at least one infectious person that contain two infectious people (2.6%, chapter three).
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We estimated the likelihood of each model output using the Poisson distribution for the incidence,
and the binomial distribution for the other three outputs. We adapted the size and standard
deviation of the proposal distribution during the Metropolis-Hastings algorithm and ran the
algorithm for 5000 iterations. We selected the initial parameter sets sing Latin Hypercube Sampling
in the pyDOE package in Python, implemented the MCMC algorithm in Python, and analysed the

results using the fitR and coda packages in R.

Main analysis: We first estimate the distribution of each of the six free parameters (the clustering
coefficient, ¢; the recovery rate, p; the progression rate following recent (re)infection, py; the
reactivation rate, ps; the pairwise contact parameter, 7, and the casual contact parameter, ) when
fitted to prevalence and to incidence, and look at the corresponding estimated incidence or
prevalence distributions for plausibility. We use the Kolmogorov-Smirnov test to test for a difference
between the parameter distributions when fitted to prevalence compared to when fitted to

incidence. We then estimate the ratio of infections generated by those with reactivation disease to

S . . . -t . .
those with disease following recent (re)infection, or W (where m represents the final time-
ff

. . ) ) Tm-rm-1\ (TP
step of the model run). We also estimate this per infectious case, or ey Aoy Finally,

we calculate the correlation of each free parameter with the per case ratio to understand which

parameter most strongly determines the outcome.
Additional analyses: We undertook a number of additional analyses to explore the results:

e Stratify the results based on values of 8 into nine equal width bands, in order to understand
the impact of S on the model predicted value of T and on the ratio.

¢ Include other things into the model fit: An estimate of infection prevalence (5%, taken from
a US study as no recent estimate exists in the UK'?’); and the proportion of all pairs
containing at least one infectious person that contain two infectious people (2.6%, taken

from chapter 2). Both are calculated using the binomial distribution.
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e Stratify the results by values of the per case ratio, to understand how the distributions for
parameters change with the output of interest. We stratify the ratio into three bands: <1
(slightly more transmission per case from those with disease following recent (re)infection),
between 1 and 1.05 (slightly more transmission per case from those with reactivation
disease), and >1.05

e Fit to incidence and prevalence just among the UK-born, 4.5/100000/year and 4.6/100000
respectively®'*, to account in a simple way for the lack of inclusion of immigration.

e Fit to the incidence from 2003, when the prevalence estimate was made. This value is
20.4/100000%, assuming the proportion of cases with pulmonary TB has not changed
significantly. This analysis was not repeated for the UK born population because, while the
overall incidence has changed a lot since 2003, the incidence amongst UK born has been
fairly constant, with nearly all of the decline in incidence happening amongst the non-UK

born??
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Results

Parameters

Figure 12 and Figure 13 show the predicted prevalence and incidence when the model is fitted to
prevalence alone. Figure 14 and Figure 15 show the predicted prevalence and incidence when the
model is fitted to incidence alone. When we fit to prevalence, the predicted incidence is too high (on
average), whereas when we fit to incidence the prevalence is too low. When fitting to prevalence of
disease, the prevalence of infection (latent and recent) is much too high (Figure 16), but when we fit
to incidence, the prevalence of infection is more reasonable, though in this case is too low (Figure

17).

Posterior distributions of each parameter when fitting to prevalence are shown in Figure 18, and
when fitting to incidence are shown in Figure 19. In both cases T and ¢ have uniform posterior
distributions which match their prior distributions. Whilst, according to the Kolmogorov-Smirnov
test, the parameter distributions are different for each parameter when fitted to incidence as
compared to prevalence (Table 4), the most stark difference occurs for . While when we fit to
prevalence the posterior distribution of £ is uniform, matching its prior distribution, when we fit to

incidence the posterior is positively skewed, and hence the median value is lower (Table 5).

When fitting to prevalence the annual risk of infection (ARI) is 5.0% (95% Cl: 0.51%, 16%), whereas
when fitting to incidence it is 0.027% (95% Cl: 0.0020%, 0.12%). Whilst the ARl is not well known for

the UK!?8 it is likely to be between these two estimates.
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Figure 12: Distribution of prevalence when fitted to prevalence. The vertical dashed line is the target value. There are no

values beyond the scale shown here.
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Figure 13: Distribution of incidence when fitted to prevalence. The vertical dashed line is the target value. There are no
values beyond the scale shown here.
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Figure 14: Distribution of prevalence when fitted to incidence. The vertical dashed line is the target value. There are no

values beyond the scale shown here.
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Figure 15: Distribution of incidence when fitted to incidence. The vertical dashed line is the target value. There are no

values beyond the scale shown here.
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Figure 16: Prevalence of M. Tbh infection when model is fitted to prevalence of disease. The red vertical line indicates 5%
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Figure 17: Prevalence of M. Th infection when model is fitted to incidence of disease. The red vertical line indicates 5%
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Figure 18: Posterior parameter distributions when fitted to prevalence
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Figure 19: Posterior parameter distributions when fitted to incidence. This figure can be contrasted with figure 18, which
showed the posterior distributions when the model was fitted to disease prevalence. In particular, there are large

differencesin B, p; and p;.

