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1 PROLOGUE

In the meeting held on July 20, 2023, the Dr. sc. hum Doctoral Committee approved the
submission of this publication-based cumulative dissertation. The results of this dissertation
have already been published in three peer-reviewed articles. The first two publications are
full-articles and | led study conception, design, setup, data collection, data processing and
formal analysis. The third publication is a health policy review and guidance paper where | did
the conception and literature research. For all three papers | wrote the first draft of the
manuscripts and revised the manuscripts following co-author and peer review. Below is a
detailed declaration of my contribution to the publications of this cumulative dissertation. The
three publications of this publication-based dissertation are available in Chapter 3. A
complete list of all my publications can be found in Chapter 8 - Personal publications and
includes 18 first/senior author and 20 other publications. As of May 2024, my h-index is 21.

1.1 List of first-author publications relevant to the doctoral topic

15t Publication Form of Publication:

Broger, T., Nicol, M. P,, Sigal, G. B., Gotuzzo, E.,
Zimmer, A. )., Surtie, S., Caceres-

Original full-article, peer-reviewed, | am

first-named  shared first  author

Nakiche, T., Mantsoki, A., Reipold, E. I.,
Székely, R., Tsionsky, M., van Heerden, J.,
Plisova, T., Chikamatsu, K., Lowary, T. L.,
Pinter, A., Mitarai, S., Moreau, E.,
Schumacher, S. G., Denkinger, C. M.,
(2020). Diagnostic accuracy of 3 urine
lipoarabinomannan tuberculosis assays
in HIV-negative outpatients. Journal of
Clinical Investigation 130 (11), 5756-
5764, doi: 10.1172/JCI140461.

(justification below), the Journal of
Clinical Investigation is the number 2 of
139 journals in the area of Medicine,
Research and Experimental, with an
Impact Factor of 19.5 (2021 Journal
Citation Report, Clarivate)

Justification  for  shared  co-first
authorship: For the following reasons, |
propose that the shared first authorship
be considered equivalent to sole first
authorship: This is a large international
clinical multicentre study, where it is
common to list the partner from the
most important clinical centre (Prof. Dr.
Mark Nicol from the University of Cape
Town) as co-first author. | am listed in
the first position, led the consortium,
and had the conceptual and operational
lead in the study and during the testing

of the clinical samples.
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2" publication

Broger, T., Koeppel, L., Huerga, H., Miller, P.,
Gupta-Wright, A., Blang, F. X., Esmail, A.,
Reeve, B. W. P, Floridia, M., Kerkhoff, A.
D., Ciccacci, F., Kasaro, M. P., Thit, S. S.,
Bastard, M., Ferlazzo, G., Yoon, C., Van
Hoving, D. J., Sossen, B., Garcia, J. |,
Cummings, M. J., Wake, R. M., Hanson,
J., Cattamanchi, A., Meintjes, G.,
Maartens, G., Wood, R., Theron, G,,
Dheda, K., Olaru, I. D., Denkinger, C. M.
and Consortium. (2023). Diagnostic yield
of urine lipoarabinomannan and
sputum tuberculosis tests in people
living with HIV: a systematic review and
meta-analysis of individual participant
data. Lancet Glob Health 11 (6), e903-
€916, doi: 10.1016/52214-
109X(23)00135-3.

Form of Publication:

Original full-article, peer-reviewed,
Individual participant data (IPD) meta-
analysis, dataset with 10202
participants analysed with a Bayesian
Model; | am first author; the Lancet Glob
Health is the number 2 of 182 journalsin
the area of Public, Environmental &
Occupational Health, with an Impact
Factor of 38.9 (2021 Journal Citation
Report, Clarivate)

3rd pyblication

Broger, T., Marx, F. M., Theron, G., Marais, B. J.,
Nicol, M. P., Kerkhoff, A. D.,
Nathavitharana, R., Huerga, H., Gupta-
Wright, A., Kohli, M., Nichols, B. E.,
Muyoyeta, M., Meintjes, G., Ruhwald,
M., Peeling, R. W., Pant Pai, N., Pollock,
N. R., Pai, M., Cattamanchi, A., Dowdy,
D. W,, Dewan, P. and Denkinger, C. M.
(2024). Diagnostic yield as an important
metric for the evaluation of novel
tuberculosis tests — rationale and
guidance for future research. Lancet
Glob Health (accepted).

Form of Publication:

Health policy review and guidance
paper. | am the first author, the Lancet
Glob Health is the number 2 of 182
journals in the area of Public,
Environmental & Occupational Health,
with an Impact Factor of 38.9 (2021
Journal Citation Report, Clarivate)
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1.2 Declaration of personal contribution to the publications

Procedure 15t Publication 2" Publication 34 publication
Conception (%) 80%* 90% 90%
Literature research (%) 90% 75% 90%

Ethics request (%) 30%* 95% Not relevant

(Animal experimentation
permit) (%)

Not relevant

Not relevant

Not relevant

Experimental setup (%) 50%* Not relevant Not relevant

Data collection (%) 50%* 75% Not relevant

Data evaluation (%) 90% 75% Not relevant

Interpretation of results (%) | 90% 90% Not relevant

Writing of the manuscript | 90% 90% 90%

text (%)

Review and revision (%) 90% 90% 90%

Specify which | Graphical Abstract Figure 1 Figure 1

illustrations/tables  result | Figure 1 Figure 2 Panel 1

from your doctoral thesis Figure 2 Figure 3 Figure 2
Figure 3 Table 1 Figure 3
Figure 4 Table 2 Panel 2
Table 1 Box 1 Table 1
Table 2 Appendix Table 2
Appendix
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15t Publication*

2" publication

3rd pyblication

Contributions are described
as follows in the original
publication

TB, EIR, SGS, and CMD designed and
oversaw the study. MPN, EG, SS, JVH,
and TCN coordinated the individual
study sites in South Africa and Peru.
TB, GBS, MT, TP, TLL, AP, and EM
contributed to EcILAM assay and
reagent development. KC, RS, and
SM coordinated measurement of
AlereLAM and FujiLAM. AM and RS
coordinated data collection and
management. TB did the statistical
analysis and TB and AJZ wrote the
first manuscript draft. All authors
contributed to interpretation of data
and editing of the article and
approved the final version of the
manuscript. Authorship, including
the order of co—first authors, was
based on International Committee of
Medical Journal Editors criteria.

TB designed the study and protocol
and wrote the statistical analysis
plan with assistance from LK, IDO,
and CMD. CMD supervised the
study. TB and IDO did the systematic
review. HH, AG-W, AE, BWPR, MF,
ADK, FC, MPK, JH, CY, DJVH, BS, JIG,
MJC, RMW, and KD contributed data
to the meta-analysis. TB and IDO
merged and harmonised the IPD. TB,
IDO, LK, and PM accessed the IPD
and verified the data. LK and PM
came up with the statistical method
and analysed the data with
assistance from TB, IDO, and CMD.
TB, IDO, LK, and CMD wrote the first
draft of the manuscript. All authors
contributed to the interpretation of
data and editing of the article and
approved the final version of the
manuscript. TB, IDO, LK, PM, and
CMD had full access to all the data in
the study, and all authors had final
responsibility for the decision to
submit for publication.

TB and CMD wrote the first draft and
all other authors contributed text,
revised, commented and approved
the final version of the manuscript.
Authorship, including the order of
authors was based on contribution
and ICMJE criteria.

*The first publication is the result of a large, international, multi-centre clinical study. Parts of the work (i.e., conception, assay development, patient
enrolment) began prior to the official start of the dissertation in March 2020 and were part of my long-term Tuberculosis research. The affiliation
for all three publications is the University Hospital Heidelberg.
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2 INTRODUCTION

2.1 The Tuberculosis pandemic

Tuberculosis (TB) caused 1.3 million deaths in 2022 and is the second leading infectious killer
after COVID-19 as well as the 13t leading cause of death globally, despite being a preventable
and curable disease (Vos et al. 2020; World Health Organization 2023a). Global targets for TB
reduction have either been missed or remain off track, and if the SDG 2030 TB target are not
achieved, an estimated 31.8 million TB deaths will likely occur from 2020 to 2050,
corresponding to an economic loss of 17.5 trillion US Dollars (Silva et al. 2021).

2.2 The Tuberculosis diagnostic gap

A significant concern is the substantial number of people estimated to have TB who are
currently not diagnosed or reported (Ismail et al. 2023). Of the estimated 10.6 million people
who fell ill with TB in 2022 (incident cases), only 7.5 million were diagnosed, leaving a “TB
diagnostic gap” of 3.1 million (29%) (World Health Organization 2023a). As shown in Figure 1,
the COVID-19 pandemic has reversed years of progress made in the fight against TB and
continues to have a damaging impact on access to TB services.

15
COoVID-19
Total incident TB cases impact
2 - -
210 7'y TB diagnostic gap .
-4 2.9 I4_2 kX1 m Challanges and complications:
c ¥ * Most tests rely on sputum but
2 __7_/—/\_/ many people can not provide it
E 5 Case notifications of people * No simple, non-sputum, affordable,
newly diagnosed with TB point-of-care biomarker test
» Low diagnostic yield
« Low effective population coverage
0 « Insufficient funding
2010 2012 2014 2016 2018 2020 2022
Year

Figure 1: The TB diagnostic gap

The TB diagnostic gap is specified in millions of incident TB cases that were not diagnosed.
Figure adapted from World Health Organization (2023a). TB=Tuberculosis. HIV=Human
Immunodeficiency Virus.

Although the recent increase in case notification provides some hopeful evidence of a
recovery in access to and provision of health services, COVID-19-related disruptions are
estimated to have caused almost half a million excess deaths from TB in the three years from
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2020-2022. The rebound of TB case notifications to beyond pre-COVID levels probably reflects
diagnosis of both a sizeable backlog of people who developed TB in previous years but whose
diagnosis was delayed due to COVID-19-related disruptions as well as an increase in the
number of people falling ill with TB due to increased transmission (World Health Organization
2023a). There is an urgent need to increase bacteriological confirmation of TB by scaling up
diagnosis. In 2022, only 47% (3.5 of the 7.5 million) of those newly diagnosed with TB used a
WHO-recommended rapid diagnostic tests (WRDs). The use of WRDs remains far too limited
due to the challenges and complications with sputum-based tests, low diagnostic yields,
absence of effective diagnostic population coverage and insufficient funding.

2.3 Tuberculosis diagnostic challenges and complications

In 2014, the World Health Organization (WHO) called for the development of a “rapid
biomarker-based non-sputum test capable of detecting all forms of TB by identifying
characteristic biomarkers” and published a target product profile (TPP, (Denkinger et al. 2015;
World Health Organization 2014)). Table 1 compares the TPP to currently available, frequently
used and WHO-recommended TB tests and their fulfilment of the ASSURED (affordable,
sensitive, specific, user-friendly, rapid, equipment-free, delivered to end-users) criteria.
Mycobacterial culture is considered the reference standard but requires biosafety level 3
infrastructure that is typically only available in tertiary hospitals. Furthermore, culture takes 4
to 8 weeks until a diagnosis is available. Sputum smear microscopy (SSM) — a more than 100-
year-old method — today only slightly improved with fluorescent dyes, remains the most
widely used TB test in high-burden TB countries despite the well-known sensitivity limitations
(Kik et al. 2014). Xpert MTB/RIF (Xpert, Cepheid, Sunnyvale, USA), a nucleic acid amplification
test (NAAT), was the first WHO-recommended rapid diagnostic (WRD), endorsed in 2010, and
revolutionised the diagnosis of TB (Ismail et al. 2023; World Health Organization 2020).
Recently updated to the more sensitive Xpert MTB/RIF Ultra (Xpert Ultra), Xpert is a cartridge
based NAAT for simultaneous rapid tuberculosis diagnosis and rapid antibiotic sensitivity
testing to rifampicin, one of the most potent drugs for treating TB (Boehme et al. 2010;
Dorman et al. 2018). This sputum-based test is simple to perform and produces results in
approximately 90 minutes. Over the past decade, WHO has endorsed several similar
molecular WRDs, including products suited to different contexts (Table 1, (World Health
Organization 2020)). Culture, smear microscopy, and NAATs all use sputum which many
people have difficulties to produce. Further, sputum is difficult to process; it is a heterogenous
and usually viscous sample, all of which complicates the aforementioned diagnostic tests and
therefore makes them expensive. The only non-sputum based test that received a WHO
recommendation is the Alere Determine TB LAM Ag (AlereLAM, Abbott, Chicago, USA) based
on the detection of mycobacterial lipoarabinomannan (LAM) antigen in urine (World Health
Organization 2019). As further described in subsequent sections, the AlereLAM Lateral Flow
Immunoassay (LFIA) is user-friendly, rapid, low-cost, and instrument free but has suboptimal
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sensitivity which has limited its use to PLHIV where sensitivity and utility is highest (Bjerrum
et al. 2019).

In summary, all these tests have major limitations and do not meet the minimum
requirements of the WHO TPP, since they are either inaccurate, complex, expensive, based on
sputum, or slow — and therefore inaccessible for many patients (Denkinger et al. 2015). As a
result, only 47% of TB patients were tested with a WRD as an initial test in 2022 (Ismail et al.
2023; World Health Organization 2023a). To close the TB diagnostic gap, there is an urgent
need to upscale WRDs as well as novel tests that come close to the WHO TPP.

The work presented herein investigates the relationship between clinical LAM concentration,
test accuracy, and diagnostic yield and determines whether upscaling of the AlereLAM and
development of an improved point-of-care LAM test could help find the “missing millions” of
people with TB. Beyond that, this dissertation gives a comprehensive status update on
15 areas of research and development that have been pursued as part of the LAM
development strategy that | defined in 2015 and further refined after a BMGF meeting with
key experts in January 2016 in Seattle (USA) (Unpublished).
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Table 1: Currently available and frequently used TB tests

A S S V) R E D
Test Principle Healthcare Specimen WHO c o
> 7 o g o6
(Product names) system recom- =Y b4 v © 2 3 =
o s h-] DY Fed - E. o <
level mended 3 2, 2 x > 38 &0
o = S o s n3 v o
s 5§ & e &8
m = = v o
Solid and Liquid Culture Mycobacterial growth L3 Sputum no no yes yes no no no no
(BD MGIT) detection followed by
speciation.
Sputum Smear Microscopy (SSM) LED fluorescence L1, L2, L3 Sputum no yes no yes no no no yes
microscopy after
Auramine O staining
Nucleic Acid Amplification Tests (NAATSs) DNA detection with L2, L3 Sputum yes no yes yes yes no no no
(Xpert MTB/RIF Ultra, Truenat, TB-LAMP, nucleic acid
Abbott Realtime MTB, BD MAX MDR-TB, amplification
Cobas MTB, FluoroType MTB)
Lipoarabinomannan Lateral Flow Detection of Lo, L1, L2, L3 Urine yes yes no no yes yes yes no
Immunoassay (LFIA) Lipoarabinomannan
(Alere Determine TB LAM) antigen
Target Product Profile (TPP) L1, L2, L3 Non- <$6 >65% >98%  vyes <1 yes yes
Minimal Requirement sputum hour

Test criteria that meet the TPP requirements (specified at the bottom row in the table) are highlighted in green and those highlighted in red do not
meet the criteria. For healthcare system levels, LO = local community health post or care by local healthcare worker, L1 = microscopy centre or primary
healthcare centre, L2 = district hospital or community health centre, L3 = reference or tertiary hospital or laboratory. Target product profile minimal
requirements are based on Denkinger et al. (2015) and World Health Organization (2014). WHO recommended tests are based on World Health
Organization (2020). ASSURED criteria are based on Mabey et al. (2004). LED= Light-emitting diode. DNA= Deoxyribonucleic acid. WHO=World

Health Organization.