Table 4: Probability of no difference between the parameter distributions, according to the Kolmogorov-Smirnov test.

p-value that there is no

parameter
difference in distributions
N 8.83x10
ps 7.06x107108
Ds 7.73x10%%¢
T 1.76x101!
p 4.95x10'1°
B 0
Ratio of transmission from cases with reactivation disease to
transmission from cases with disease following recent infection 4.10x1071%
Ratio of transmission from cases with reactivation disease to
transmission from cases with disease following recent infection, per
6.14x10°!

case
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Table 5: Median and 95% confidence intervals for the posterior distribution of each parameter, when fitted to incidence
or prevalence.

variable Fitted to prevalence Fitted to incidence

median Lower Upper median Lower Upper

95% ClI 95% ClI 95% ClI 95% Cl
()] 0.499 0.0248 0.979 0.540 0.0239 0.975
Pr 0.000489  6.54x10° 0.0421 0.00025  6.46x10° 0.0335
Ps 1.42x10° 2.22x10°® 8.18x10° 7.54x10°® 2.14x10°% 0.000114
T 0.00383  4.99x10° 0.301 0.00274  5.23x10° 0.287
P 0.166 0.0196 0.470 0.175 0.0107 0.478
B 0.518 0.0534 0.973 0.257 0.00658 0.953

Transmission ratios

When we fit to either prevalence or incidence (Figure 20 and Figure 21 respectively, Table 6), we see
that the number of infections per case is greater for those with reactivation disease than it is for
those with disease following recent (re)infection in almost all cases. This is true whether we include
reinfection when estimating the ratio or not (i.e. the T j rcinfection t€rms), and whether we include
transmission to casual contacts when estimating the ratio or not (i.e. the T; .and T; ;. reinfection t€rms.
The distribution of the ratio of the total number of infections varies whether we fit to incidence or
prevalence, with the average value of the ratio higher when fitting to the incidence. This is likely to
be, at least in part, because the prevalence of infection is lower when we fit to incidence, meaning
that the proportion of contacts infected will be high irrespective of whether the index case had
disease following recent infection. However, when we look at the per case ratio, the results are
similar whether fitting to incidence or prevalence. Both the lower 95% confidence interval and the
median of the ratio is 1.00 to 3 significant figures, when fitted to incidence or when fitted to
prevalence. This implies that while those with reactivation disease do generate more infections per
case, it is, for most of the posterior, an extremely small effect. The value of the per case ratio is most
strongly correlated with T whether we fit to incidence or prevalence, whether we include or exclude

reinfection and whether we include or exclude casual contacts in the estimate of the ratio (Table 7).
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However, if we exclude reinfection and fit to incidence, the value of the ratio is not particularly well

correlated with any of the parameters.

-15 -1.0 —0.5 0.0 0.5 1.0 1.5 2.0
log(ratio) of transmission from slow progressors to from fast progressors

T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
log(ratio) of transmission from slow progressors to from fast progressors, per case

Figure 20: Posterior distribution when fitted to prevalence of the log ratio of the number of infections from those with
reactivation disease to the number from those with disease following recent (re)infection (top panel), and the log ratio of
the number of infections from those with reactivation disease per case to the number from those with disease following
recent (re)infection per case(bottom panel). When these ratios are below zero, those with disease following recent
(re)infection are generating more infections than those with reactivation disease
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Figure 21: Posterior distribution when fitted to the incidence of the log ratio of the number of infections from those with
reactivation disease to the number from those with disease following recent (re)infection (top panel), and the log ratio of
the number of infections from those with reactivation disease per case to the number from those with disease following
recent (re)infection per case(bottom panel). When these ratios are below zero, those with disease following recent

T
0.4

T
-0.2

0.0
log(ratio) of transmission from slow progressors to from fast progressors, per case

I
0.2 0.4

(re)infection are generating more infections than those with reactivation disease

Table 6: Summary of results of the ratio of the total number of infections generated by those with reactivation disease to
the number generated by those with disease following recent (re)infection, and of the ratio of the number of infections
from those with reactivation disease per case to the number from those with disease following recent (re)infection per
case. Posterior results are shown for when fitted to incidence and when fitted to prevalence. Note that while the figures

I
0.6

1
0.8

used a log scale on the x-axis, to make the results more easily visible, this table uses the actual values

variable

Fitted to prevalence

Fitted to incidence

ratio

ratio, per
case

ratio, per
case,
excluding
reinfection
ratio, per
case, only

Median

1.94

1.00

1.00

1.00

Lower 95%
Cl

0.0841

1.00

1.00

1.00

Upper
95% Cl
42.0

1.11

Median

3.04

1.00

1.00

1.00

Lower
95% CI
0.135

1.00

1.00

Upper
95% ClI

56.4

1.80

2.85

2.21
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pairwise

transmission

ratio, per

case, only

pairwise

transmission

and no

reinfection 1.00 1.00 1.49 1.00 1.00 3.93

Table 7: Correlation of each parameter with the per case ratio, when fitted to either the prevalence or the incidence.

¢ pr Ds T p B

prevalence 0.02 0 0 0.3 0 0.06
incidence 0.02 0 0 0.14 0 0.03
prevalence, no reinfection 0.01 0 0 0.16 0 0.03
incidence, no reinfection 0.02 0 0 0.05 0 0.03
prevalence, only pairwise transmission 0.04 0.01 0 0.44 0 0.05
incidence, only pairwise transmission 0.03 0 0 0.18 0 0.04
prevalence, no reinfection and only

pairwise transmission 0.03 0 0 0.34 0 0.02

incidence, no reinfection and only
pairwise transmission 0.02 0 0 0.05 0.01 0.03
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Additional analyses

Stratified by B: Stratifying the results by values of § makes little difference to the estimates of T
(Table 8, 1% row), but makes a slight difference to the distribution of the estimates of the ratio (Table
8, 2" row). However, the median value of the ratio stays roughly constant, even as the distribution

changes as f3 increases.