Introduction - Page 12




2.4 Lipoarabinomannan — a highly promising biomarker with potential to meet the target
product profile

For a test to meet the TPP, it would need to be able to diagnose active TB and have a high
specificity in order to allow initiation of antibiotic treatment at the same clinical encounter or
on the same day (World Health Organization 2014). Such a point-of-care (POC) test would
reduce diagnostic delays, help minimize TB transmission with appropriate therapy, address
many of the current gaps in global TB control and ultimately decrease the TB diagnostic gap
(Figure 1). To meet the TPP, a biomarker test would ideally be instrument free or feasible with
limited instrumentation and would utilize easily accessible samples, such as blood, urine,
saliva, swab, or exhaled breath (Bulterys et al. 2019). Non-DNA-based biomarker tests are
more likely to meet the operational and cost targets of the TPP due to the availability of low-
cost detection methodologies (such as LFIAs) compared to DNA-based tests. Therefore, TB
biomarker research is an area of high activity, but its translational impact thus far has been
limited. In 2019 (prior to this doctoral thesis), | co-led a large systematic review of biomarkers
to detect active TB to identify the most promising lead candidates (MacLean et al. 2019). It
included screening of 7631 reports and data extraction from 443 publications that fulfilled the
inclusion criteria. Reports included host markers (blood cells or haematological markers, RNA,
cytokines or chemokines, and antibodies) as well as pathogen markers (mycobacterial
antigens, volatile organic compounds, pathogen RNA, M. tuberculosis metabolites and mycolic
acids). LAM, a pathogen antigen, was the biomarker with the strongest high-quality evidence
in the review. However, the review confirmed the already well-documented low sensitivity of
urinary LAM (uLAM) detection methods in general non-HIV patient populations. The review
concluded that “promising early-stage LAM studies suggest that LAM is present in general TB
populations, including HIV-negative patients” but that the clinical performance of existing
assays is hampered by their limited ability to detect sub-nanomolar ranges of LAM so that
patients with low analyte concentrations are missed (MacLean et al. 2019). | proposed the
development of better high-affinity antibodies which are essential for improved LFIAs,
establishment of clinical concentrations ranges of LAM in non-sputum samples (i.e. urine), and
investment in the development of point-of-care platforms able to detect LAM at
concentrations of less than 10 pM (MacLean et al. 2019).

2.5 Urine Lipoarabinomannan antigen in active TB disease
2.5.1 Lipoarabinomannan

A detailed understanding of the LAM antigen was and remains essential to develop better
antibodies and ultimately better performing tests. LAM has many attractive features as a
biomarker — it is bacterially derived, highly-abundant in the cell wall of Mycobacterium
tuberculosis (Mtb), representing up to 15% of the bacterial mass, immunogenic, small enough
to be filtered across the glomerular basement membrane into urine, and potentially has TB-
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specific epitopes (Correia-Neves et al. 2019). These characteristics have helped inspire a
quarter of a century of research on LAM’s diagnostic potential. Despite these efforts, and
those of basic scientists working to understand the structure and function of the glycolipid,
many unanswered questions remain.

It is known that LAM is present in measurable quantities in the sputum, serum, and urine of
different subgroups of TB patients (Brock et al. 2020; Broger et al. 2019b; Kawasaki et al. 2019;
Sigal et al. 2018). Both HIV co-infected individuals who are severely immunocompromised and
those with disseminated TB are particularly likely to have detectable levels of LAM in urine
(Gupta-Wright et al. 2016). While the utility of LAM-based non-invasive diagnostics is
especially welcome for this HIV population with a high-risk of TB-related morbidity and
mortality, restriction of LAM testing to these populations limits the potential impact on
transmission interruption and disease control in general populations. Therefore, what was not
clear in 2016 is whether LAM’s potential as a TB biomarker can be extended to the general
symptomatic population with better reagents, detection platforms, or specimen processing.

Lipoarabinomannan (LAM) is a temperature-stable bacterial lipopolysaccharide produced by
actinomycetes. Different forms of LAM and its precursors, lipomannan and the
phosphatidylinositol mannosides (PIMs), are found in all mycobacterial species and are the
most potent, non-peptidic molecules to modulate the host immune response (Besra and
Brennan 1997). LAM is a major component of Mtb’s cell wall with multiple lipid-based
molecules that create the bacteria’s thick ‘waxy’ surface (Bulterys et al. 2019). The antigen is
interspersed in the mycobacterial cell wall, firmly but non-covalently attached to the plasma
membrane, and extends to the exterior of the cell wall, where it interacts as a potent virulence
factor that modulates the host immune response and plays an important role in the
pathogenesis of Mtb infection (Briken et al. 2004). The exact structure of in vivo LAM is
unclear. In vitro LAM is heterogeneous in size, branching pattern, acylation, and
phosphorylation on the arabinan and mannan portions with a peak molecular weight of
17.4 kDa and a reported size distribution of 6 kDa (Venisse et al. 1993).

LAM molecules have three structural domains (Figure 2): (i) the glycophospholipid anchor
binds the molecule non-covalently to the plasma membrane, (ii) the attached mannan core is
highly conserved across mycobacterial species, and (iii) the variable branching arabinan side
chains with its variable mannose capping give rise to the diversity of LAM molecules (Lawn
2012). LAM can be classified into three major structural families according to the capping
motifs (Guerardel et al. 2002):

a) ManLAM family (Figure 2A): The arabinan termini in the pathogenic, slow-growing
strains (Mycobacterium tuberculosis, Mycobacterium leprae,
Mycobacterium avium, and Mycobacterium kansasii) are modified with a single
Manp, a dimannoside or a trimannoside.

b) PILAM family (Figure 2B) In the fast-growing, less pathogenic species (e.g.
Mycobacterium smegmatis, Mycobacterium fortuitum), branches of the terminal
arabinan are terminated by phospho-myo-inositol caps.
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c) AralLAM family (not shown in Figure 2): LAM molecules devoid of both the manno-
oligosaccharide and inositol phosphate caps have been identified in
Mycobacterium chelonae.

(A) Mycobacterium tuberculosis ManLAM | (B) Mycobacterium smegmatis PILAM
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Figure 2: Lipoarabinomannan structure

(A) ManLAM as commonly found in Mtb and other pathogenic slow-growing mycobacteria
with mannose caps. (B) PILAM as commonly found in rapid growing mycobacteria such as M.
smegmatis with phospho-myo-inositol caps. (C) Representation of the nonreducing termini of
Mtb ManLAM with two a-(1 -2)-Manp-linked residues giving rise to mannosylated LAM
(ManLAM) further substituted with an a-(1->4)-linked methylthio-D-xylose (MTX) residue.
Figure adapted from Angala et al. (2017); Fraaij et al. (2011); and Stalford et al. (2009).

AralAM and PILAM have a strong proinflammatory effect within the human host whereas
ManLAM molecules have potent anti-inflammatory properties (Lawn 2012). The proportion
of LAM non-reducing termini capped with mannose varies among different species of slow-
growing mycobacteria and among strains of Mtb, with fully virulent Mtb laboratory strains
having up to 70% of mannose capping. Some of these are further modified by a single 5-
methylthioxylofuranose (MTX) residue (Figure 2A with a detailed structure in Figure 2C) that
played an essential role in my development of improved TB diagnostic tests, as will be
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described below (Afonso-Barroso et al. 2013; Angala et al. 2017; Joe et al. 2006). Even within
one species or strain, the degree of mannose capping may vary with growth conditions.
Differences in mannose cap numbers between laboratory strains and clinical isolates are likely
to affect ManLAM-associated biological functions and, particularly, their binding to C-type
lectins (Nigou et al. 2003). In vitro ManLAM is predominantly associated with downregulation
of host immunity through a number of pathways including suppression of Mtb-induced
apoptosis (Rojas et al. 1997; Rojas et al. 2000), interleukin 12 secretion (Knutson et al. 1998),
phagolysosomal fusion in macrophages (Fratti et al. 2001; Maruvada et al. 2004), maturation
of dendritic cells (Geijtenbeek et al. 2002) and expansion of regulatory T cells (Garg et al.
2008). Unlike its structural analogues in avirulent mycobacteria, ManLAM is thought to
contribute to the pathogenicity of virulent mycobacteria by undermining a protective host
response and evading host immunity (Kallenius et al. 2015; Sarkar et al. 2014; Torrelles et al.
2006). There is conflicting data about the contribution of mannose caps to mycobacterial
virulence in vivo (Afonso-Barroso et al. 2013). While Pan and colleagues (2014) showed that
aptamers binding ManLAM resulted in an inhibition of virulent Mtb infection in mice and
rhesus monkeys, Afonso-Barroso et al. (2013) found that mutant BCG and Mtb strains lacking
mannose caps showed similar growth in macrophages as wild type strains and did not show
reduced virulence in experimentally infected mice. These data are not necessarily
contradictory since virulence of Mtb might not be solely attributable to ManLAM
immunomodulatory effects (Vergne et al. 2014). A comprehensive summary of the current
knowledge on LAM structure and its ability to manipulate the endocytic pathway as well as
phagocyte functions is given elsewhere (Vergne et al. 2014).

As replicating Mtb degrades, LAM circulating in the blood is filtered across the glomerular
basement membrane of the kidneys and into urine, which lays the basis for LAM-based TB
diagnosis (Bulterys et al. 2019). The presence of LAM in urine can also be a result of renal Mtb
infection, as has been shown in autopsy studies (Cox et al. 2015).

2.5.2 First generation LAM tests

Urine LAM (uLAM) has been explored as a diagnostic biomarker for TB since 1997 (Hamasur
et al. 2001). In 2003, Chemogen Inc. (Maine, USA) developed a urine ELISA for LAM detection,
which was later commercialized by Inverness Inc. as the Clearview® TB ELISA assay (Lawn
2012). In 2010, Inverness became Alere and developed the first rapid POC LAM test: the Alere
Determine TB LAM (AlereLAM) LFIA. In 2017, Alere was acquired by Abbott Diagnostics (Lake
Bluff, USA). Based on the high observed agreement between the two assays, the AlereLAM
test very likely uses the same polyclonal antibodies as its predecessor, the Clearview ELISA,
(Lawn et al. 2012a).

AlereLAM meets most characteristics of the WHO TPP (affordable, user-friendly, rapid,
equipment-free) for a biomarker-based, non-sputum TB test, but falls short on test accuracy,
particularly in general populations without HIV infection (Table 1) (Bulterys et al. 2019). In a
2019 meta-analysis by Bjerrum et al. 2019 on HIV-positive patients, researchers compared
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pooled sensitivity and specificity against a microbiological reference standard (MRS), defined
as a positive TB culture or TB nucleic acid amplification test (NAAT). When compared against
the MRS, pooled sensitivity and specificity were 42% (95% Cl: 31-55%) and 91% (95% Cl: 85—
95%), respectively (Bjerrum et al. 2019). Among symptomatic participants with CD4 counts
>200 cells/uL, pooled sensitivity and specificity were 16% (95% Cl: 8—31%) and 94% (95% Cl:
81-97%), respectively (Bjerrum et al. 2019). Among symptomatic participants with CD4 counts
<200 cells/uL, pooled sensitivity and specificity were 45% (95% Cl: 31-61%) and 89% (95% Cl:
77-94%), respectively (Bjerrum et al. 2019). Among children, data were limited and ranged
from 42 to 56% for sensitivity and 80 to 95% for specificity (Bjerrum et al. 2019). Based on this,
the WHO updated the guidelines for use of AlereLAM in 2019 and currently recommends its
use to assist in the diagnosis of active TB in PLHIV with symptoms of TB, those with advanced
HIV diseases, those who are seriously ill, in inpatients with CD4 count <200 cells/pL
irrespective of TB symptoms, and in outpatients with CD4 count <100 cells/uL (World Health
Organization 2019). Despite WHO's recommendation and evidence from randomized
controlled trials (RCTs) that the use of AlereLAM for TB diagnosis in PLHIV reduces
tuberculosis-related mortality (Gupta-Wright et al. 2018; Peter et al. 2016), adoption and
uptake of the test have been slow (Kraef et al. 2022; Singhroy et al. 2020).

2.5.3 Next-generation LAM tests

Between 2015 and 2019, when | was Senior Technical Officer at the Foundation for Innovative
New Diagnostics (FINDDx, Geneva, Switzerland), and as part of the aforementioned LAM
strategy, | led the development programme of the next-generation Fujifilm Silvamp TB LAM
test (FujiLAM, Fujifilm, Tokyo, Japan). FujiLAM employs two high affinity monoclonal antibody
pairs directed towards largely Mtb-specific LAM epitopes (i.e. MTX-Man2 and MTX-Man3,
Figure 2C) and is an instrument-free POC test, with results available in less than one hour
(Broger et al. 2019a). It uses a silver-amplification step that increases the visibility of the test
and control lines, which facilitates an approximately 30 times lower cut-off than that of
AlereLAM which uses conventional LFIA technology (Mitamura et al. 2013). In an individual
participant data meta-analysis of the diagnostic accuracy of FujiLAM and AlereLAM in 1595
adult PLHIV, | showed that overall sensitivity for TB detection was 70.7% (Cl 59.0%—80.8%) for
FujiLAM compared to 34.9% (Cl 19.5%-50.9%) for AlereLAM against a microbiological
reference standard (MRS) (Broger et al. 2020c). Using the MRS, the specificity of FujiLAM was
90.9% (Cl 87.2%—-93.7%), and that of AlereLAM was 95.3% (95% Cl 92.2%—-97.7%).

2.6 Overarching research question for this dissertation: Is LAM a suitable biomarker for TB
diagnosis in general populations?

In 2015, while working at the Foundation for Innovative New Diagnostics (FINDdx, Geneva,
Switzerland) and with guidance from Prof. Dr. med. Claudia M. Denkinger (supervisor of this
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thesis), Dr. Mark D. Perkins (Co-founder of FINDdx), and Dr. Jennifer L. Gardiner (former
BMGF, responsible for TB biomarkers), | developed a systematic strategy towards answering
the overarching question:

Is LAM a suitable biomarker for TB diagnosis in general populations?

This research strategy lays at the foundation of this thesis. To answer it, | embarked on a
research programme to advance the LAM biomarker field towards a more sensitive, next
generation of LAM tests by building on the existing AlereLAM assay. Studies clearly showed
that a key reason for AlereLAMs slow uptake is its clinical utility which is limited to PLHIV
(Mwaura and Engel 2021). Ideally, a next-generation LAM test would have broader utility,
extending beyond individuals co-infected with HIV. This enhanced test could be applicable in
general populations suspected of having TB, and potentially even for screening in people
without TB symptoms. The strategy included work in four interlinked research streams on 15
areas as illustrated in Figure 3.

Is LAM a suitable biomarker for TB diagnosis?
15 areas of research

+

0
0

K
o

- =
(A) (B) (©) (D)
LAM Biomarker in Sensitive Patient Access, Policy
Clinical Specimens Assays and Impact
1. Molecular structure, epitopes, 5. Highly sensitive 7. Clinical concentration 12.Impact
and best antibodies? reference assay ranges* 13. Cost-effectiveness
2. Urine or blood? 6. Sensitive POC test 8. Diagnostic yield* 14.User-perspective
3. Fresh vs. biobanked? 9. LAM in children 15. Emphasizing
4. Spot vs. early morning? 10.LAM in ETB diagnostic yield and
11.LAM as mortality predictor effective population
coverage*

Figure 3: Is LAM a suitable biomarker for TB diagnosis — 15 areas of research and
development

Focus areas of this cumulative dissertation are areas 7, 8, and 15 (marked with *).
LAM-=Lipoarabinomannan. POC=point-of-care. ETB=extrapulmonary TB. TB=Tuberculosis.

The first stream (A) focuses on the biomarker: research towards a better understanding of the
LAM biomarker in clinical specimens. The second stream (B) focuses on the assay:
development of highly sensitive LAM antigen detection assays. The third stream (C) focuses
on the patient: research to better understand clinical LAM concentrations and performance
in different patient populations. Finally, the fourth stream (D) focuses on the impact of a LAM-
based assay: is work towards increasing access, estimating impact, and ensuring policy
development. The strategy included rapid publication of research findings in open access
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journals to create momentum around the LAM biomarker and catalyse other research

activities and the development of next generation LAM tests. Several of the research areas

have been addressed by my own research (total of 24 publications on the topic, listed in

Chapter 8) or through others. The 15 research areas are addressed in the integrated discussion

of this dissertation. The focus of this dissertation was to tackle research area 7 (clinical

concentration ranges), 8 (diagnostic yield), and 15 (emphasizing diagnostic yield and effective

population coverage) from Figure 3, which led to three peer-reviewed publications in high-

impact journals that form the core of this cumulative dissertation. Addressing these three

interconnected areas contributes significantly to the overarching research question:

Firstly, understanding the range of clinical concentrations in general populations (as
explored in Publication 1) enables the prediction of accuracy and diagnostic yield for
next-generation LAM tests and paves the way for their development.

Secondly, the distinction between diagnostic yield and sensitivity, researched in
Publication 2, is vital as diagnostic yield uniquely benefits from the higher availability
of urine samples compared to sputum, which is often difficult for many patients to
produce. Better specimen availability is one of the main reasons for the push to
develop non-sputum based tests as articulated in the WHO TPP.

Lastly, the full potential of novel, innovative non-sputum tests, such as uLAM tests,
hinges on recognizing the significance of diagnostic yield in the WHO guideline
development process, particularly in terms of improved sample availability
(Publication 3).

My research employed a diverse array of methodologies:

In publication 1, for investigating LAM concentration ranges, a clinical multi-centre
diagnostic accuracy study was conducted in South Africa and Peru, both high TB
burden countries. To determine LAM concentrations, an improved version of a highly
sensitive quantitative LAM immunoassay was used, and the assay was benchmarked
against the WHO-recommended existing AlereLAM POC test and a more sensitive
FujiLAM POC test, the next generation LAM test furthest along in the development.