Table 8: Results stratified by values of 8. B was divided into nine equal width bands; in each figure, starting in the top left
and reading horizontally first, in the nth image only values of beta between (n-1)/9 and n/9 were used.

Value Fitted to prevalence Fitted to incidence

°
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FEE

tau (log)

Ratio of transmission
from those with
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o
3
2

0

Including both prevalence and incidence of disease into the model fit: Including both the
prevalence and the incidence in the model fit means that only two parameter sets are chosen,
insufficient to generate a reliable spread of results. The two parameter sets that are chosen are
shown in Table 9; one of the two parameter sets is much less likely than the other two. The two
chosen parameter sets show consistency in the value of the recovery rate p, giving values around
0.0023 cases per day, and both choose relative small values of the casual contact rate § and above
average values of the pairwise contact parameter T, which has an expected value of 0.004. The most
likely parameter set gives a value of the per case ratio of 1.05, suggesting a small saturation effect

for this parameter set, and the other suggests no saturation effect.
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Including infection prevalence into the model fit: Including the infection prevalence in the model fit
alongside either prevalence or incidence means that only one or nine parameter sets (respectively)
are chosen, insufficient to generate reliable results. In the former case (Table 10), the value of
incidence of disease chosen is a factor of ten too great, and the parameter set chosen has a strong
saturation effect, giving a per case ratio of 1.81. In the case of fitting to incidence of disease and
prevalence of infection (Table 11), one parameter set dominates. This parameter set gives a per case

ratio of 1.01, suggesting little or no saturation effect.
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Table 9: Parameter sets chosen when fitting to both incidence and prevalence together, with associated values of incidence, prevalence and the per case ratio. The count column refers to
the total number of times that parameter set was chosen, and is proportional to the likelihood.

Count Prevalence Incidence 0] Py Ps B P T Ratio per case

6302 0.000146 0.000132 0.193 7.38E-05 5.31E-06 0.00843 0.00229 0.00421 1.05
5402 0.000124 0.000111 0.0892 0.000274 3.18E-06 0.000502 0.00227 0.0107 1.00

Table 10: Parameter sets chosen when fitting to both prevalence of disease and of infection together, with associated values of incidence, prevalence and the per case ratio. The count
column refers to the total number of times that parameter set was chosen, and is proportional to the likelihood.

Count Prevalence Incidence 0] Py Ds B p T Ratio per case
11704 0.000115 0.00128 0.906 0.000848 3.67E-05 0.0162 0.0303 0.00116 1.81

Table 11: Parameter sets chosen when fitting to both incidence of disease and prevalence of infection together, with associated values of incidence, prevalence and the per case ratio. The
count column refers to the total number of times that parameter set was chosen, and is proportional to the likelihood.

Count Prevalence Incidence [0)] Py Ps B p T Ratio per case
1 1.45E-06 0.000141 0.823056 0.000423 4.09E-06 0.003492 0.265196 0.970228 1.000002
11490 1.69E-06 0.000129 0.123072 0.000315 4.24E-06 0.120084 0.208552 0.505556 1.006928
57 2.66E-06 0.000137 0.048741 0.000167 5.95E-06 0.00013 0.140149 0.540094 0.999999
15 2.69E-06 0.000134 0.30826 0.000321 4.49E-06 0.000116 0.136163 0.534846 0.999999

4 1.88E-06 0.000112 0.467815 0.000403 2.61E-06 0.002132 0.162508 0.755808 1.000001
45 1.31E-06 0.000111 0.225446 6.70E-05 5.47E-06 0.188476 0.231942 0.641107 1.015996
1 4.22E-05 0.000141 0.724851 0.000427 4.02E-06 0.000867 0.008969 0.03054 0.999742
43 1.11E-05 0.000124 0.36487 0.000167 5.23E-06 0.002876 0.030495 0.117992 1.000145
37 1.61E-06 0.000111 0.164554 9.80E-05 5.22E-06 0.000323 0.188993 0.887149 1

11 1.16E-05 0.00011  0.990033 0.000138 3.92E-06 0.094977 0.02586 0.083185 1.243284
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Including the proportion of all pairs containing at least one infectious case that are I-l into the
model fit: Including this in the model fit alongside prevalence means that only 12 parameter sets are
chosen, insufficient to generate reliable results. Including it alongside the incidence of disease
means 267 parameter sets are chosen, no single one of which is chosen more than 683 times (out of

11704 parameter sets chosen overall). Whilst the parameter distributions are quite non-smooth

3
(Figure 22), clearly higher values of pr and p, values of 7 centred on 10z, around 0.03 transmissions

per pair per day, are preferred, and low values of 5 and p;. In this case, however, neither the

prevalence of infection, nor the prevalence of disease, fit particularly well (Figure 23, Figure 24). The

per case ratio is marginally above one in this case (Figure 25)
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Figure 22: Posterior parameter distributions when fitted to incidence and the proportion of pairs containing at least one

infectious case that are I-1.
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Figure 23: Distribution of prevalence when fitted to incidence and the proportion of pairs containing at least one
infectious case that are I-I. The vertical dashed line is the target value. There are no values beyond the scale shown here.
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Figure 24: Prevalence of M. Th infection when model is fitted to incidence of disease and the proportion of pairs
containing at least one infectious case that are I-1. The red vertical line indicates 5%
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Figure 25: Posterior distribution of the log ratio of the number of infections from those with reactivation disease to the
number from those with disease following recent (re)infection (top panel), and the log ratio of the number of infections
from those with reactivation disease per case to the number from those with disease following recent (re)infection per
case(bottom panel), when fitted to incidence of disease and the proportion of pairs containing at least one infectious
case that are I-1. When these ratios are below zero, those with disease following recent (re)infection are generating

more infections

Stratifying by values of the per case ratio: Whether fitting to incidence or prevalence, the per case

ratio is higher, on average, for higher values of T and lower values of 8, and it is lower for lower

values of T and higher values of § (Table 12).

Table 12: How the parameter distributions vary with different values of the ratio of transmission per case from those with
reactivation disease to transmission per case from those with disease following recent (re)infection.
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Fitting to the incidence and prevalence amongst the UK-born only does not really improve the
combined fit: instead of two, eight parameter sets are chosen, of which one is chosen 10322 times
(out of 11704), insufficient for a decent spread of results. The results when fitting to these
separately do not improve the fit of infection prevalence when we fit to either incidence or
prevalence, of incidence when we fit to prevalence or of prevalence when we fit to incidence. It also

does not qualitatively affect the distribution of the ratio.

Fitting to the incidence in 2003 and the prevalence also does not really improve the combined fit; in
this case only three parameter sets are chosen, of which two are chose more >1000 times (out of

11704).

MCMC fitting results. We started two separate MCMC chains from different regions of parameter
space. The two chains seemed to converge to different regions of parameter space, selecting notably
different parameter values, particularly for § and p (Figure 26). The model output from these
parameter sets were also consequently different. The first chain estimated the prevalence of
infection and the proportion of pairs with at least one infectious individual that had two infectious

individuals (Figure 27). The second chain produced a good estimate disease prevalence, but por
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estimates of the other three parameters (Figure 28). It should be noted that the log posterior density
for the first chain (-6920) was much greater than for the second chain (-11084506), implying the first
chain may be closer to the true parameter values. As we saw using the Bayesian melding algorithm,
both chains were unable to produce values of incidence and prevalence that were close together.
Using just the first chain, due to its higher posterior density, it appear that there is both much less
transmission from those with disease following reactivation, and also slightly more transmission per

case from that group, compare to those with disease following a recent (re-)infection (Figure 29).
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Figure 26: Density plots of parameter values for each parameter, using two chains started from different points in
parameter space.
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Figure 27: Distribution of model outputs using parameter distributions generated from the Markov chain Monte Carlo
fitting procedure, using two chains started from different starting points. The targets for prevalence and incidence of
disease were around 4/100000, the target for prevalence of infection was 5% and the target for the proportion of
infectious-infectious pairs (of those with at least one infectious person) was 2.6%
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Figure 28: Distribution of model outputs using parameter distributions generated from the Markov chain Monte Carlo
fitting procedure, using two chains started from different starting points. The targets for prevalence and incidence of
disease were around 4/100000, the target for prevalence of infection was 5% and the target for the proportion of
infectious-infectious pairs (of those with at least one infectious person) was 2.6%



185

0.0200 1.05
o~
0.0175 + -~
1.04
0.0150 4
0.0125 + °
’ 1.03 4
o
0.0100
0.0075 - 1027
0.0050 - ™
1.01 4
0.0025
0.0000 T 1.00 T
Ratic of transmission from slow Ratic of transmission from slow progressors
progressors to fast progressors to fast progressors, per case

Figure 29: The ratio of transmission from those with disease following reactivation to from those with disease following
recent (re-)infection, both overall (left) and per case (right)
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Discussion

Primary findings: the primary finding of this work is that, while it appears to be possible to build a
pairwise TB model, some, perhaps substantial, additions must be made in order to improve the
realism of the model. The model is unable to fit to both prevalence and incidence of disease at the
same time. Some of the issues with and potential improvements to the model are discussed below in
further detail. A secondary finding is that less transmission occurs per case from those who
developed disease following a recent (within one year) infection or reinfection than from those who
developed reactivation disease. However, this ratio was, for most of the parameter distribution, very
close to one. This implies that whilst there is a saturation effect upon transmission from cases who
have been recently infected it is rather insignificant compared to other factors that may determine
the probability of infection within a pair, such as whether one has smear positive or cavitary disease,
or the pair live in the same room. However, caution should be employed in interpretation of this

secondary finding, due to the poor fit of the model.

Strengths and weaknesses: This is the first study to employ a pairwise equation model to the study
of TB. This enabled us to incorporate a rudimentary network structure within a model which is
computationally efficient. The use of the SIR algorithm allows us to fit this model to surveillance

data, similarly without too much computational cost.