In publication 2, to evaluate the diagnostic yield of urine LAM against sputum-based
TB tests, | conducted an extensive, systematic Individual Patient Data (IPD) meta-
analysis, integrating datasets from existing TB studies. The main outcomes were the
tuberculosis diagnostic yields of urine lipoarabinomannan tests, sputum NAATSs, and
sputum smear microscopy (SSM). Diagnostic yields were predicted using Bayesian
random-effects and mixed-effects.

In publication 3, which advocates for a greater focus on diagnostic yield in policy-
making, | collaborated and reached a consensus with a large group of eminent TB
diagnostic experts. | reviewed the history of TB policy development and formulated a
comprehensive proposal to incorporate and evaluate diagnostic yield in this process.

The following sections contextualize these three research areas within the current scientific

landscape in their respective fields. However, in the integrated discussion, | chose to not just
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cover these three core questions but to discuss all 15 areas of Figure 3 to provide a thorough
overview of the progress of my own and other’s research. With this, | aim to enable readers
to better understand the interconnectedness of individual publications. By discussing the
interrelations and defining next steps, | aim to further advance the LAM field.

2.6.1 Researcharea No. 7 addressed in publication 1—-LAM clinical concentrations ranges

As described above, the first generation AlereLAM test reaches 42% sensitivity in HIV-positive
patients, with higher sensitivity in immunocompromised people, but only 16% sensitivity in
immunocompetent (defined as having a CD4 counts >200 cells/uL) people living with HIV
(PLHIV) (Bjerrum et al. 2019). AlereLAM'’s cut-off for uLAM concentrations is around 0.5 ng/ml
which suggests that more than four out of five PLHIV with TB have concentrations below that
cut-off. In 2015 when | embarked on the LAM strategy, there was only very limited information
on LAM concentrations in different specimens from people with TB, owing to the absence of
guantitative reference assays. In particular there was no information on uLAM concentrations
in HIV-negative people with TB. However, it is essential to understand clinical concentration
ranges of an antigen biomarker as they directly define whether development of a more
sensitive LAM point-of-care test is feasible. Classical LFIAs, like AlereLAM use colloidal gold as
a label and reach cut-offs around 0.5 ng/ml (Nakiyingi et al. 2015). However, more sensitive
LFIAs with lower cut-offs have been developed in other fields, like malaria diagnosis using
malaria histidine-rich protein Il (HRP2), or to detect low pg/ml amounts of troponin in patients
with suspected acute coronary syndrome (Das et al. 2017). Yet, it was unclear what the cut-
off requirement would be for a next-generation LAM test to achieve WHQO’s TPP target of >65%
sensitivity in broad populations, i.e. in HIV-negative as well as HIV-positive people. This limited
information on LAM concentrations “below the tip of the iceberg” detectable by first
generation AlereLAMs leaves developers of next-generation LAM tests in the dark regarding
the necessary cut-off and its relationship to diagnostic sensitivity (Figure 4). This uncertainty
underscores the urgent need for further research to establish these clinical LAM
concentrations in different patient populations.

To shed light on a more appropriate cut-off value, and as part of research area 1 (molecular
structure, epitopes, and best antibodies, Figure 3), | led the development of a highly sensitive
reference assay for LAM detection (research area 5; Sigal et al. 2018b, work done prior to this
dissertation). It included screening of 100 monoclonal antibody pairs, targeting various LAM
epitopes, on a sensitive electrochemiluminescence (ECL) platform to enhance diagnostic
accuracy. Antibody screening was done directly with urine from TB patients as in vitro LAM is
structually different from in vivo uLAM. The top twelve antibody pairs from the initial
screening underwent testing in a retrospective case-control study with biobanked urine
samples from 75 adults presumed to have TB. Using the optimal antibody pair, the laboratory-
based ultrasensitive electrochemiluminescence LAM research assay (EcILAM) achieved a limit
of detection (LOD) of 11 pg/ml and demonstrated an overall clinical sensitivity of 93% (95% ClI,
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80%—97%) and specificity of 97% (95% Cl, 85%—100%). Notably, in HIV-negative subjects who
were TB-positive, the test attained a sensitivity of 80% (Cl, 55%—93%), surpassing the WHO
TPP target of 65%. This contrasts with AlereLAM’s overall sensitivity of 33% (Cl, 20%—48%) in
all patients and sensitivity of 13% (Cl, 4%—38%) in HIV-negative subjects, based on the same
sample set which is close to the sensitivity of 16% in immunocompetent HIV-positive patients
(above and Figure 4).

High LAM concentration

AlereLAM Next generation LAM test

16% senstivity in 3 What is the cut-off that a more
immunocompetent HIV- = sensitive LAM test needs to reach
positive TB patients 3 & to achieve the >65% sensitivity
mr K l & 2 WHO TPP target in HIV-negative
L; . - =

iy 2 people?
1st generation LAM test cut-off = 0.5 ng LAM/mI _ &

2nd generation LAM test cut-off

Low LAM concentration

Figure 4: Relationship between LAM clinical concentration and test sensitivity

The AlereLAM test comes back TB positive for uLAM concentrations above = 0.5 ng LAM/ml|
and in 16% of immunocompetent TB patients. It is unclear how low the cut-off of a more
sensitive LAM antigen test needs to be to achieve the required WHO TPP target of >65%
sensitivity in general populations including HIV-negative people. AlereLAM=Alere Determine
TB LAM assay. LAM=lipoarabinomannan. TB=Tuberculosis. HIV=human immunodeficiency
virus. TPP=Target product profile. WHO=World Health Organization.

While this initial study suggested that a test with a cutoff at 11 pg/ml could diagnose 80% of
HIV-negative individuals, it has major limitations affecting the generalizability of the findings.
The study's relatively small size and case-control design might have led to an overestimation
of sensitivity due to selection bias and the focus on smear-positive TB patients with a higher
bacterial load in sputum. The paper concluded that accuracy and clinical concentration should
be assessed in adequately powered blinded cohort studies within relevant populations where
the test would be clinically indicated for TB diagnosis with a further optimized reference assay,
which | did in Publication 1 of this dissertation.

Publication 1 further aimed to assess the performance of the novel, more sensitive POC test,
the FujiLAM, that | developed in close collaboration with Fujifilm prior to this dissertation
(Broger et al. 2019a). All initial studies were done in PLHIV, therefore, Publication 1 also
addressed research area 6 in Figure 3 regarding the question on whether a LAM POC test that
meets the WHO TPP in general populations including HIV-negatives can be developed.
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2.6.2 Research areas No. 8 addressed in publication 2 — Diagnostic yield of urine LAM and
sputum Xpert

Diagnostic yield has become a metric in evaluating the utility of various diagnostic tests and
procedures across different medical specialties. Many of the initial publications focused on
cancer screening (Corral et al. 2019), but it is increasingly used in infectious diseases as well.

Sputum has been used to diagnose tuberculosis for over a century and is the most used sample
type (Table 1). However, sputum can be difficult to obtain, particularly in PLHIV, and it cannot
be used to diagnose extrapulmonary tuberculosis. Furthermore, results for diagnostic tests
that rely on sputum are usually not available during the same clinical encounter (Gupta et al.
2015). As laid out in detail above, the WHO TPP encourages the development of non-sputum
biomarker tests with the ultimate aim of enabling rapid TB treatment initiation to address
these gaps. Yet, diagnostic accuracy, used in the majority of studies that inform WHO
guidelines, does not account for ability to provide a sample. Modelling studies showed that a
rapid test with moderate sensitivity on an easily obtainable non-sputum sample could be more
useful than a sensitive test that is reliant on sputum, which can be difficult to obtain (Ricks et
al. 2020; Ryckman et al. 2022). Thus, diagnostic accuracy alone gives an incomplete picture of
the usefulness of a test to diagnose tuberculosis in routine settings. By contrast, the diagnostic
yield of a test considers both the patient's ability to produce the sample necessary to conduct
the test as well as the sensitivity of the test. In Publication 2 of this dissertation, | aimed to do
an individual participant data (IPD) meta-analysis to compare the TB diagnostic yield of three
tests — 1) uLAM POC tests on the first available urine sample, 2) sputum NAATSs on the first
available sputum sample, and 3) SSM on the first available sputum sample within 2 days of
enrolment — against a harmonised denominator. To my knowledge, this is the first IPD meta-
analysis assessing diagnostic yield of TB tests.

2.6.3 Research area No. 15 addressed in publication 3 — Emphasizing diagnostic yield and
effective population coverage

During the writing and peer-review of publication 2, it became clear to me and others (Pai et
al. 2023) that better explanation and consideration of diagnostic yield in WHQO’s guideline
development process is of paramount importance as otherwise new, potentially highly
impactful non-sputum TB tests would be undervalued. In publication 3, a health policy review
and guidance paper, | emphasize that while better TB tests are required, an exclusive focus on
improving accuracy alone will not be sufficient to close the diagnostic gap for TB.

The example in Figure 5, that is based on the meta-analysis from publication 2, illustrates how
an accessible test with moderate sensitivity performed using an easily obtainable non-sputum
specimen like urine could be more useful than a sensitive test reliant on sputum.
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100 people with TB: Sputum NAAT testing 100 people with TB: Urine LAM testing

46 can not provide sputum ? 3 can not provide urine
are lost and often not

reported in studies.

7 test negative with NAAT

47 test positive with NAAT 51 test positive with LAM
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54/100 = 54% Specimen availability test completion 97/100 =98%
47/(47+7) = 88% Diagnostic sensitivity 51/(51+46) = 52%
47/100 = 47% Diagnostic yield among all diagnosed  51/100 = 51%

If specimen availability and test completion are high, a test with lower sensitivity can still
achieve a high diagnostic yield

Figure 5: Comparison of diagnostic yield and sensitivity
Example based on the diagnostic yield meta-analysis from publication 2 in hospitalized people

living with HIV that often have difficulty expectorating sputum. An accessible test with
moderate sensitivity performed using an easily obtainable non-sputum specimen like urine can
reach similar yields like a sensitive NAAT reliant on sputum. NAAT=Nucleic Acid Amplification
Test. TB=Tuberculosis. LAM=Lipoarabinomannan.

In the example, the AlereLAM test only reaches a sensitivity of 52% but is feasible for 98% of
people, leading to a diagnostic yield among all diagnosed of 51% with a simple POC antigen
test within 25 minutes. In contrast, the sputum Xpert NAAT, with a much higher sensitivity of
88% is only possible for half of the patients since many of the hospitalized PLHIV cannot
provide sputum, leading to a yield of 47% with this more complex and costly NAAT that takes
90 minutes. Diagnostic yield is especially relevant in populations and settings where people
often cannot provide sputum. Examples include PLHIV, especially those with advanced
disease, children, and minimally symptomatic or asymptomatic individuals undergoing TB
screening in high prevalence settings. Timely specimen availability is a critical aspect related
to yield. For example, if sputum cannot be obtained, sputum induction might be necessary
which requires skill, instruments, and time, resulting in in delays in obtaining a specimen. Thus,
impaired yield also negatively affects time to diagnosis — yet despite the challenges around its
collection, sputum is still the most common TB diagnostic specimen.

Currently, policy makers like the World Health Organization (WHO), diagnostic test regulators,
test manufacturers, and the scientific community are almost exclusively focused on test
sensitivity and specificity as the main proxy of clinical utility and patient-important outcomes.
Critically, this approach neglects key utility considerations such as patient/population
accessibility, specimen obtainability, successful test completion, and whether test results are
available in time to guide treatment and public health decision making. The poor availability
of sputum is usually not captured in test performance assessments and many TB studies only
enrol sputum producers, but there continues to be very little awareness on the influence of
this patient-selection bias in nearly all TB diagnostic performance evaluation studies.

Since 2007, the World Health Organization (WHO) has been applying the Grading of
Recommendations, Assessment, Development and Evaluations (GRADE) process for guideline
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development (Schiinemann et al. 2008). GRADE prioritizes randomized controlled trials (RCTs)
that directly evaluate the impact of a diagnostic test on patient-important outcomes under
‘real-life’ conditions (Schiinemann et al. 2019). However, in the absence of direct evidence
from RCTs, WHO’s guideline development groups (GDGs) usually link accuracy studies to
patient-important outcomes, such as cure, mortality, time to diagnosis, and time to
treatment, and integrate these into GRADE’s evidence to decision (EtD) framework to infer
likely impact of tests and develop recommendations (Schiinemann et al. 2016). If a test is not
likely to improve patient-important outcomes or population health, then the healthcare
system has no reason to use it, whatever its accuracy may be (Schiinemann et al. 2008). The
objective of publication 3 is to emphasize diagnostic yield and effective population coverage
for policy development. In addition to the suggested refinements in health policy
development, the paper provides clear definitions for diagnostic yield including an Excel
calculator, lessons learned from other diseases, guidance on how to design and report
diagnostic yield studies, and a comprehensive discussion of the strengths and limitations of
diagnostic yield.
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Diagnostic accuracy of 3 urine lipoarabinomannan
tuberculosis assays in HIV-negative outpatients
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Tatiana Caceres-Nakiche,® Anna Mantsoki,’ Elena Ivanova Reipold,’ Rita Székely,' Michael Tsionsky,® Judith van Heerden,*
Tatiana Plisova,’ Kinuyo Chikamatsu,” Todd L. Lowary,®® Abraham Pinter,” Satoshi Mitarai,” Emmanuel Moreau,’

Samuel G. Schumacher,’ and Claudia M. Denkinger™?

'FIND, Geneva, Switzerland. “Division of Tropical Medicine, Center for Infectious Diseases, Heidelberg University Hospital, Heidelberg, Germany. *Division of Infection and Immunity, School of Biomedical
Sciences, University of Western Australia, Perth, Australia. “Division of Medical Microbiology, University of Cape Tawn, Capa Town, South Africa, SMeso Scala Diagnostics LLC, Roclwville, Maryland, USA.
®Cayetano Heredia University, Lima, Peru. ‘Department of Mycobacterium Reference and Research, Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association, Tokyo, [apan. ®Department of
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BACKGROUND. Inadequate tuberculosis {TB) diagnostics are a major hurdle in the reduction of disease burden, and
accurate point-of-care tests (POCTs) are urgently needed. We assessed the diagnostic accuracy of Fujifilm SILVAMP TB
lipoarabinomannan (FujiLAM) POCT for TB diagnosis in HIV-negative outpatients and compared it with Alere Determine TB
LAM Ag (AlereLAM) POCT and a laboratory-based ultrasensitive electrochemiluminescence LAM research assay (EcILAM).

METHODS. In this rmulticenter diagnostic test accuracy study, we recruited HIV-negative adults with symptoms suggestive
of pulmonary TB presenting to outpatient health care centers in Peru and South Africa. Urine sarnples were tested using
FujiLAM, AlereLAM, and EcILAM, and the diagnostic accuracy was assessed against a microbiological reference standard
{MRS) and a composite reference standard.

RESULTS. Three hundred seventy-two HIV-negative participants were included and the prevalence of micrabiologically
confirmed TB was 30%. Compared with the MRS, the sensitivities of AlereLAM, FujiLAM, and EcILAM were 10.8% (95%
confidence interval [CI] 6.3%-18.0%), 53.2% {95% Cl 43.9%-62.1%), and 66.7% (95% CI 57.5%-74.7%), respectively. The
specificities of AlereLAM, FujiLAM, and EcILAM were 92.3% {95% Cl 88.5%-95.0%}, 98.9% (95% Cl 96.7%-99.6%), and
98.1% (95% Cl 95.6%-99.2%), respectively. Positive likelihood ratios of AlereLAM, FujiLAM, and EcILAM were 1.4, 46.2, and
34.8, respectively, and positive predictive values were 37.5%, 95.2%, and 93.7%, respectively.

CONCLUSION. Compared with AlereLAM, FujiLAM detected 5 times more patients with TB in HIV-negative participants, had a
high positive predictive value, and has the potential to improve rapid diagnosis of TB at the point-of-care. EcILAM demonstrated
that additional sensitivity gains are possible, which highlights LAM’s potential as a biomarker. Additional research is required to
assess FujiLAM's perfarmance in prospective cohorts, its cost-effectiveness, and its impact in real-world clinical settings.
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Introduction

Tuberculosis (TB) is the leading single infectious cause of death
worldwide, with more than 1.5 million deaths in 2018 (1). The
high rate of unreported TB (estimated at 3.0 million cases) indi-
cates that inadequate diagnostics are a major hurdle in the reduc-
tion of disease burden (1). To address this gap, the World Health
Organization (WHO) put forth a set of target product profiles
(TPPs) (2, 3} to encourage the development of point-of-care tools
to enhance TB case detection. One such TPP is a non-sputum
biomarker test for the purpose of initiating TB treatment during
the same clinical encounter (2). An interesting biomarker for this
application is the lipoarabinomannan (LAM) antigen found in
mycobacterial cell walls (4, 5).