A weakness of this study is the relatively poor model fit when trying to fit to more than one data
point. It was difficult to fit to both the prevalence and incidence of disease simultaneously: the
model typically underestimated the prevalence (compared to the level of prevalence observed in the
data) when the model incidence matched the level observed in the data. This was not alleviated by
using the prevalence and incidence amongst the UK born only, nor by using incidence from 2003,
when the prevalence estimate was made. For similar reasons, as well as a lack of quality data, it was
difficult to fit to the prevalence of latent infection — in this case, and when fitting to prevalence, the

model predicted infection prevalence was much too high (Figure 16). This high prevalence of
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infection when fitting to prevalence may reduce the size of the saturation effect, as contacts may be
likely to be infected irrespective of whether or not the index case had disease following recent
infection. On the other hand, when fitting to the incidence the prevalence of infection was too low,
but the saturation effect was similar, and when fitting to the prevalence, infection prevalence and
the size of the per case ratio are only weakly negatively correlated (R?=0.027). Whilst we attempted
to mitigate these by fitting separately to incidence and to prevalence, this then generated its own
problem; in that fitting to one data point may not be sufficiently informative for each model
parameter. For example, it was difficult to estimate both 7 and 8 at the same time, as a low value of
one can be to some extent compensated by a higher value of the other (Table 12). An exception was
that we were able to fit to both the incidence of disease and the proportion of pairs containing at
least one infectious case that were of the form I-I. In this case, we found smaller values of 8 and
larger values of 7, centred on 0.03 transmissions per pair per day. However, even in this case, the fit

to prevalence of disease and infection was very poor.

Using an MCMC algorithm also led to a poor, albeit slightly improved fit. However, this procedure
was inconclusive as different starting points converged to different parameter sets. Both fitting
procedures (MCMC and Bayesian melding) were unable to produce values of incidence and
prevalence which were close together, as suggested by data. This result implies that model
assumptions may be inconsistent with values of incidence and prevalence similar in value. However,
for the first chain, the model was able to accurately reproduce the proportion of pairs with an
infectious person in which both were infectious, and the prevalence of infection. In this scenario, it
appeared that there was slightly more onward transmission from cases with disease following
reactivation than from those with disease following a recent infection, commensurate with the idea
of a small contact saturation effect. However, there was overall much less transmission from cases
with disease following reactivation, suggesting that there are many more cases with disease

following recent infection — an unrealistic prediction in the context of UK TB epidemiology.
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A second limitation was that our model lacked a number of elements which would have made it
more realistic, for instance an age structure. Part of the reason for this is the lack of data on age-
structured TB contact patterns, although contact surveys that are non-specific to TB exist®. A
second reason is that the number of model equations required grows with 0(n?) for n the number
of compartments in the model. Hence, including age-structure, or other model compartments,
rapidly increases the complexity of the model. The consequence of this is that the model, as
currently structured, is not really suitable for applied research questions, but rather is suited to a
theoretical question as posed here. Another important facet of TB epidemiology in London that we
excluded is immigration. Whilst attempting to fit to incidence and prevalence of disease in the UK
born alone did not really improve the model fit, this approach ignores transmission from the non-UK
born to the UK born. Incorporating immigration in a more realistic fashion, in terms of inflows into
the model compartments may improve the ability of the model to match the data. It may also help
to stratify the infectious population in terms of infectiousness (i.e. smear positive and smear

negative), with the same caveat about the increase in complexity of the equation set.

Relation to other studies: As aforementioned, no previous studies have utilized a pairwise model of
M. tuberculosis transmission. Previous pairwise models have examined measles® and sexually
transmitted infections®® and have used SI, SIR or SEIR model structures. These simpler model
structures can greatly simplify the system of equations. Some of these studies have incorporated

additional complexity in the form of an age-structured model®!

and heterogeneity in the number of
contacts®, both of which could feasibly be incorporated into this model. Many of the previous
pairwise equation models have been used in theoretical contexts, and few attempt to fit their model
to real data, although the Keeling et al model predicts quite well the number of fade-outs (3 or more
consecutive weeks without infection) for measles epidemics in the UK, particularly for small

population sizes. Eames et al. parametrize their STI model using detailed data on pairs, but don’t

compare their results to real data.
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Previous M. tuberculosis transmission models have often been deterministic or individual based.
Compared to deterministic models, the pairwise model has the advantage of enabling the
examination of network features without sacrificing computational efficiency. However, a
deterministic model is simpler to understand and to parameterize, and the complexity of the
equation set is not as high. Individual based models have the advantage of directly incorporating
stochastic elements, and may be more intuitive to understand, compared to pairwise models.
However, they may be harder to set up and to interpret results, and would certainly be more
computationally expensive to run. In theory, pairwise models should be easier to parametrize'?,

although we encountered difficulties in this area.

As aforementioned, pairwise models are perhaps most suitable for STls, due to the availability of
data on network connections, and the fact that a pair forms the natural unit for transmission for
these diseases®’. However, a difficulty encountered when studying STls with a pairwise model is the
susceptible-infectious-susceptible dynamics these disease often exhibit!?°. Whilst moment closure
approximations for pairwise models of unclustered susceptible-infectious-recovered dynamics have
been shown to be exact, the situation for diseases which exhibit reinfection is complicated by local
build-up of correlations between disease states that are poorly accounted for in a pairwise model'?.
Tuberculosis, then, suffers from a double difficulty of being an airborne disease, which hence allows

chance transmission events between non-close contacts, and from exhibiting reinfection.