The Alere Determine TB LAM antigen assay (AlereLAM) is a
TB point-of-care test (POCT) that detects LAM in urine using a
simple disposable lateral flow assay, Currently, AlereLAM is the
only instrument-free POCT recommended by the WHO for TB.
However, due to its limited sensitivity, its recommended use is
limited to assisting in the diagnosis of active TB in people living
with HIV in advanced stages (6-8). Despite the limited sensitivity,
AlereLAM-guided initiation of anti-TB treatment reduced mor-
tality in immunocompromised, hospitalized people living with
HIV (9, 10). AlereLAM is not recommended for diagnosis of TB
in people living with HIV with CI>4 greater than 200 cells/uL due
to a suboptimal sensitivity of 16% in this population (6, 7). Perfor-
mance in HIV-negative patients is very poor, with reported esti-
mated sensitivities ranging from 4% to 31% (11-15).

Fujifilm recently developed a next-generation POCT, the Fuji-
film SILVAMP TB LAM test (FujiLAM). To improve sensitivity while
maintaining high specificity, FujiLAM uses a pair of high-affinity
monoclonal antibodies selected to detect LAM presenting the Myco-
bacterium tuberculosis—specific (Mtb-specific) 5-Methylthio-D-xylo-

furanose epitope {(MTX-LAM), and employs a silver-amplification
step (16-18). A recent meta-analysis of 1595 HIV-positive inpatients
and outpatients confirmed FujiLAM’s superiority, demonstrating a
sensitivity of 71%, twice that of AlereLAM (19). Further, FujiLAM
showed good sensitivity for the detection of extrapulmonary TB
(EPTB) ranging from 47% to 94% across different forms of ETB
(20} and could have rapidly diagnosed TB in up to 89% of HIV-
positive inpatients who died within 12 weeks (21}.

A non-sputwm-based biomarker test would also benefit
HIV-negative patients, particularly those with extrapulmonary TB
or those unable to produce sputum. This study aimed to assesses
FujiLAM’s performance in HIV-negative adults with presumptive
pulmonary TB. To better understand the relationship between
analytical detection limits and clinical sensitivity, the results from
FujiLAM were compared with the results from a research assay
(EcILAM) employing the same antibodies, but using a more sen-
sitive laboratory immunoassay platform employing electrochem-
iluminescence (ECL) (14).

Results

Between February 9, 2017, and October 4, 2017, 603 potentially
eligible participants were screened. A total of 408 HIV-negative
participants met inclusion criteria and 372 were included in the
analyses (Figure 1). Of these, 30% (111/372) were classified as
definite TB, 3% (10/372) as possible TB, and 67% (251/372) as not
TB (Table 1). Prevalence of definite TB was higher in Peru (43%)
compared with South Africa (17%). Most participants were young
adults (median age 32 years) and 14% had a history of prior TB
disease. In participants with definite TB, 68% (76/111) had at
least one positive fluorescence sputum smear microscopy (SSM)
result. Peruvian participants with TB had shorter mycobacterial
growth indicator tube (MGIT) liquid culture time to detection and
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Table 1. Demographic and clinical characteristics of the study participants

Demographic or clinical characteristic
Median age, years {IQR)
Sex
Female, no. (%)
Male, no. (%)
History of TB, no. (%)
Distribution in diagnostic categories
Definite TB, no. {%)
Passible TB, na. (%)
Not T8, no. (%}
Reference standard
MRS positive, no. (%)
CRS positive, no. (%)
Distribution in MRS-positive patients
Sputum smear microscopy positive {any of 3 tests on 3 sputum samples positive), na. (%)
Sputum smear microscopy positive (1test on first sputum sample), no. (%)
Blood culture positive, no. (%)
Urine Xpert positive, no. (%)
Sputum Xpert positive (any of 3 tests on 3 sputum samples positive), no. (%)
Sputum Xpert positive (1 test on first sputum sample}, no. (%)

Sputum Xpert result (from testing on first sputum sample, Xpert was repeated once using the same sample in case of an indeterminate result)

Negative, no. (%)
Very low, no. (%)
Low, na. (%)
Medium, no. (%)
High, no. (%)
Average sputum MGIT time to detection
MGIT negative {only Xpert positive), no. (%)
Greater than 14 days, no. {%)
0-14 days, no. (%)

All participants Cape Town, South Africa Lima, Peru
N=372) (n=187) {,r =185}
32 (25-47} 33 (26-48) 31(24-42
158/372 (42) 96,/187 (51) 62/185 (34)
2147372 {58) 91/187 (49) 123/185 (65)
52/372 (14) 221187 (12) 30/185 (16}
1M/372 (30) 32187 (17) 79/185 (43)
10/372 (3) 14187 (1) 9/185 (5)
251/372467) 154/187 (82) 97/185 {52}
111/372 (30) 321187 (17) 79/185 (43)
121/372(33) 33/187 (18) 88/185 (48)
76/ (68) 15/32 (47} 61/79 (77)
B&/11 (61) 12/32 (38) 56/79 (71)
0/11(0) 0732 (0) 0779 (D)
4/111(4) 0732 (0) 4179 (5)
102/111(92) 27/32 (84) 75/79 (95}
821111 (74) 22/32 (9) 60/79 (76)
254111 (23) 10/32 (31) 15479 (19)
19/11(17) 4132 (13) 15479 (19)
32/1M(29) 6/32 (19) 26/79(33)
28/1M1(25) 7132(22) 1779 (27)
711 (B) 5/32 (16) 2/79(3)
B/111(5) 3/32(9) /79 (4)
40/11(36) 13/32 {(#1) 27/79 (34)
65/111 (59) 16/32 (50) 49/79{62)

a larger proportion of patients had positive SSM and Xpert results
compared with patients from South Africa, suggesting higher
mycobacterial load in sputum (Table 1). None of the patients with
definite TB had a positive blood culture and only 4% (4/111) had
a positive urine Xpert result, with all of the latter also having posi-
tive sputum Xpert and culture results.

The index test failure rate number was very low (1 repeat Fuji-
LAM and no repeats for AlereLAM). Results of the diagnostic accu-
racyofurine LAM-based assays (AlereLAM, FujiLAM and EclLAM),
sputum-based assays (Xpert and $SM), and combinations of these
assays are shown in Figure 2 and in Supplemental Figure 3 (sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI140461D81). Overall, compared with the microbi-
ological reference standard (MRS), the sensitivities of AlereLAM,
FujiLAM, and EclLAM were 10.8% (12/111; 95% confidence inter-
val [CI] 6.3%-18.0%), 53.2% (59/111; 95% CI 43.9%-62.2%), and
66.7% (74/111; 95% CI 57.5%-74.7%), respectively (Figure 1). The
sensitivity of urine FujiLAM and sputum Xpert in combination was
82.0% {(91/111; 95% CI 73.8%-88.0%) and the sensitivity of urine
FujiLAM in combination with a single SSM was 70.3% (78/111;95%
CI 61.2%-78.0%) and higher than Xpert alone (Figure 2, B and
C). Using the composite reference standard (CRS), the sensitivi-
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ties of all assays were not substantially changed (FujiLAM 48.8%,
EclLAM 62.0%, AlereLAM 12.4%) (Supplemental Table 3}.

All tests, except AlereLAM, reached specificities of 98% or
higher in the MRS-based analysis (AlereLAM 92.3% (241/261;
95% CI 88.5%-95.0%), FujiLAM 98.9% (258/261; 95% CI
96.7%-99.6%), EclLAM 98.1% (256/261; 95% CI 95.6%-99.2%).
When comparing results from the CRS-based analysis to the
MRS-based analysis, specificity remained largely unchanged for
all assays {AlereLAM 93.2 [234/251], FujiLAM 98.8% [248,/251],
EclLAM 98.4% [247/251]) (Supplemental Table 3). Against the
MRS at study prevalence of 30%, the positive predictive values
(PPVs) of AlereLAM, FujiLAM, and EclLAM were 37.5%, 95.2%,
and 93.7%, respectively. When assuming a lower pretest proba-
bility of 20%, the PPV of AlereLAM, FujiLAM and EclLAM were
26.1%, 92.0%, and 89.7% respectively (Table 2). Positive likeli-
hood ratios (LR+) were 46.2 for FujiLAM and 1.4 for AlereLAM.
When assuming 20% pretest probability, the negative predictive
values (NPVs) of AlereLAM, FujiLAM, and EclLAM were 80.5%,
89.4%, and 92.2%, respectively (Table 2). Negative likelihood
ratios (LR-) were 0.47 for FujiLAM and 0.97 for AlereLAM.
Fagan nomograms illustrating pretest and posttest probabilities
are available in Supplemental Figure 4.
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A Urine LAMtests n TP FP FN TN Sensitivity (95% CI) Specificity (95% CI)
AlereLAM 372 12 20 99 241 |+ 10.8% (6.31018.0) +  92.3% (88.51095.0)
FujiLAM 372 59 3 52 258 —— 53.2% (43.9t0 62.2) + 9B.9% (96.7 t099.6)
EclLAM 372 74 5 37 256 — 66.7% (57.5t0 74.7) + 9B.1% (95.6 10 99.2)

- —— -
0 100 0 100

B Sputum tests (one test on first sputum sample
SSM 371 68 0 43 260 61.3% (52.0 to 69.8) * 100%* (98.5 to 100.0)
Xpert 362 82 0 25255 76.6% (67.8 to 83.6) + 100%* (98.5 to 100.0)

0 100

C Combinations of sputum tests with FujiLAM
SSM + FujiLAM 372 78 3 33 258 70.3% (61.2t0 78.0) + 98.9% (96.7 t0 99.6)
Xpert + FUiLAM 372 91 3 20 258 .  820% (73.8t088.0) + 98.9% (96.7 t0 99.6)

0 100

D Relation of positive urine test and positive sputum test results in MRS positive

Xpert . Xpert - Xpert
766% 76.6% z 76.6%
azm 1) / . Nazﬁ 11) (82/111)
14\ 10
\\
[ \] ‘ )
{ Y t
SSM‘{‘ ssm / ssM
61.3% \ 61.3% 5 61.3% /
(68/111) (68/111) Ny 7 (68/111) \ ' /
\ — \\\__ 5 ’_,/ \‘—‘\_73,,,/
AlereLAM FujiLAM EclLAM
10.8% 53.2% 66.7%
(12/111) (59/111) (74/111)

Figure 2, Diagnostic accuracy against microbiological reference standards. (A) Urine LAM tests, {B) sputum tests, (C) combinations of sputum tests with
FujiLAM, and (D) positive urine LAM tests in relation to positive sputum tests. *SSM and Xpert were part of the micrabiological reference standard and
therefore specificity is 100%. TP, true positive; FF, false pasitive; FN, false negative; TN, true negative; AlereLAM, Alere Determine TB LAM Ag assay;
FujiLAM, Fujifilm SILVAMP TB LAM assay; EclLAM, electrochemiluminescence-based LAM detection assay; SS5M, sputum smear microscopy; Xpert,

CeneXpert MTB/RIF assay; MRS, microbiological reference standard.

Figure 3 shows the receiver operating characteristic (ROC)
curve of the quantitative EclLAM assay and highlights the point
estimates of AlereLAM, FujiLAM, and EcILAM (at a cutoff of 5.2
pg/mL) in comparison with the TPP performance target. Using the
conversion scale based on the EcILAM calibration curve (Supple-
mental Figure 2} in Figure 3, we estimate that the LAM threshold
of FujiLAM is 10-20 pg/mL and at least 10 times below the thresh-
old of AlereLAM. Data suggest that a threshold around 5 pg/mL or
below is required to meet the TPP sensitivity target.

Subgroup analysis revealed that FujiLAM sensitivity was high-
er in Peru (64.6%) compared with South Africa (25.0%), and this
trend was also observed for AlereLAM and EclLAM (Figure 4A
and Supplemental Figures 5 and 6). Subgroup analyses per MGIT
TTD (Figure 4B), SSM status (Figure 4C), and semiquantitative
GeneXpert MTB/RIF (Xpert) results (Figure 4D) indicate that
FujiLAM sensitivity increases as mycobacterial load in sputum
increases, and again this trend was confirmed with AlereLAM and
EclLAM (Supplemental Figures 5 and 6).

Importantly, FujiLAM fails to detect 31.6% (24/76) of
SSM-positive patients when using 3 SSM results as the basis (Fig-
ure 4C) or 27.9% (19/68) when using 1 SSM result as the basis (Fig-
ure 2D). On the other hand, FujiLAM detected 23.3% (10/43) of
single SSM-negative patients with definite TB (Figure 2D). This
increases the sensitivity from 61.3% for a single SSM to 70.3%
when FujiLAM and a single SSM are used in combination {Figure

2, C and D). Even the more sensitive EcILAM fails to detect 16.2%
(11/68) of single SSM-positive patients but would have detected
39.5% {17/43) of single SSM-negative patients with TB (Figure 2D).

FujiLAM also fails to detect 39% (32/82) sputum Xpert-
positive patients when using one Xpert as the basis but at the same
time it detects 31.0% (9/29) of Xpert-negative patients with defi-
nite TB (Figure 2D).

Discussion

In this multicenter cohort study of 372 HIV-negative outpatients
with respiratory symptoms suggestive of pulmonary TB from
high-burden TB settings in Peru and South Aftica, the FujiLAM
POCT was 98.9% specific and identified 53.2% of positive TB cas-
es, representing a 5-fold increase in sensitivity among HIV-neg-
ative patients compared with AlereLAM. FujiLAM was designed
as a rule-in TB diagnostic test to allow rapid treatment initiation
and reached a PPV of 95.2%. Together with its high sensitivity for
TB diagnosis in people living with HIV (19} (sensitivity of 70.7%
across CD4 strata), the FujiLAM might have considerable impact
on the TB epidemic when scaled-up widely for use in near-patient
settings. This is supported by a recent impact modeling analy-
sis. The analysis focusing on LAM-based assays concluded that,
relative to the status quo, using a urine-based LAM assay {with
70% sensitivity in people living with HIV and 30% sensitivity
in HIV-negative people) in all people presenting to care with TB
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Table 2. Predictive values and likelihood ratios of urine LAM tests, sputum tests, and combinations of sputum tests with FujiLAM
against the microbiological reference standard

Test n

AlereLAM 372
FujiLAM 372
EclLAM 372
SSM 37
Xpert 362

FujiLAM + 55M 372
FUjiLAM + Xpert 372

PPY (95% (I}
375% (22.9%-54.7%)
95.2% (86.7%-98.3%)
93.7% (86.0%-97.3%)
100%" (94.7%-100.0%)
100%* (95.5%-100.0%)
96.3% (89.7%-98.7%)
96.3% (91.0%-98.9%)

NPV (95% CI}
70.9% (65.8%~75.5%)
83.2% (78.7%-87.0%)
87.4% (83.1%-90.7%)
85.8% (814%-89.3%)
911% (87.2%-93.9%)
88.7% (84.5%-91.8%)
92.8% (89.1%-95.3%)

LR+ LR- PPV at 20% prevalence NPV at 20% prevalence
14 0.97 26.1% 80.5%
46.2 047 92.0% 89.4%
348 0.34 89.7% 92.2%
b 039 100.0%* 91.2%
: 023 100.0%* 94.5%
b1.1 0.30 93.9% 93.0%
n3 018 94.7% 95.6%

PPV and NPV were recalculated at an assumed TB prevalence of 20%. “SSM and Xpert were part of the microbiological reference standard and

therefore PPV is 100% and LR+ not defined. AlereLAM, Alere Determine TB LAM Ag assay; FujiLAM, Fujifilm SILVAMP TB LAM assay; EclLAM,
electrochemiluminescence-based LAM detection assay; SSM, sputum smear microscopy; Xpert, GeneXpert MTB/RIF assay; PPV, positive predictive value;
NPV, negative predictive value; LR+, positive lilkelihaod ratio; LR-, negative likelihood ratio.

symptoms would avert 30% of TB deaths and 18% of incident TB
cases between 2020 and 2035 in South Africa (22). The FujiLAM
does meet these targets in the study analyzed here. While the
study might overestimate sensitivity because of the high burden of
disease at the study sites, it might at the same time underestimate
sensitivity as the study did not consider patients with extrapulmo-
nary TB or patients that have a hard time producing a sputum (e.g.,
children). FujiLAM'’s NPV is 83.2% and a negative FujiLAM result
alone should not be used to rule-out TB; additional microbiologi-
cal testing is required.

When considering LAM assays for real-world clinical use it is
important to evaluate the diagnostic yield, PPV, and NPV of algo-
rithms that combine LAM assays and sputum-based assays such
as Xpert or SSM (23). In this study, the combination of FujiLAM
and Xpert reached 82.0% sensitivity at 98.9% specificity (Figure
2), a PPV of 96.8%, and NPV of 92.8% (Table 2). Importantly, the
combination of FujiLAM and SSM, which is still widely used in
clinical practice if Xpert or other molecular tests are not available,
reached a similarly high PPV of $6.3% and NPV of 88.7%. The use
of these combinations has the potential to rapidly inform TB treat-
ment within a day or less in decentralized settings, and treatment
in FujiLAM-positive patients can immediately be started due to
the tests’ high PPV. The characteristics of FujiLAM and Xpert are
complementary: FujiLAM cannet detect drug resistance but Xpert
can; Xpert is instrument-based but FujiLAM is a fully disposable
POCT; and Xpert uses sputum that is often hard to obtain whereas
FujiLAM uses urine. These findings, as well as the outcomes from
the modeling studies (22, 24) suggest that there may be value in
integrating LAM-based assays such as FujiLAM into diagnostic
algorithms in general populations. A recent assessment further
concludes that the Xpert/FujiLAM combination can be cost effec-
tive (our unpublished observations).

An algorithm that starts with x-ray in combination with symp-
tom-based screening to rule out TB and increase pretest probabil-
ity followed by FujiLAM-based diagnosis warrants further inves-
tigation. In sum, future studies should carefully assess FujiLAM’s
added value in real-world scenarios in combination with different
tests available at various levels of care and report the PPV and NPV
of such algorithms.

5760 jei.org  Volume 130  Number November 2020

When comparing the 2 study sites, the performance of all
LAM tests was lower in South Africa compared with Peru. The
FujiLAM PPV in South Africa was 72.7% compared with 100% in
Peru, which was partially due to the lower TB prevalence in South
Africa. Assuming a similar pretest probability (prevalence} like in
Peru, which could be achieved with optimized TB screening (e.g.,
with x-ray), the PPV of FujiLAM would increase to greater than
90%. This is sufficiently high to initiate treatment and substan-
tially higher than the clinical diagnosis thatis often used in today’s
clinical practice to initiate empiric treatment. Various indicators
suggest that late medical consultation resulting in more advanced
disease in Peru, or patient selection bias, are possible reasons that
explain the large differences between sites. This s further sup-
ported by a relatively high TB prevalence, high SSM positivity rate,
and more patients with higher mycobacterial loads in sputum, as
indicated by 62% of patients with short MGIT time to detection
(TTD) in Peru compared with patients in South Africa (Table 1).
Subgroup analyses showed that LAM positivity is associated with
surrogate markers of body mycobacterial load, such as short-
er MGIT TTD, SSM positivity and Xpert semiquantitative result
(Figure 4). This finding is in line with an earlier study showing that
urine LAM likely reflects total mycobacterial body burden (25). On
the other hand, FujiLAM was negative in a subset of patients with
smear-positive disease, suggesting that mycobacterial burden in
the sputum is likely not fully reflective of total mycobacterial bady
burden. Another factor that could impact diagnostic accuracy asa
function of geography are structural differences of LAM in differ-
ent TB strains but there is no scientific evidence of such differenc-
es, and further research is needed.

A high specificity (298%) of a POCT is necessary to avoid
overtreatment. Specificity of FujiLAM in this study with HIV-
negative patients was 98.9%, higher than AlereLAM’s specificity
at 92.3% (Figure 2). Earlier studies reported a lower specificity
for FujiLAM (16, 19, 26) and the result from this study underlines
the importance of a very comprehensive reference standard for a
proper specificity assessment of urine biomarker tests (27).

Our study further shows the potential of LAM as a TB diagnos-
tic biomarker. Using preconcentration of urine samples and the
ultrasensitive Ecll.AM assay, which exploits high-affinity mono-
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clonal antibedies directed toward Mib-specific lipoarabinoman-
nan epitopes (14), we demonstrated that sensitivity increments
compared with FujiLAM are feasible. However, this currently
requires specialist laboratory equipment allowing electrochemi-
luminescent-based detection and sophisticated assay protocols.
The EclLAM assay reached 66.7% sensitivity at 98.1% specific-
ity, showing that a threshold around 5 pg/mL LAM or below is
required to meet the TPP sensitivity target. Other recent research
studies (25, 28-30) indicated that lower detection limits will trans-
late into higher diagnostic sensitivity. We also showed this in our
earlier small case control study that uses an earlier version of the
EclLAM and reached 80% sensitivity in HIV-negative SSM-posi-
tive patients at a threshold of 11 pg/mL (14). In this study, despite
the lower threshold due to urine preconcentration, the sensitivi-
ty of EclLAM is lower, which is likely a result of the case control
design of the earlier study, whereas this study used a rigorous
cohort design with a low risk of bias.

It is important to mention that our threshold is an estimate
based on the EcILAM assay and nonstandardized LAM calibration
material and might not be generalizable to other LAM assays with
different antibodies, detection technologies, or LAM calibration
material, Establishing biological reference materials, as has been
done by the WHO for other diseases (31), is an urgent priority to
support the development, validation, and comparison of current
and future LAM assays.

EclLAM is a research assay employing laboratory equipment
and is not designed for use at the POC. In addition, preconcentra-
tion was required to increase sensitivity. Therefore, key challenges
in the development of next generation LAM POCT’s are to reach a
high analytical sensitivity with thresholds in the low pg/mL range
while keeping the test simple, affordable, and highly specific.
Today, the most sensitive POC lateral flow immunoassays detect
antigens, like the Malaria histidine-rich protein IT or LAM in case
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Figure 3. ROC analysis of the EcILAM concentration data
compared with FujiLAM, AlereLAM, and EcILAM perfor-
mance. The EcILAM cancentration for the ROC curve is indi-
cated on the secondary y axis. The ROC curve was restricted by
the LOD (1.6 pg/mL) of the EcILAM assay, meaning that lower
concentrations could not be measured so that the upper part

of the ROC curve (green dotted line) should be treated with
caution. ;7 = 372 patients. TPR, target product profile.
m
=)
—
>
=
8
§ of FyjiLAM, in the low picogram per milliliter range
2 (16, 32) and sample concentration, signal amplifica-
g*. tion, and/or reagent optimization will likely be needed
> for POCT’s to reach sensitivities like the EclLAM.
@ Taken together, these results suggest that LAM is
E present in the urine of most HIV-negative patients and
100 that improved assay methods and reagents for LAM
detection will lead to increased diagnostic accuracy.
L 1000 The results also suggest that as the detection limits for

high sensitivity laboratory-based tests for LAM contin-
ue to improve, centralized urine or blood-based (33) TB
antigen detection could also provide a high-throughput
complement to nucleic acid tests for TB.

The strengths of this study were the consecutive
enrollment of a cohort of HIV-negative patients from 2 epidemi-
ologically diverse TB endemic settings in Africa and South Amer-
ica, the comparison of 3 independent LAM assays, the rigorous
study design and the comprehensive reference standard. A lim-
itation of the study is that patients unable to provide sputum and
patients in whom the disease was thought to be only extrapulmo-
nary and who might benefit from non-sputum-based testing (20)
were excluded, which could have decreased the sensitivity of the
LAM assays. Also, the SSM propertion, Xpert, and MGIT TTD
results suggest more advanced disease in the Peruvian cohort but
relatively low burden in South Africa, which could have artificially
influenced the sensitivity of the assays. FujiLAM was designed as
a POCT and can be used with fresh, unprocessed urine. The use of
frozen urine samples for LAM testing in this study could have low-
ered LAM concentrations, as a recent study showed that the use of
fresh samples leads to minor sensitivity increases in FUjiLAM {(34).
Centrifugation of wrine is not necessary before FujiLAM testing,
but it was a standard procedure in this study.

In conclusion, FujiLAM has the potential to improve rapid
diagnosis of TB at the point-of-care among all people with pre-
sumptive TB presenting to outpatient health care centers and
could have a high impact on patient outcomes if implemented as
a rule-in test in combination with rapid treatment initiation. Fur-
ther prospective studies are needed to confirm these findings and
assess the effect on patient impact to inform policy. Furthermore,
the findings highlight the clinical potential of LAM-based diag-
nosis, and research toward an even more sensitive generation of
LAM tests should be prioritized.

Methods

Study design and participants. In this multicenter diagnostic accuracy
study, we consecutively enrolled adults aged 18 or older with symp-
toms of pulmonary TB (at least 2 weeks of persistent cough and at
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A Cohort n TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl)
South Afica 187 8 3 24 152 25.0% (13.3 t0 42.1) + 09B.1% (94.5 t0 99.3)
Peru 185 51 0 28 106 64.6% 53 610 74.2) + 100.0% (96.5 to 100.0)

0 100

B MGITTTD
>14 days 40 15 0 37.5% (24.2 10 53.0)

0-14 days 65 43 0 66.2% (54.0 to 76.5)

C SSM status (any of three SSM positive)

Negative 35 7 NA 28 NA | — 20.0% (10.0 10 35.9)
Positive 76 52 NA 24 NA . 68.4% (57.3 10 77.8)
—
0 100
D Xpert semiquantitative result
Negative 25 6 NA 19 NA | —— 94.0% (11.5 10 43 4)
Very low 19 9 NA 10 NA —_— 47.4% (273 10 68.3)
Low 32 16 NA 16 NA — 50.0% (33.6 10 66.4)
Medium 28 22 NA 6 NA —+  78.6% (60.5 10 89.8)
High 7 8 NA 1 NA —_+  857%(48710074)
-1
0 100

Figure 4. Subgroup analysis of FujiLAM. Sensitivity and specificity against microbiological reference standard of (A) FujiLAM by study site, (B) FujiLAM by
MGIT TTD, (€) FujiLAM by S5M status, and (D) FujiLAM by semiquantitative Xpert result.

least one additional finding such as hemoptysis, weight loss, fever,
night sweats, malaise, contact with an active case, chest pain, or loss
of appetite) able to produce sputum. In South Africa, outpatients were
enrolled at the Town Two and Nolungile primary health care facilities
in the Khayvelitsha township between February 9, 2017, and August
31, 2017. In Peru, outpatients were enrolled in 28 primary health care
DOTS (directly observed treatment, short-course} treatment centers
in high TB prevalence arcas in the suburbs of Lima, and referred to the
Universidad Peruana Cayetano Heredia between March 22, 2017, and
October 4, 2017, Patients in whom the disease was thought to be only
extrapulmonary or who received anti-TB treatment in the 60 days
before enrollment were excluded (Supplemental Table 1).

Procedures. Three sputum (2 on day 1and a third sputum on day 2),
1 blood, and 2 urine specimens were collected at enrollment and one
sputum specimen was collected at 2 months follow-up for reference
standard testing. Details on the specimen collection and testing flow
are provided in Supplemental Figure 1. Reference standard testing
was performed in the reference laboratories of the University of Cape
Town and the Universidad Peruana Cayetano Heredia on all sputum
specimens and included Xpert (Cepheid; Xpert testing predated roll-
out of Xpert Ultra), smear fluorescence microscopy after Auramine O
staining, MGIT liguid culture (Becton Dickinson), and solid culture
on Léwenstein-Jensen medium. Blood cultures from all participants
were done in BACTEC Myco/F Lytic culture vials (Beeton Dickinson),
On average 9.4 valid liquid or solid sputum cultures and 2.7 sputum
Xpert results were available per patient, 74% of patients had a valid
blood culture and 97% had a valid urine Xpert result. The presence of
Mth complex in solid and liquid culture was confirmed with MPT64
antigen (Tauns) detection and/or the MTBDRplus line probe assays
(Hain Lifesciences). WHO prequalified in vitro diagnostics were used
for HIV testing (rapid diagnostic tests) and CD4 cell counting (flow
cytometry). Urine was immediately put on ice after collection and
processed within 4 hours. Urine was centrifuged (2000g at 4°C for 10
minutes}), aliquoted on the day of collection, and stored at -80°C until
batch testing of the liquid fraction with LAM assays. For urinary Xpert
Volume 130 NumberT  November 2020
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testing, 30-40 mL urine was centrifuged (3000g¢ at 4°C for 15 min-
utes), and following removal of supernatant the pellet was resuspend-
edin1mL PBS and tested using Xpert on the day of collection. Clinical
information, index test results, and comparator test results were not
available to the assessors of the reference standard.

Upon completion of the enrollment, frozen urine aliquots of the
complete cohort were shipped to the Research Institute of Tubercu-
losis of the Japan Anti-Tuberculosis Association (RIT-JATA, Tokyo,
Japan) for Alere LAM (Abbott) and FujiLAM (FujiFilm) testing between
January 29, 2019, and February 14, 2019, and to Meso Scale Diagnos-
tics LLC (Rockville, Maryland, USA) for EclLAM testing between Sep-
tember 18, 2018, and September 28, 2018.

For AlereLAM and FujiLAM testing at RIT-JATA, frozen urine ali-
quots were thawed to ambient temperature and mixed by inversion.
Samples that were not immediately used for testing were stored at
4°C for a maximum of 4 hours. Testing with FujiLAM was performed
according to the manufacturers’ instructions using urine from the same
aliquot as that used for AlereLAM. The 5-step FujiLAM test procedure
isillustrated in an online video (35) and takes 50-60 minutes from start
to end result. The FujiLAM assay does not use a reference scale card
and any visible test line is considered positive, The AlereLAM test was
used according to the tests package insert and the four-grade Refer-
ence Scale Card, with the Grade 1 cutoff point as the positivity thresh-
old. FujiLAM and AlereLAM were independently read by 2 readers,
each blinded to all other clinical, demographic, and test data associat-
ed with the samples. After the initial test interpretation, the 2 readers
compared results and, in the event of discordance, established a final
consensus result by mutual agreement. In case of test failure, the test
was repeated, and the first valid result was used for the analysis.

Blinded EclLAM testing at Meso Scale Diagnostics followed a
previously established assay protocol, except for the addition of a
preconcentration step to improve the limit of detection (14). To pre-
concentrate, frozen urine aliquots were thawed to ambient tempera-
ture, mixed by inversion, and a 490 uL sample was added to Amicon
Ultra-0.5 mL centrifugal filters (MilliporeSigma) with a 3 kDa cutoff.
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After ultrafiltration for 20 minutes at 14000g, approximately 25 pL
deionized water was added to the retentate {(~45 pL} to get a total of 70
uL and an estimated concentration factor of 7. Prior to analysis, sam-
ples were heat treated at 85°C for 10 minutes. The immunoassays for
LAM used the same antibodies as FujiLAM in a sandwich imnunoas-
say format employing ECL detection as described in the Supplemen-
tal Methods and elsewhere (14, 17, 36). The research team performing
EclLAM had no access to all other clinical, demographic, and test data
associated with the samples.

Statistics. Before data analysis, clinical investigators, who were
masked to index test results, categorized patients as having definite
TB, possible TB, not TB, and unclassifiable, using a combination of
clinical and laboratory findings {(Supplemental Table 2). Patients with
definite TB had microbiologically confirmed Mtk (any culture or any
Xpert positive for Mth during admission). Patients defined as not TB
had all microscopy, culture, and Xpert test results negative for Mth, had
not started TB treatment, and were alive or had improvement in clini-
cal tuberculosis symptoms at a 2-month follow-up. Patients defined as
possible TB did not satisty the criteria for definite TB but had clinical
features suggestive of TB and were started on TB treatment. Patients
who did not fall into any of these categories were defined as unclassi-
fiable and were removed from the main analyses. Definite TB and not
TB categories were used to allocate patients into positive and negative,
respectively, for both the MRS and CRS. The possible TB group was
considered negative by MRS, but positive by CRS as previously pro-
posed in a study guidance publication (27).

Simple descriptive statistics were used to characterize cohorts. We
calculated the point estimates and 95% Wilson Cls for the sensitivi-
ty, specificity, PPV, NPV, LR+, and LR- for FujiLAM, AlereLAM, Ecl-
LAM, Sputum Smear Microscopy (SSM), Xpert, and combinations of
FujiLAM+SSM and FujiLAM +Xpert by comparison with the MRS and
CRS. The R package eulerr (37) was used to generate area-proportion-
al Euler diagrams to illustrate the number of positive test results by
test in the definite TB group. Fagan nomograms were used to illustrate
pretest and posttest probabilities of FujiLAM and Alere LAM.

The cutoff of the EcILAM assay was set at 5.2 pg/mL after review
of the data to achieve a specificity of at least 98%. Diagnostic accuracy
for LAM assays was determined separately for each cohort and ana-
lyzed post hoc by MGIT time to detection (MGIT TTD), SSM status,
and semiquantitative Xpert result. EcILAM concentration-based ROC
curves were used to show the relationship of LAM concentration, sen-
sitivity, and specificity.