Interpretation of results: One of the difficulties we encountered when fitting the model were
accurately reproducing prevalence of disease, incidence of disease and prevalence of infection
simultaneously (Figure 13, Figure 14, Figure 16, Figure 17). In particular, the average values of the
rate of progression following recent infection, py, the pairwise effective contact rate, 7, and the
casual effective contact rate, 8 are higher when fitted to prevalence compared to incidence,
whereas the reactivation rate, p, is lower (Table 5). This implies that when we fit to prevalence,

more transmission occurs per capita and a greater proportion of cases are due to recent infection,
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whereas when we fit to incidence a greater proportion of cases are due to reactivation. Values of the
recovery rate, p, and the clustering proportion, ¢, were similar whether fitting to incidence or
prevalence, but the median recovery rate of around 0.17 cases per day in both cases, implying an
average duration of infectiousness of 6 days, is much too high. In London, people are typically ill with
TB for 3-4 months before they access care. The consequence of this is that, when we fit to
prevalence, the predicted incidence is too high (Figure 13), whereas when we fit to incidence the
prevalence is too low (Figure 14). In the former case, it may be that the greater amount of
transmission, and the subsequent high risk following recent infection, means that too many incident

cases are generated.

Whether fitting to incidence or prevalence, we saw more transmission from those with reactivation
disease, compared to those with disease following recent (re)infection, when t is higher and 8 is
lower. This seems to make sense: we need a high Swith a low T (and vice versa) in order to obtain
the required level of prevalence, but when 7 is lower, the saturation effect is lessened as a greater
proportion of transmissions are from random contacts. On the other hand, when 7 is higher, a
greater proportion of the transmissions are to close contacts, increasing the impact of the saturation
effect and increasing the relative number of transmissions generated by those with reactivation
disease. If we include reinfection when calculating the ratio, the number of parameter sets for which
the ratio is below one increases (Figure 21), perhaps because of the very high prevalence of infection
for many parameter sets (Figure 13, Figure 14) meaning that most pairs contain someone with latent

infection, irrespective of whether recent transmission has taken place.

Throughout the experiments we keep the protection provided by recent infection fixed. Varying this
may have an effect on the distributions of some of the other parameters (for instance, if more

people are reinfected, then the progression rate following recent (re)infection may be smaller), and
may also affect the prevalence of infection the model needs to fit to the incidence. This latter effect

may serve to reduce the ratio of infections generated by those with reactivation disease to those
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with disease following recent reinfection towards one, as contacts may be more likely to be infected

irrespective of how recently the index case was infected.

Further research: Our initial feasibility study suggests that it is possible to use a pairwise model to
study M. Th transmission, but that significant work is needed to improve the realism of the model.
One possible extension would be to incorporate immigration in the model. As transmission of M. Tb
in London is driven by cases amongst immigrants, with 81% of cases amongst the non-UK born in
20168, not including immigration is probably a major reason why our model struggles to match the
data. Whilst our rudimentary treatment of immigration, by fitting to the incidence of prevalence
amongst UK born only, did not affect the results qualitatively, this approach does not account for
transmission from non-UK born to the UK born. Good data exists in the UK on the prevalence of
latent infection amongst new migrants, so it should not be too difficult to incorporate an additional
inflow into the model to represent immigration. It may be more difficult to accurately allocate these
immigrants to pairs, although a simplification could be to allocate them to pairs in the same
proportion as the current distribution of pairs. Other possible extensions include heterogeneity in
the number of contacts and age structure®®3, Improved data to help us calculate either T or f might
help us to disentangle the relative importance of each of these terms, although we could also
separately calculate the amount of transmission generated by each term to get an insight into this.
Data to inform the number of pairs of each type in London (rather than just those involving an
infectious case) would likely improve parameterization of the model. Each of these additions should
make the model more realistic, and allow it to be used to answer questions of more direct policy-

relevance.
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Supplementary material - additional details on MCMC

The MCMC algorithm for both chains seemed to get stuck in a small region of parameter space and
did not effectively sample the whole space (Figures 29-30). The effective sample size of each
parameter peaked after burning the first 100 iterations for the first chain and 150 for the second

(Figure 31-32), so we burned this many iterations from the start of each chain.
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Figure 32: the effective sample size of the first chain after burning the number of elements shown on the x-axis at the
start of the chain.
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Figure 33: the effective sample size of the first chain after burning the number of elements shown on the x-axis at the
start of the chain.
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6. Discussion

6.1 Principal findings
The first paper of this thesis (chapter 2) determined that contact investigations in London were
doing a good job of identifying contacts of pulmonary TB cases, and evaluating those contacts: 91%
of pulmonary cases had at least one contact identified, and 86% of those identified were evaluated.
These figures compare favourably with prior results in London, and results from other locations. That
paper also showed that the proportion of evaluated contacts that are diagnosed with active TB or
LTBI was approximately five times lower for contacts of non-pulmonary, non-laryngeal cases than it
is for contacts of pulmonary cases. However, the proportion of contacts of non-pulmonary, non-
laryngeal cases with active disease (0.70%) is still higher than the prevalence of active disease in the
population (0.027%). In the second paper (chapter 3), | found that 20% of contacts with TB found
in contact investigations had a discordant isolate from their index case, suggesting they had
reactivation disease or were infected by another source. This finding, combined with the high
prevalence amongst contacts of ETB cases, suggests that there is a benefit to screening contacts,
irrespective of whether or not the index case is infectious, and led to my questioning the decision in
early 2016 to stop screening contacts of non-pulmonary, non-laryngeal cases. This in turn led to the
analysis presented in the third paper (chapter 4), which showed that, whilst it is true that contact
tracing of non-pulmonary, non-laryngeal cases reduces morbidity in contacts by about 2.6 years/year
and prevents 5.5 cases/year, this was insufficient to make screening these contacts cost-effective at

a £30000/QALY threshold. Hence, these results supported the changes to the NICE guidelines.