Study approval. The study was approved by the Human Research
Ethics Committee of the University of Cape Town (Cape Town, South
Africa), the City of Cape Town (Cape Town, South Africa; ref. 10364a),
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the Universidad Peruana Cayetano Heredia (Lima, Peru), and the Peru-
vian Ministry of Health (Lima, Peru; ref. 18829-2016). Written informed
consent was obtained from patients, as per study protocols. Study par-
ticipation did not affect standard of care. This study is reported in accor-
dance with the Standards for Reporting of Diaghostic Accuracy Stud-
ies (STARD) guidelines. The study protocol is available on request and
patient level data are available online in the Supplemental Material.
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3.2 Publication 2 - Diagnostic yield of urine lipoarabinomannan and sputum tuberculosis
tests in people living with HIV: a systematic review and meta-analysis of individual
participant data

(The publication has been published under the Creative Commons Attribution (CC BY
4.0) license and can be copied and redistributed in any medium or format for any
purpose.)
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Articles

Diagnostic yield of urine lipoarabinomannan and sputum
tuberculosis tests in people living with HIV: a systematic
review and meta-analysis of individual participant data

Tobias Broger, Lisa Koeppel, Helena Huerga, Poppy Miller, Ankur Gupta-Wright, Frangois-Xavier Blanc, Aliasgar Esmail, Byron W P Reeve,

Marco Floridia, Andrew D Kerkhoff, Fausto Ciccacci, Margaret P Kasaro, Swe Swe Thit, Mathieu Bastard, Gabriella Ferlazzo, Christina Yoon,
Daniél J Van Hoving, Bianca Sossen, Juan Ignacio Garcia, Matthew } Cummings, Rachel M Wake, josh Hansen, Adithya Cattamanchi,

Graeme Meintjes, Gary Maartens, Robin Wood, Grant Theron, Keertan Dheda, loana Diana Olaru*, Claudia M Denkinger* on behalf of the TBYield
Study Consortiumt

Summary

Background Sputum is the most widely used sample to diagnose active tuberculosis, but many people living with HIV
are unable to produce sputum. Urine, in conltrast, is readily available. We hypothesised that sample availability
influences the diagnostic yield of various tuberculosis tests.

Methods In this systematic review and meta-analysis of individual participant data, we compared the diagnostic yield
of point-of-care urine-based lipoarabinomannan tests with that of sputum-based nucleic acid amplification tests
(NAATS) and sputum smear microscopy (SSM). We used microbiologically confirmed tuberculosis based on positive
culture or NAAT from any body site as the denominator and accounted for sample provision. We searched PubMed,
Web of Science, Embase, African Journals Online, and clinicaltrials.gov from database inception to Feb 24, 2022 for
randomised controlled trials, cross-sectional studies, and cohort studies that assessed urine lipoarabinomannan
point-of-care tests and sputum NAATs for active tuberculosis detection in participants irrespective of tuberculosis
symptoms, HIV status, CD4 cell count, or study setting. We excluded studies in which recruitment was not
consecutive, systematic, or random; provision of sputum or urine was an inclusion criterion; less than 30 participants
were diagnosed with tuberculosis; early research assays without clearly defined cutoffs were tested; and humans were
not studied. We extracted study-level data, and authors of eligible studies were invited to contribute deidentified
individual participant data, The main outcomes were the tuberculosis diagnostic yields of urine lipoarabinomannan
tests, sputum NAATs, and SSM. Diagnostic yields were predicted using Bayesian random-effects and mixed-effects
meta-analyses. This study is registered with PROSPERQ, CRD42021230337.

Findings We identified 844 records, from which 20 datasets and 10 202 participants (4561 [45%] male participants and
5641 [55%] female participants) were included in the meta-analysis. All studies assessed sputum Xpert (MTB/RIF or
Ultra, Cepheid, Sunnyvale, CA, USA) and urine Alere Determine TB LAM (AlereLAM, Abbott, Chicago, IL, USA) in
people living with HIV aged 15 years or older. Nearly all (9957 [98%)] of 10202) participants provided urine, and
82% (8360 of 10202) provided sputum within 2 days. In studies that enrolled unselected inpatients irrespective of
tuberculosis symptoms, only 54% (1084 of 1993} of participants provided sputum, whereas 99% (1966 of 1993)
provided urine. Diagnostic yield was 41% (95% credible interval [Crl] 15-66) for AlereLAM, 61% (95% Crl 25-88) for
Xpert, and 32% (95% Crl 10-55) for SSM. Heterogeneity existed across studies in the diagnostic yield, influenced by
CD4 cell count, tuberculosis symptoms, and clinical setting. In predefined subgroup analyses, all tests had higher
yields in symptomatic participants, and AlereLAM yield was higher in those with low CD4 counts and inpatients,
AlereLAM and Xpert yields were similar among inpatients in studies enrolling unselected participants who were not
assessed for tuberculosis symptoms (51% vs 47%). AlereLAM and Xpert together had a yield of 71% in unselected
inpatients, supporting the implementation of combined testing strategies.

Interpretation AlereLAM, with its rapid turnaround time and simplicity, should be prioritised to inform tuberculosis
therapy among inpatients who are HIV-positive, regardless of symptoms or CD4 cell count. The vield of sputum-
based tuberculosis tests is undermined by peeple living with HIV who cannot produce sputum, whereas nearly all
participants are able to provide urine. The strengths of this meta-analysis are its large size, the carefully harmonised
denominator, and the use of Bayesian random-effects and mixed-effects models to predict yields; however, data were
geographically restricted, clinically diagnosed tuberculosis was not considered in the denominator, and little
information exists on strategies for obtaining sputum samples.

Funding FIND, the Global Alliance for Diagnostics.

Copyright © 2023 The Author{s}. Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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Research in context

Evidence before this study

Despite advances in tuberculosis diagnostics and their global
roll-out, most methods still require sputum for testing;
however, people living with HIV might have difficulty producing
sputum samples. Furthermore, the diagnosis of tuberculosis in
people living with HIV can be challenging, as they are more
likely to produce paucibacillary sputum samples and to have
extrapulmonary disease. We searched PubMed and the
Cochrane Infectious Diseases Group Specialized Reqister for
meta-analyses published from inception until Feh 24, 2022
using search terms “tuberculosis”, “lipoarabinomannan”,
“LAM?, "Xpart”, and terms related to these concepts without
restrictions. We included only publications in English. The
identified meta-analyses reported 42% sensitivity and

91% specificity for urine lipoarabinomannan, 77% sensitivity
and §8% specificity for sputum Xpert MTB/RIF, 88% sensitivity
and 93% specificity for Xpert Ultra, and 53% sensitivity and
96% specificity for sputum smear fluorescent microscopy in
people living with HIV (appendix p 24). We found no meta-
analyses on diagnostic yield and sample provision but identified
only meta-analyses reporting on diagnostic accuracy.

Added value of this study

To our knowledge, this is the first individual participant data
meta-analysis assessing diagnostic yield of urine
lipoarabinemannan, sputum nucleic acid amplification tests,
and sputum smear microscopy. The diagnostic yield of a test
better reflects its clinical usefulness as it examines the number
of individuals testing positive among all individuals eligible for
testing, irrespective of their ability to actually provide a sample.

Introduction

In 2021, it was estimated that 10-6 million people
developed active tuberculosis, 1-6 million of whom died.
Of these 10-6 million cases, only 6-4 million were
reported, and inadequate tuberculosis diagnostics are still
a major challenge in reducing disease burden.'* Sputum
has been used to diagnose tuberculosis for more than a
century and is the most used sample type. However,
sputum can be difficult to obtain, particularly in people
living with HIV, and it cannot be used to diagnose
extrapulmonary tuberculosig. Furthermore, results for
diagnostic tests that rely on sputumn are usually not
available during the same clinical encounter.’ To address
these gaps, WHO developed a target product profile in
2014 to encourage the development of non-sputum
biomarker tests, with the ultimate aim of enabling
appropriate tuberculosis treatment initiation during the
same clinical encounter.* Detection of lipoarabinomannan
antigen in urine has the greatest potential to fill this
diagnostic void.* In 2019, WHO made a conditional
recommendation to use the Alere Determine TB-LAM Ag
{AlereLAM, Abbett, Chicage, IL, USA) lateral fow assay
for assisting in the diagnosis of active tuberculosis in

Nearly all people living with HIV were able to produce aurine
sample for testing, but one in five participants was unable to
produce sputum. Thus, the diagnostic yields of sputum Xpert
and sputum smear microscopy were lower than their
sensitivities. By contrast, the diagnostic yield of urine AlereLAM
was unaffected by the ability to provide a sample, because urine
samples were readily obtained from almost all people living
with HIV. This study emphasises the challenges of diagnosing
tuberculosis in people living with HIV using only sputum-based
tests, especially in those requiring hospitalisation.

Implications of all the available evidence

Our study has policy implications for the diagnosis of
tuberculosis in people living with HIV. Urine
lipoarabinomannan testing in hospitalised people living with
HIV should be prioritised in addition to sputum-based
diagnostics to maximise yield. In cutpatients, urine
lipoarabinomannan testing should be used to aid in the
diagnosis of tuberculosis in people living with HIV with
tuberculosis symptoms. Participants unable to produce a
diagnostic sample should not be excluded from future
tuberculosis diagnostic studies. Both the number of
participants unable to produce a sample and the diagnostic
yield of tests should be reported alongside sensitivity and
specificity. Reporting these values is of particular importance
when considering novel tuberculosis diagnostics based on
non-sputum samples (eg, urine, swab, breath, and blood-based
assays), which might have lower sensitivity than existing
sputum-based assays but similar diagnostic yields when the
ability to collect a sample for testing is considered.

people living with HIV? Despite WHO’s recommendation
and evidence that implementation of AlereLAM reduces
tuberculosis-related mortality,* adoption and uptake of
the test have been slow."

Previous meta-analyses of urine lipoarabinomannan
tests, sputum nucleic acid amplification tests (NAATSs;
eg, Xpert MTB/RIF or Ulira, Cepheid, Sunnyvale, CA,
USA), and sputum smear microscopy (SSM) have
focused only on diagnostic sensitivity and specificity.”
However, test accuracy does not account for ability to
provide a sample. Modelling studies showed that a rapid
test with moderate sensitivity on an easily obtainable
non-sputum sample could be more useful than a
sengitive test that is reliant on sputum, which can be
difficult to obtain."* Thus, diagnostic accuracy alone
gives an incomplete picture of the usefulness of a test to
diagnose tuberculosis in routine settings. By contrast,
the diagnostic yield of a test considers both the patient's
ability to produce the sample necessary to conduct the
test and the sensitivity of the test. Diagnostic yield
measures the proportion of tuberculosis cases that are
detected by a diagnostic test among all tuberculosis cases
identified as positive {ie, the denominator).
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We aimed to do an individual participant data (IPD)
meta-analysis to determine the comparative tuberculosis
diagnostic yield of urine lipoarabinomannan point-of-care
tests on the first available urine sample, sputum NAATs
on the first available sputum sample, and sputum smear
microscopy on the first available sputum sample within
2 days of enrolment against a harmonised denominator.
The advantages of IPD meta-analysis over aggregate meta-
analysis are the ability to harmonise the variables and
denominator across studies, inclusion of participants that
were excluded from the primary studies, and the ability to
assess interactions and perform subgroup analyses.

Methods

Search strategy and selection criteria

For this systematic review and IPD meta-analysis, we
searched PubMed, Web of Science, Embase, and African
Journals Online for papers published between database
inception and Feb 24, 2022 without any language
restrictions, using search terms that combined the
outcome (“tuberculosis”) and the intervention (biomarker
“lipoarabinomannan” or “LAM”) with the test name or
principle (“AlereLAM”, “antigen”, “lateral flow”, “urine”,
“FujiLAM”, etc). Search terms used for each database are
shown in the appendix (p 3). We also searched the
references of identified studies and review articles,
contacted tuberculosis researchers, and searched
clinicaltrials.gov to identify unpublished studies.

We included randomised controlled trials, cross-
sectional studies, and cohort studies without any date
restrictions that assessed both urine lipoarabinomannan
point-of-care teste and sputum NAATe for active
tuberculosis detection in participants irrespective of
tuberculesis symptoms, HIV status, CD4 cell count, or
study setting. There were no patient age restrictions;
however, for this analysis, investigators decided to report
on studies with adults and adolescents (ie, aged
=15 years) and to publish results for children separately
due to the different tuberculosis case definitions used
for children, There were no restrictions on the types of
NAAT used. We excluded studies without consecutive,
systematic, or random recruitment; studies where the
ability to provide sputum or urine were an inclusion
criterion; studies with less than 30 participants
diagnosed with tuberculogis; studies evaluating ecatly
research agsays without clearly defined cutofls; and
animal studies. After removing duplicates, two
independent reviewers (TB and IDO) screened the titles
and abstracts and subsequently the full texts to confirm
eligibility, with any disagreements resolved by discussing
with the primary authors of the study in question.
Covidence and Excel were used to manage references
and for the purpose of screening.

Data extraction, study quality, and pracessing

Study-level data were extracted independently by the two
reviewers (TB and IDO), with disagreements resolved by
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congensus after discussing with the primary authors of
the extracted studies. We extracted prespecified variables
{appendix p 4). Risk of bias in primary studies was
independently assessed by the two reviewers according
to the Quality of Diagnostic Accuracy Studies-2 tool,”
with disagreements resolved by consensus. We invited
authors of eligible studies by email to contribute
de-identified IPD (appendix pp 5-6). On receipt of IPD,
we checked the number of participants, participants who
were lipoarabinomannan-positive, and participants who
were NAAT-positive against the original publication to
confirm that we had received the full dataset and queried
missing or inconsistent data. Duplicates were removed
and data were cleaned, standardised, and pooled into one
database using an R script. For AlereLAM, we used the
manufacturer’s threshold for tegt positivity: either the
updated reference card with four bands (grade 1 of 4) or
the corresponding previous reference card with five
bands (grade 2 of 5). Participants without data for age,
tuberculosis symptoms, sex, HIV status, or antiretroviral
therapy (ART) were excluded.

Denominator and diagnostic yield

The main study outcomes—tuberculosis diagnostic
yields of urine lipoarabinomannan, NAAT, and SSM from
the first baseline diagnostic sample—were compared
independently against a meta-analysis denominator
{MAD). Diagnostic yields were calculated using simple
proportions and predicted using random-effects and
mixed-effects meta-analyses. We defined diagnostic yield
{DY) as the proportion of tuberculosis cases identified by
a single diagnostic test on the first diagnostic sample
collected within 2 days of enrclment (PT) among those
with a positive MAD:

DY=

PT x 100%.
D

2 days was specifically chosen to allow for a second
collection attempt the following day. Participants who
were unable to provide samples for index tests (eg, urine
or sputum) were still included in the analysis. The MAD
was reconstructed and harmonised across all studies and
included participants with microbiologically confirmed
tuberculosis, defined as any culture (ie, liquid or solid)
or any NAAT positive for Mpycobacterium tuberculosis
from any sample (eg, sputum, urine, bleod, and other
extrapulmonary samples). Culture and NAAT were
included in the MAD due to their high specificity, and
NAAT was included because culture was often not
available in studies that assessed performance of tests
in programmatic settings. In a secondary analysis,
participants with a positive lipoarabinomannan test
were added to the denominator (MAD-LAM). Clinically
diagnosed tuberculosis was not considered in the
denominator because harmonisation across studies was
not feasible, More details on the denominators are shown
in the appendix (p 7).
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Statistical analysis

The R package eulerr® was used to generate area-
proportional Euler diagrams to show the number of
positive test results by test type in MAD-positive
participants. Furthermore, diagnostic yields were
predicted using one-stage random-effects and mixed-
effects meta-analyses. We followed a Bayesian approach
to obtain posterior distributions for the diagnostic yields
per study with Markov Chain Monte Carlo methods
using the brms R package for all models.” We ensured
model fit through residual analysis and posterior
predictive checks. The overall diagnostic yield posterior
distribution was summarised to compute the mean
diagnostic vield and its 95% credible intervals (95% CiI).