6.2 Strengths and limitations

This thesis addresses an area of great public health relevance, as contact tracing has been a core
element of tuberculosis care and prevention for many years, is practised in most of the countries of
the world?’, and is a key part of the national tuberculosis strategy in England®. A major strength is

that it answers questions relating to contact tracing using a range of methodologies, including
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statistical and economic analysis. A second strength is that it makes extensive use of the data
available in London on contact tracing, giving the results practical relevance. Thirdly, it proposes a
novel way to quantify the different impacts which contact tracing can have, by delineating the
overall impact into reduced morbidity in contacts, prevented cases due to preventive therapy,

reduced transmission from contacts, and reduced morbidity.

One limitation of this and many quantitative analyses is that it risks neglecting qualitative features
that are not easily quantified. In this case, this could mean the impact that contact tracing activities
might have on increasing awareness and reducing stigma of TB. A related issue for this study is our
necessary neglect of elements for which little data was available. An example of this is the potential
impact of visits to the home of index cases upon the engagement of contacts in the process, and the
subsequent effect this may have on the number of contacts evaluated and on contact tracing yield.
Whilst | included home visits as an explanatory variable in the first paper (chapter 2) this was done in
a rudimentary fashion as no individual level data was available on home visits. Similarly, HIV status

of cases was not available, and so was excluded from all analyses.

A difficulty encountered was the difficulty of obtaining a representative synthetic network on which
to model tuberculosis contact tracing. Due to the endemic and chronic nature of the disease,
tuberculosis dynamics evolve on a timescale which makes the changing household and community
demographics important. This is heightened in the UK context for which immigration plays a key role
in the dynamics. However, there is a lack of data on both the changing demographics of households
in London and on non-household contact patterns. | avoided this issue in paper 3 (chapter 4) by not
explicitly including a population-level transmission effect or a network structure. | examined

pairwise equations as a way to introduce a network structure in chapter 5.

The second paper (chapter 3) relied on using MIRU-VNTR sequencing methods to understand
transmission between index cases and contacts; it is possible that some cases were misattributed as

transmission due to the resolution of this typing method. The recent rollout of whole genome
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sequencing should improve the confidence in studies such as this one in the future. Both the second
and third papers (chapters 3-4) made extensive use of the self-reported date of symptom onset of
cases. Due to recall bias, it is likely that this underestimates the true length of time cases are
symptomatic for. Finally, our analyses rely heavily on data from London, which, whilst having the
aforementioned benefit of making results relevant to reality, also means that there are some
settings to which our results are not easily transferred. This is particularly true of papers one and
two (chapters 2-3), though the higher incidence of TB in London than other parts of the UK mean the
qualitative results of paper three (chapter 4) probably hold in lower-incidence parts of the country.
That is, it is probably not cost-effective to screen contacts of non-pulmonary, non-laryngeal cases
anywhere in the country. However, national level data on contact tracing outcomes would certainly

be useful for future research.

6.3 Relation to other studies and interpretation of results

The first paper (chapter 2) showed that contact tracing in London is being done well compared to

130131 and a previous London-based study>!, when measured by

that found in international studies
the proportion of pulmonary cases with at least one contact identified and the proportion of
identified contacts of pulmonary cases that are evaluated. The proportion of contacts of pulmonary
cases with active TB in London (2.6%) was higher than Birmingham?, another high incidence part of
the UK, and higher than that in other high-income countries (1.4%) according to a systematic
review!® (in fact yield in London was closer to the yield of low- and middle-income countries in that
review (3.1%)). The high yield in London could be due to the relatively high-prevalence of disease in
London compared with other high-income countries, or because cases in London are infectious for
longer on average than other high-income places (as they would then infect more of their contacts).
Additionally, the second paper (chapter 3) showed that the proportion of contacts in London who

have an isolate indistinguishable from their index cases’ (80%) was higher than figures seen in the

US™o1 (70-71%), and higher than those in a study which calculated a similar figure for the whole of



198

the UK?” (75%). So, in London, it seems that contact investigations find that a greater proportion of
contacts have disease, and that for a greater proportion of those with TB, either transmission has
occurred between case and contact, or case and contact share a common source. This may seem to
imply that more transmission is occurring from index cases to their household contacts in London, as
if the higher yield was solely due to the higher background prevalence, we would expect the
proportion of pairs with matching isolates to be lower than other high-income countries, which does
not appear to be the case. Cases may be transmitting to a greater number of their contacts if they
are infectious for longer on average, or there is a greater proportion of smear positive cases, than in
other high-income countries. | calculated the first of these figures, the mean symptomatic period in
London in the third paper (chapter 4), and found that on average pulmonary cases in London are
symptomatic for 110 days, as measured by self-reported date of symptom onset. Comparing this to a
systematic review of diagnostic delay for tuberculosis'®*? supports the hypothesis that index cases in
London may be infectious for longer than in other high-incidence regions, as the London figure is
higher than that found in the majority of studies in the review, and higher than all other high-income

countries included.