844 records identified
841 records identified by electronic
database search
3 unpublished records identified in
discussions with investigators

—>| 296 duplicates excluded

£48 abstracts screened after remaoval of
database duplicates

-

422 records removed on the hasis of abstract
> ‘
and title

b

126 full texts reviewed

106 records excluded
20 no nucleic acid amplification testing
1 ne point-of-care lipoarabinomannan
testing
37 reported on the same dataset
12 required sputum or urine in inclusion
criteria
I § studics were still ongoing or investigators
did not provide data
12 studies did not have consecutive or
random recruitment
8 included less than 30 tuberculosis cases
3incomplete or insufficient data after
check by data team
4 paediatric cohorts

20 datasets with 10741 participants

] 539 participants excluded due to incomplete data
{ie, no IPD on age, tuberculosis symptoms,
sex, HIV status, or ART status)

b

10202 participants included in IPD
meta-analysis

Figure 1: PRISMA diagram of studies included in this meta-analysis and
reasons for exclusion
ART=antiretroviral therapy. IPD=individual participant data.

For the summary overall diagnostic yield prediction, we
incduded one random effect to account solely for
heterogeneity at the study level.

To predict diagnostic yield in subgroups and assess the
sources of heterogeneity, we extended the model by
adding fixed effects resulting in a multivariable
generalised linear mixed model. The generalised linear
mixed model included fixed effects that accounted for
population effects (ie, age, sex, presence of tuberculosis
symptoms [cough, fever, weight loss, or night sweats?],
CD+4 cell count, Xpert cartridge type [MTB/RIF or Ultra],
recruitment setting [inpatients or outpatients], number
of wvalid results from sputum Xpert or culture,
antiretroviral therapy [ART] status, and random effects
[study and country]; appendix p 8). For the generalised
linear mixed model, missing CD4 cell counts were
imputed per individual on the basis of sex, ART status,
and setting through Monte Carle sampling during the
model inference. We inferred adjusted odds ratios (ORs)
for all variables included in the models to explore the
effects of the variable towards a positive test result.
Next, we performed subgroup analyses for relevant
variables through estimated marginal means, providing
predicted weighted means of the diagnostic yield and
95% prediction intervals (35% Prls) after accounting for
all covariates. Relevant variables included those with a
significant effect based on ORs and variables that were
predefined in the analysis plan (ie, CD4 stratum,
recruitment setting, and tuberculosis symptoms).
Prespecified secondary analyses assessed the tuberculosis
diagnostic yield of combinations of tests (ie, urine
lipoarabinomannan with gputum NAAT and urine
lipoarabinomannan with SSM). Remaining heterogeneity
between the different studies was assessed by considering
statistical relevance of the posterior distributions of the
random effect for each study. If the 95% CrI did not
intersect with 0, then we considered this study to vary
more than only through random sampling error.

We further determined the proportion of participants
who were able to provide a baseline urine sample within
2 days of enrolment and, separately, the proportion of
participants who were able to provide a sputum sample
within the same time period. Prespecified sensitivity
analyses for the overall diagnostic yield were first
performed using MAD-LAM, gecond using MAD and
excluding studies that did not perform microbiological
testing on samples other than sputum and urine, and
third uging MAD and excluding studies with a high or
unclear overall risk of bias, by use of the generalised
linear mixed model.

All analyses were done in R, version 4.0.4. The meta-
analysis protocol was registered with PROSPERO
{CRD42021230337) and the prospectively defined statistical
analysis plan is shown in the appendix (pp 31-38). Our
findings are reported in accordance with PRISMA-
Individual Patient Data and PRISMA-Diagnostic Test
Accuracy statements {(appendix pp 27-30).”* The primary
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studies all had ethics approval and this IPD meta-analysis
was approved by the ethics committee of the Medical
Faculty Heidelberg (S-260/2022).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Of the 844 records identified, 20 datasets of 10741 people
were eligible for inclusion (figure 1; appendix p 9;
NCT03187964):*** 14 cohort studies, three cross-
sectional studies, and three randomised controlled trials.
All studies enrolled people living with HIV. 11 studies
enrolled outpatients, five enrolled inpatients, and
four enrolled both inpatients and outpatients. Ten
studies enrolled participants with  tuberculosis
symptoms and the other ten enrolled unselected
participants irrespective of tuberculosis symptoms, The
risk of bias was generally low, with 15 of 20 studies

wwwthelancet.com/lancetgh Vol 11 June 2023

All participants All participants
(n=10202) (n=10202)
Country {Continued from previous column)
Guatemala 295(3%) On antiretroviral therapy 4716 (46%)
Kenya 867 (8%) Previous tuberculosis 1784 (17%)
Malawi 1406 (14%) Tuberculosis symptoms 8525 (84%)
Mozambique 1276 (13%) Number of valid sputum Xpert and sputum culture results
Myanmar 517 {5%) ¢] 1542 (15%)
South Africa 3472 (34%) 1 2868 (28%)
Tanzania 205 {2%) 2 3431 (34%)
Uganda 610 (6%) »2 2361 (23%)
Zambia 936 (9%) Positive tuberculosis results
Zimbabwe 618 (6%) MAD* 1615 (16%)
WHO region MAD-LAMT 2531 (25%)
African region 9390 {92%) Original study rcference standard 1791 (18%)
Region of the Americas 295 {3%) Sample available in the first 2 days
South-East Asia region 517 (5%) Urine 9957 (98%)
Recruitment setting Sputum 8360 (82%)
Inpatients 3662 (36%) Induced 277 (3%)
Outpatients 6540 (64%) Spontaneously expectorated 5284 (63%)
Age, years 36 {(30-44) Unknown 2799 (33%)
Sex Positive test in the first 2 days
Male 4561 (45%) Urine Alerel AM 1550 (15%)
Female 5641 (55%) Sputum Xpert 982 (10%)
HIV-paositive 10202 (100%) Sputum smear microscopy 490 (5%)
CD4 count, cells per pl 187 (66-365)
Data are n (%} or median {IQR). Alerel AM=Alere Determine TB LAM Ag assay,
(D4 count group LAM=lipoarabinomannan. MAD=meta-analysis denominator, Xpert=Xpert MTB/
=100 cells per pl. 3133 (31%}) RIF or Xpert Ultra assay. *Number of positive participants as defined by the
101-200 cells per pL 1757 {18%) harmonised MAD based on microbiologically confirmed tuberculosis. TMAD-LAM
is the number of positive participants as defined by the MAD based on
>200 cells per L 4502 (44%) microbiologically confirmed tuberculosis, including participants with a positive
Unknown 7651(7%) AlereLAM test in the denaminator.
(Table 1 continues in next column) - q
Table 1: Demographic and clinical characteristics of study participants

having a low overall risk of bias (appendix pp 10-11). All
studies used AlerelLAM as the lipoarabinomannan test
and sputum Xpert as the NAAT (17 Xpert MTB/RIF and
3 Xpert Ultra; participants who were trace-positive in
Xpert Ultra studies were classified as having
tuberculosis). 16 studies also performed SSM and one
study also performed Fujifilm Silvamp TB LAM
{FujiLAM, Fujifilm, Odawara, Japan).

Records for 10741 participants were obtained
{accounting for all 20 eligible datagets) and 10202 records
{from 4561 [45%] male participants and 5641 [55%] female
participants) were included in the analyses after IPD
harmonisation (figure 1). The dataset contains IPD from
three continents, but 9390 (92%) of 10202 participants
were from sub-Saharan Africa (table 1). CD4 cell count
was available for 9437 (93%) participants. The mean
number of valid sputum Xpert and sputum culture
results per participant was 1-8 (SD 1-2). 50% (ten
of 20) of studies performed Xpert or culture testing on
non-sputum samples, and microbiological confirmation
was exclusively based on non-gputum samples in
124 (8%) of 1615 MAD-positive participants.
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A
Urine AlereLAM Sputum Xpert Sputum smear microscopy
PT/MAD Predicted diagnostic ~ PT/MAD Predicted diagnostic  PT/MAD Predicted diagnostic
yield {95% Crl) yield (95% Crl) yield (95% Crl)

Peter etal (2016)° 147/326 = 45% (40-50) 135/326 ] . 42% [38-47) 140/326 ‘. 42% (38-47)
Van Hoving et al (2019)** 70/170 'i‘- 41% (35-48) 85/170 -I-I 50% (44-58) 38/170 I—I 23%{17-30)
Broger et al (2019} 61/140 -— 43% {37-50) 37/140 - 28% {22-35) 27/140 - 20% (15-27)
NCTO3187964% 16/107 - 16% (11-24) 84/107 [ 78% (72-84) 111107 - 11% (7-16)
Lawn et al (2012)" 25/100 - 25% (17-34) 53/100 + 52% (43-62} 19/100 - 189 (12-25)
Gupta-Wright et al (2018)° 55/97 - 55% (47-64) 58/97 + 60% (51-69)

Floridia et al (2017} 26/90 - 28% (19-36) 72/50 [ 79% (72-87) :

Kasaro ot al (2020)* 16/82 - 22% (15-30) 53/82 - 64% (52-73) 16/82 - 1% (12-27)
Huerga et al (2017 44/69 - 63% (54-71) 50/69 + 72% (63-81) 37/69 —=— 52% (41-62)
Huerga et al {2015)% 46/67 I 66% (55-75) 54/67 i 79% (70-86}) 32/67 —=— 47% (36-57)
Yoon etal (2019)* 12/61 - 20% (11-29) 44/61 .—F 724% (62-81) '

Garcia et al (2020)% 32/53 P —.— 58% (46-69) 43/53 o= 81%(70-80) 19/53 e 36% (24-48)
Huerga et al (2020)% 2142 e som(d070) 42042 : = 9% (97-100) 36/42 : —=— 83% (72-92)
Thitet al (2017)* 30/42 ——  (66%(52-78) 34/42 ——  83%(72-91) 13/42 — 34% (21-47)
Calligaro et al (2017 7/40 —_ 21% {11-34) 36/40 | —=  90%(81-96) 5/40 - 15% (7-26)
NCTG31879641 5/39 - 1 15% {7-24) 23/3% —'I— 58% (44-71) 4/39 - : 11% (4-20)
Huerga et al (2021 19/33 —-— 58w (43-71) 33133 = 99% (95-100) 26/33 i —— 76w (6285
Giccacei el al (2021} 13/28 — 43%{29-57) 2828 P = 98%(92-100) :

Cummings et al 2019} 11/17 ‘;—'_ 59% (40-76) 17/17 i = 97% (91-100) 10/17 i I 57% {39-74)
Wake et al (2022) 412 —_— 33% (17-52) 2 —— 14% (4-35) 1412 —_ 11% (3-26)
Overall prediction 660/1615 —-‘-— 41% (15-66) 08211615 ~ —emmmee— 1% (25-88) 434/1339 —-‘-— 32% (10-55)

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Diagnostic yield (%) Diaghostic yiclkd (%) Diagnosticyield (%)
B 2 day diagnestic yield using the MAD (n=1615) C 2-day diagnosticyield in inpatients using the MAD (n=685) D 2-day diagnostic yield in outpatients using the MAD {(n=930)
401 191 210

[ Urine AlereLAM=41% (660/1615) [1 Urine Alerel AM=50% (342/685) [ Urine AlereLAM=344% (318/9230)

[ Sputum Xpert=61% (982/1615) [ sputum Xpert=48% (330/685) [ Sputum Xpert=70% {652/930)

[ Urine AlereLAM and sputum Xpert=75% (1214/1615) [ Urine AlereLAM and sputum Xpert=72% {494/685) [ urine AlereLAM and sputum Xpert=77% (720/930)

[ Tuberculosis cases missed=23% (401/1615) [ Tuberculosis cases missed=28% {191/685) [ Tuberculosis cases missed=23% (210/930)

Figure 2: Diagnostic yields of urine AlereLAM, sputum Xpert, and sputum smear microscopy

{A) Forest plots per study and test and everall prediction of diagnostic yield. Squares represent predicted diagnostic yields and whiskers represent §5% Crl. The size of the square is proportional to the
number of participants with MAD-positive tuberculosis in each study, and studies are sorted by size. The vertical dashed lines indicate the overall predicted mean by the random effects model and the
diamond reprasents the 95% Crl around that prediction. The PT/MAD represents the number of participants with a positive test from the first sample collected in the initial 2 days after enrolment
divided by the number of positive participants as defined by the harmonised MAD based on microbiologically confirmed tuberculosis. Fuler diagrams and proportion of positive urine Alerel AM and
sputum Xpert test results and their overlap in all participants who were MAD-positive (B), inpatients who were MAD-positive {C), and outpatients who were MAD-positive (D). A Euler diagram for the
subset of studies that performed all three tests, including sputum smear microscopy, is shown in the appendix (p 39). 95% Crl=95% credible interval. AlereLAM=Alere Determine TE LAM Ag assay.
MAD=meta-analysis denominator. PT=positive tests. Xpert=Xpert MTB/RIF or Xpert Ultra assay. *Data are from the Kraaifontein Tuberculosis substudy. tData are from the Antiretroviral Therapy
Tuberculosis substudy.

e908 wwwthelancet.com/lancetgh Vol 11 June 2023

Publications - Page 41




Articles

A B
All participants
100 B

Urine Alerel AM
diagnostic yield (%}

Participants without tuberculosis symptoms

Participants with tuberculesis symptoms

1005 v 9

75 3 » b

254 : i

Sputum Xpert
diagnostic yield (%)
wu
o
1
1

100 A
F 754 ) g

50 : - Tr %y B

Sputum smear microscopy
diagnostic yield (%

T T T T e

0 T
1 10

04 count {cells per pl)

T T T T
100 200 1000 1 iy

D4 count (cells per pl)

T T T T T T
100 200 1000 1 10 100 200 1000

CD4 count {eells per uly

Figure 3: Diagnostic yield predictions as a function of €D4 cell count

Diagnostic yield predictions in participants with tuberculosis based onthe MAD in all participants (A), participants without tuberculosis symptoms {B), and participants
with tuberculosis symptorns (C). We used the number of positive participants as defined by the harmonised MAD based on microbiologically confirmed tuberculosis as
the denominator for diagnastic vield. Solid lines represent mean predictions, dashed lines represent 95% prediction intervals, and dots represent the participant data.
AlereLAM=Alere Determine TB LAM Ag assay. MAD=meta-analysis denominator. Xpert=Xpert MTB/RIF or Xpert Ultra assay.

Within the first 2 days, nearly all participants provided a
urine sample, with fewer participants providing a sputum
sample {table 1). The ability to provide sputum differed by
setting (5829 [89%] of 6540 outpatients vs 2531 [69%)] of
3662 inpatients), and 2452 (78%) of 3138 participants with
a CD4 count of 100 cells per pL or less provided sputum
samples. By contrast, the ability to provide urine exceeded
96% in all subgroups (appendix p 12). In five studies
enrolling inpatients irrespective of tuberculosis signs and
symptoms, only 1084 (549%) of 1993 of people living with
HIV were able to provide a sputum sample, whereas
1966 (99%) provided a urine sample within the first
2 days.

Pooled overall predicted diagnostic yield in people
living with HIV was 41% (95% Crl 15-66} for urine
AlereLAM, 61% (25-88) for sputum Xpert, and
32% (10-55) for SSM (figure 2A}). AlereLAM and Xpert,
in combination, detected 75% (1214 of 1615) of all
participants with tuberculosis in the first 2 days
(higure 2B). In inpatients, the diagnostic yields were
50% (342 of 685) for AlereLAM, 48% (330) for Xpert,
and 72% (494) for AlereLAM plus Xpert (figure 2C). In

wwwthelancet.com/lancetgh Vol 11 June 2023

outpatients, the diagnostic vields were 34% (318 of 930)
for AlereLAM, 70% (652) for Xpert, and 77% (720} for
AlereLAM plus Xpert (figure 2D).

For all tests, there was a large degree of uncertainty
regarding their diagnostic vields across studies (figure 2A),
suggesting substantial heterogeneity across studies with
respect to relevant subgroups (eg, CD4 cell count,
presence of symptoms, and severity of disease as inferred
from inpatient or outpatient status). We examined the
effect of these variables in subsequent analyses.

The analysig of variable effect on the diagnostic yield
identified a significant effect of CD4 cell count and
tuberculosis symptoms, causing multimodality in the
posterior distribution of the modelled diagnostic yield
and thus large 95% Crls (appendix p 13). Figure 3 shows
predicted diagnostic yields for AlereLAM, Xpert, and
SSM as a function of CD4 cell count for participants
with and without tuberculosis symptoms. For AlerelLAM,
diagnostic yield increased with lower CD4 cell count in
people living with HIV (OR 3-47, 95% Crl 2-77-4-36,
per 200 cells per pl. CD4 count decrease; table 2;
appendix p 14). The predicted diagnostic yield for
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AlereLAM was 34% among outpatients and 50% among
inpatients (OR 080, 95% CrI 0-49-1-24). The predicted
diagnostic yield for Xpert was 70% in the outpatient
setting and 48% in the inpatient setting (OR 1.51,
95% Crl 0-74-2-61). All three tests had lower predicted
diagnostic vields in participants without tuberculosis
symptoms than in participants with tuberculosis
symptoms (figure 3; table 2), but tuberculosis was
detected in only 77 participants who were asymptomatic.
CD4 cell count, age, ART status, and the Xpert cartridge
type (ie, Xpert MTB/RIF vs Xpert Ultra) had no
significant effect on Xpert diagnostic yield (appendix
p 13). Only 124 participants had tuberculosis detected by
Xpert Ultra (76% vield) compared with 858 with Xpert
MTB/RIF (59% vyield), and the OR for yield in Xpert
Ultra versug Xpert MTB/RIF wag 1-51 (0-33—4-41).