In the first paper (chapter 2), | found that the prevalence of TB amongst contacts of non-pulmonary,
non-laryngeal cases (0.70%) was high relative to the population prevalence in London** (0.027%),
whilst paper two (chapter 3) showed that for 20% of contacts with TB no transmission had occurred.
These observations led to the hypothesis that it may be worthwhile screening contacts of non-
pulmonary, non-laryngeal cases, but this was refuted in the third paper (chapter 4), which showed
that screening these contacts was probably not cost-effective. These cost-effectiveness estimates
contained a large amount of uncertainty, but the result for non-pulmonary, non-laryngeal cases was
clear in spite of this. The uncertainty did mean that | could not say anything very conclusive about
the effectiveness of screening pulmonary or laryngeal cases. This uncertainty was largely driven by
uncertainty in the estimates of the symptomatic period of non-pulmonary, non-laryngeal cases

found through contact tracing.
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All three papers (chapters 2-4) highlighted in different ways those TB cases with social risk factors (a
history of imprisonment, homelessness, or drug or alcohol problems). The first paper (chapter 2)
showed that former prisoners were more likely to have no contacts identified; the second paper
(chapter 3) showed that 100% of case-contact pairs with a social risk factor had a likely transmission
event, implying that more transmission is occurring between close contacts in this group than other
groups; and the third paper (chapter 4) showed that when transmission from contacts is high, as
may occur in a homeless shelter, or when the yield of non-pulmonary cases is high, as is the case for
those with social risk factors in London, screening contacts of non-pulmonary cases may be
worthwhile. Taken together, these things highlight the importance of additional screening beyond
contact investigations in this group. In London, this is provided in part by the Find and Treat service,

which effectively finds and treats those in the homeless population®®.

6.4 Further research and data requirements
In order to continue to monitor and to deepen our understanding of contact tracing in the United
Kingdom, it is essential that the type of data available in London is collected and made available to
researchers at a national level. It would also be extremely desirable to have some additional fields,
whilst obviously bearing in mind that a larger number of fields may lead to poorer data completion.
In particular, data on home visits and HIV status, improved linkage between cases and contacts (i.e.
records for contacts found to have TB are accurately and consistently linked to their index case), and
more data on those contacts identified but who don’t have TB. In this latter case, only whether
contacts are children or adults is recorded currently, unless they are found to have TB. Improving
data on contacts, and/or improving linkage between contacts would enable an improved
understanding of the transmission networks in London. This may also be complemented by whole-
genome sequencing, which will be available nationwide in the coming years. If more data on home
visits were available, it would be very useful to understand the potential for this intervention to

increase the number of contacts identified and contact tracing yields.
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The first paper (chapter 2) in this thesis quantified the indicators which are being used to monitor
contact investigations in London. However, it did not look at whether these indicators correlated
well with more fundamental goals, such as reduced transmission, and ultimately, perhaps, reduced
incidence. Once a longer time-series of these, and other, indicators are available, it would be

interesting to understand which ones best predict the desired population level outcomes.

Research to understand how better to engage with certain underserved groups would be of interest.
In particular, whilst those with a history of homelessness are currently served by the Find and Treat
service, results in this thesis also highlight that those with a prison history are not well-served by
contact tracing. Research, which may be qualitative in nature, to understand why this group has
poorer outcomes even after controlling for other social risk factors, and how better to engage with
them, would have a positive public health impact. Qualitative research to understand some other

aspects of contact tracing, such as addressing stigma, would also help.

This thesis has focussed almost exclusively on household contact investigations. However, there is a
lack of understanding of the extent to which transmission in London, or the UK, is driven by
household transmission or by community transmission. Whilst studies in high-income settings
suggest that household contacts are significantly more likely to be infected than community
contacts, these studies are from 1952 or earlier'*3, and much has changed in the meantime,
including the wide-spread availability of drugs and the influence of immigration on transmission.
Research to understand where transmission takes place, could provide an upper limit on the
effectiveness of contact tracing, and perhaps point the way for other screening interventions. We
should also try to understand how the different types of screening currently in place in the UK
(contact, pre-entry, find and treat) impact upon each other. For instance, pre-entry screening may

mean that contact tracing becomes more focussed on the UK-born population in years to come.

Whilst | addressed one change to the NICE guidelines in paper three (chapter 4), that of whose

contacts to screen, another change remains unaddressed: that of increasing the age-limit below
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which people are offered LTBI therapy to 65 years. Research is needed to quantify how this will

affect the number of cases prevented and rates of side-effects such as hepatotoxicity.

Finally, as discussed in the previous section, long diagnostic delays have a potential impact on the
yield of contact investigations in the UK, as well as on the morbidity of cases. Uncertainty in
diagnostic delays also causes much of the uncertainty in our estimates of cost-effectiveness in paper
three (chapter 4). However, the estimation of diagnostic delay often relies upon the duration of the
self-reported symptomatic period, which is likely to be underestimated due to recall bias.
Development of a better methodology for estimating diagnostic delay would help greatly, perhaps
by using the ratio of prevalence to incidence in the population. This in turn would require an
improved estimate of prevalence in London, as the best current estimate dates from 2006 and uses
a small sample. If a more robust analysis still shows that diagnostic delays in London or the UK are
longer than average, then research to understand the reasons for the long delays, and how to

improve them, would be very helpful.

6.5 Conclusions

Contact tracing is a key part of tuberculosis control in London and the UK, and effectively identifies
and evaluates contacts of pulmonary cases in London, compared with past performance. It will be
interesting, as the England TB strategy reaches the end of its implementation period in 2020, to
compare progress to the indicator values presented here. However, while it appears to be cost-
effective for contacts of pulmonary TB cases, my results suggest it is not so for non-pulmonary cases,

supporting changes to NICE guidance.
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