Among inpatients, AlereLAM and Xpert had similar
diagnostic yields (table 2). AlereLAM had higher
diagnostic yield than Xpert at low CD4 counts {both <200
and =100 cells per pL) in both symptomatic and
unselected inpatients, whereas Xpert performed better in
inpatients with CD4 counts above 200 cells per pL
{table 2). When used in combination, Xpert and
AlereLAM had higher diagnostic yields than did the
individual tests alone.

In outpatients, the diagnostic yield of AlereLAM was
low compared with Xpert in symptomatic and unselected
participants. The combination of Xpert and AlereLAM
diagnosed 78% of symptomatic outpatients, but the
incremental increase in diagnostic yield when adding
AlereLAM to Xpert was small—7% among people living
with HIV whe were symptomatic and 3% among
unselected people living with HIV.

SSM diagnostic yield was below 42% in all scenarios,
settings, and across CD4 strata. SSM diagnostic vield
was influenced by test method: of the 16 studies that
performed SSM, seven used fluorescence microscopy,
two used conventional Ziehl-Neelsen microscopy, and
seven did not specify. Fluorescence microscopy showed
consistent diagnostic yields in the inpatient (39%) and
the outpatient (41%) setting. Studies that used Ziehl-
Neelsen microscopy showed lower SSM diagnostic vield
than did studies that used fluorescence microscopy
{12% in the outpatient setting; appendix p 21).

Only one study* evaluated for tuberculosis using urine
FujiLAM. FujiLAM diagnostic yield was 65% (91 of 140,
95% Crl 57-72), which was 24% higher than AlereLAM
and 4% higher than Xpert overall estimates {appendix p
15). FujiLAM yield increased in participants with
tuberculosis symptoms and those with decreasing CD4
cell counts, with approximately 20% higher yields than
AlereLAM (appendix p 16).

Eight of 20 studies included AlereLAM in their primary
study reference standard definition. In a prespecified
sensitivity analysis across all 20 studies using the MAD—
LAM, the predicted 2-day diagnostic yield of AlereLAM
was 61%, that of Xpert was 39%, and that of SSM

wasg 22% (appendix p 19}. An additional post-hoc analysis
of diagnostic yield, using MAD-LAM as the denominator
and adjusting yield for falge positives, resulted in similar
diagnostic yields of 59% for AlereLAM, 38% for Xpert,
and 21% for SSM (appendix p 20). In the subgroup of
participants who were unable to produce sputum in the
first 2 days, AlereLAM detected 78% (359 of 462) of
people with tuberculosis using MAD-LAM as the
denominator. Overall, 28% (99 of 359) of those with an
AlerelLAM positive test were microbiologically confirmed
with a positive Xpert or culture on at least one sample
trom any body site in the subsequent diagnostic workup,
showing the challenges of confirming tuberculosis in
people living with HIV who might struggle to provide a
sputum sample (appendix p 22). Despite the incomplete
tuberculosis microbiology due to the difficulties of
getting samples, data from a subset of the studies
show that antituberculosis therapy was initiated in
74% (176 of 238) participants with a positive urine
AlerelLAM result who were unable to produce sputum in
the first 2 days.

Two additional prespecified sensitivity analyses, after
excluding studies that did not perform microbiological
testing on samples other than sputum and urine and
studies with high or unclear risk of bias, both showed
similar overall diagnostic vields to the primary analysis
using MAD (appendix p 23). A comparizon of diagnostic
yield to calculated diagnostic yields based on data from
previous meta-analyses is shown in the appendix (p 24}.

Discussion

Thiz IPD meta-analysis in adolegcents and adults (ie,
aged 215 years) showed that urine was obtainable in
nearly all people living with HIV, but that nearly a fifth of
participants were unable to provide sputum within 2 days
of enrolment. Thus, the diagnostic yields of sputum
Xpert (61%) and SSM (32%) were lower than their
sensitivities. By contrast, the diagnostic yield of urine
AlereLAM (419) was unaffected by sample provision as
samples were readily obtained from almost all people
living with HIV.

The considerable heterogeneity in diagnostic yield
observed within and across studies with respect to CD4
cell count, presence of tuberculosis symptoms, and
clinical setting iz unsurpriging given the known
heterogeneity in sensitivity estimates as reported in
previous meta-analyses. However, combining our findings
on sample provision with sensitivity egtimates from
previous meta-analyses®®™* would result in diagnostic
yields of 62—66% for Xpert, 35—43% for SSM, and 42% for
AlereLAM, which are all similar to our reported results.

AlereLAM diagnostic yvield was highest in participants
with a CD4 count below 100 cells per pL and in inpatients.
Our finding of increased diagnostic yield at low CD4
cell count is in line with earlier studies,”* showing
that lipoarabinomannan positivity is associated with
total body mmycobacterial load”® and disseminated
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tuberculosis, which are more likely in immunocom-
promised people living with HIV compared with
Immunocompetent people without HIV* Ag previously
reported by Dhana and colleagues,” we observed that
AlereLAM 2-day diagnostic yield was similar to that
of sputum Xpert among unselected inpatients. Lipo-
arabinomannan testing should therefore be considered a
priority in the inpatient setting, as disseminated
tuberculosis is common®*# and people who test positive
for urine lipoarabinomannan have a higher mortality
risk compared with people who test negative ™ The
results also support follow-up Xpert testing when
AlereLAM results are negative, as this combination
increased the 2-day diagnostic yield from 51% to 71%.

In the outpatient setting, Xpert clearly outperformed
AlereLAM. However, AlereLAM still had an incremental
yield in participants with tuberculosis symptoms,
detecting 78% of tuberculosis cases when combined with
Xpert testing in outpatients. Rapid point-of-care Xpert
testing is often not available, and Xpert results take
several days to come back to care providers. Therefore,
AlereLAM should still be considered as a urine-based
point-of-care diagnostic option to inform rapid treatment
until Xpert results are available and in settings with no
access to Xpert. SSM is still widely used for tuberculosis
diagnosis in outpatients® and relevant as a comparator in
WHO's prequalification of tuberculosis tests.” SSM had
an overall diagnostic yield of only 34% in people with
tuberculosis symptoms and performed poorly in all
subgroups and clinical settings, never exceeding 42%. As
a result, and in line with the WHO recommendation,”
NAATs and urine lipoarabinomannan should be uged
instead of SSM for tuberculosis diagnosis in people
living with HIV.

Taken together, our results suggest that the current WHO
lipoarabinomannan guidelines” could be simplified and
extended to prioritise lipoarabinomannan testing to
diagnose tuberculosis in all inpatients who are HIV-
positive and to aid in tuberculosis diagnosis in outpatients
who are HIV-positive with tuberculosis symptoms (panel).
A multicountry survey assessed the reasons for low uptake
of urine lipoarabinomannan testing, and a prominent
reason was that the test is only for a small perceived
pepulation, and thus is not considered a priority to
implement.® Therefore, a simpler and broader recom-
mendation could result in increased adoption. The same
survey also identified that budget limitations; scarcity of
country-specific data; administrative hurdles, such as
regulatory agency approval; and insufficient coordination
between national tuberculosis and HIV programmes
are important implementation barriers. Our results
make a compelling argument for broad use of urine
lipoarabinomannan testing in people living with HIV, and
we urge donors, ministries of health, and implementors
to address these hurdles.

False positives could result in an overestimation
of diagnostic yield, but the specificity of Xpert is

wwwthelancet.com/lancetgh Vol 11 June 2023

Panel: Proposal for a simplified urine lipoarabinomannan
guideline for tuberculosis testing in people living with HIV

Ininpatient settings

Use urine lipoarabinomannan testing for all pecple who are
HIV-pesitive (regardless of tuberculosis symptoms and CD4
cell count).

In outpatient settings

Use urine lipoarabinomannan testing for all pecple who are
HIV-pesitive with tuberculosis symptoms* (regardless of (D4
cell count) and people who are HIV-positive, irrespective of
tuberculosis symptoms with a CD4 count of less than 100
cells per pL or who are seriously ill.

In all settings

All people who are HIV-positive with a positive urine
lipoarabinomannan result should start tuberculosis therapy.
Along with urine lipoarabinomannan testing, additional
tuberculosis and, as necessary, drug-resistance testing?
should be conducted. A negative urine lipearabinomannan
test does not rule out tuberculosis.

“Pulmonary or extrapulmenary symptoms of tuberculosis. TSeriously ill is defined on
the basis of four danger signs: respiratory rate of more than 30 breaths per min,
temperature of more than 39°C, heart rate of more than 120 beats per min, and unable
to walk unaided. $The need for drug-resistance testing depends on prevalence of
drug-resistant tuberculosis.

higher than 97%, which is sufliciently high to avoid
overestimation.”” Pooled specificities of AlereLAM were
reported to be 91% in people living with HIV with
tuberculosis symptoms and 95% in unselected people
living with HIV who were not assessed for tuberculosis
symptoms.” If 9% of AlereLAM positive results were
false positives, then diagnostic yield would reduce
from 41% to 37% in this study. However, AlerelAM
specificities might be underestimated due to under-
diagnosis by imperfect reference standards, particularly
as many studies used sputum-based tests but not
non-sputum-based tests to establish the reference
standard.®** The MAD based on microbioclogical
confirmation of tuberculosis might have missed
participants with tuberculosis, as the number and type
of teste performed differed between studieg, with half
of the studies performing only Xpert and culture on
sputwmm  samples. This focus on sputum-based
reference standard testing could have led to a greater
underestimation of AlereLAM yield than Xpert yield,
particularly in participants who were unable to produce
sputum. By including AlereLAM in the denominator
(MAD-LAM), we showed that AlereLAM yield increased
to 61% and Xpert yield dropped to 39%. Yield for
AlereLAM was high (59%) even after adjusting for false
positives. AlereLAM was positive in 78% of participants
who were unable to produce sputum in the first 2 dayg,
28% of whom had subsequent tuberculosis confirmation
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and 74% initiated tuberculosis treatment, suggesting
that many people with positive AlereLAM results who
were unable to produce sputum did indeed have
tuberculosis. Therefore, AlereLAM-based treatment
initiation should be a priority, particularly in inpatients
who are HIV-positive, as the reliance on a combination
of sputum-based diagnosis and clinically guided
empirical treatment leaves people at an unacceptably
high risk of death from undiagnosed tuberculosis.®

AlereLAM does not meet the requirements of a broadly
applicable non-sputum-based diagnostic test,' but this
important diagnostic void could be filled by next-
generation lipoarabinomannan tests, We identified only
one cohort study®” of the next-generation FujiLAM assay
that satisfied inclusion criteria, and the manufacturer
reported  product modifications, suggesting  that
previously evaluated assays might vary from the final
commercial product.® Nevertheless, the results showed
the potential of a next-generation lipoarabinomannan
test, with FujiLAM reaching 65% overall diagnostic yield
in more than 400 people living with HIV who were
admitted to hospital, regardless of CD4 cell count
and tuberculosis symptoms—the highest of all tests,
including sputum Xpert®® These results are similar
to those from a large prospective study reporting
60% diagnostic yield for FujiLAM among ambulatory
outpatients in four African countries.”” Next-generation
lipoarabinomannan tests thus have great potential to
avert tuberculosis deaths and incident tuberculosis
cages,” and their development should be prioritised.**
However, despite their potential for rapid point-of-care
diagnosis, lipoarabinomannan-bagsed tuberculosis tests
will still need to be done in conjunction with NAATs
for drug-resistance testing. Improved tests on easily
obtainable samples are needed, and detection of
mycobacterial DNA in oral swabs exhaled breath
aerosols,”" blood,” and urine™® could potentially be used
for investigation of drug resistance.

This study highlights important aspects that should
be considered in future evaluations of tuberculosis
tests. Many primary studies had to be excluded as
they selectively enrolled only participants able to
produce sputum. Thus, the findings and conclusions of
these studies are restricted to people who can produce
gpututn, potentially biaging accuracy results in favour of
sputurn-based tests and making assessment of the
diagnostic yield impossible. We propose that future
tuberculogis  diagnostic  studies, particularly those
evaluating non-sputum-based diagnostic tests, include
participants regardless of ability to produce sputum and
that they report on sample provision, diagnostic yield, and
the composite yield of test algorithms.™ We did notinclude
children, but we will report on them in a separate analysis.

The strengths of this meta-analysis are its large size, with
individual participant data from more than 10000 people
from three continents, including data from three
randomised controlled trials. Furthermore, we carefully

harmonised the denominator across 20 studies and
used Bayesian random-effects and mixed-effects models
to predict diagnostic yields In clinical scenarios and
subgroups after accounting for potentially important
confounders. Two denominators, one based on a widely
accepted microbiological reference standard (MAD) and
one combining MAD and lipoarabinomannan (MAD-
LAM) were compared, and the influence of test specificity
was evaluated in detail. However, our study has important
limitations. Clinically diagnosed tuberculosis was not
considered in the denominator, Most IPD were from
Africa, with only one study from Asia and one from Central
America, Little information was provided on the strategies
and efforts used for obtaining sputum samples in the
different studies, which might have influenced the
availability of samples for testing. Information on gputum
induction was missing for a third of participants, which
might have biased the diagnostic yield assessment of the
sputum-based tests and introduced heterogeneity. It is
unclear whether AlereLAM yield is different if service-level
stafT perform the test, who might have little experience of
the challenges of interpreting the results on the basis of
the reference scale card and have a high workload.

The diagnostic yield of sputum-based tuberculosis
tests is limited by people who cannot produce sputum,
hampering diagnostic evaluation, whereas nearly all
adults can provide urine, Urine AlereLAM had a
similar diagnostic yield to sputum Xpert in
inpatients who were HIV-positive. Furthermore, among
outpatients, combined Xpert and AlereLAM testing can
diagnose tuberculosis in more than three quarters of
people living with HIV with tuberculosis symptoms.
Therefore, guidelines should recommend prioritising
lipoarabinomannan testing for tuberculosis diagnosis in
all inpatients who are HIV-positive (irrespective of
tuberculosis symptoms and regardless of CD4 cell
count) and to aid in tuberculosis diagnosis in outpatients
who are HIV-positive with tuberculosis symptoms. Next-
generation lipoarabinomannan tests and other non-
sputum-based assays could have broad usefulness in the
fight against tuberculosis, and their development should
be prioritised.
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Summary

Better access to TB testing is a key priority for fighting tuberculosis (TB), the leading infectious
disease killer of humankind. Despite the roll-out of molecular World Health Organization (WHO)-
recommended rapid diagnostics (MWRDs) to replace sputum smear microscopy over the past
decade, a large diagnostic gap remains. Of the estimated 10.6 million people who developed TB
globally in 2022, over 3.1 million were not diagnosed.

Better TB tests are required, yet an exclusive focus on improving accuracy alone will not be
sufficient to close the diagnostic gap for TB. Diagnostic yield, which we define as the proportion
of people in whom a diagnostic test identifies TB among all people we attempt to test for TB, is
an important metric not adequately explored. Diagnostic yield is particularly relevant for
subpopulations unable to produce sputum such as young children, people living with HIV, and
people with subclinical TB. As more accessible non-sputum specimens (e.g. urine, oral swabs,
saliva, capillary blood, breath) are being explored for point-of-care TB testing, the concept of
yield will be of growing importance.

Using the example of urine LAM testing, we illustrate how even tests with limited sensitivity may
diagnose more people with TB if they enable increased diagnostic yield. Using tongue swab-based
molecular TB testing as another example, we provide definitions and guidance for the design and
conduct of pragmatic studies that assess diagnostic yield. Lastly, we show how diagnostic yield
and other important test characteristics like cost and implementation feasibility are essential for
increased effective population coverage, which are required for optimal clinical care and
transmission impact.

We are calling for diagnostic yield to be incorporated into TB test evaluation processes, including
the WHO Grading of Recommendations, Assessment, Development and Evaluations (GRADE)
process, providing a crucial ‘real life’ implementation metric that complements traditional
accuracy measures.

Introduction

TB diagnosis has relied on low sensitivity sputum smear microscopy for over 100 years. In 2022,
of the estimated 10.6 million people who developed TB, 3.1 million were not diagnosed and
reported (World Health Organization 2023a). The persistent TB diagnostic gap is closely
associated with the inability of countries to reach the WHO standard of universal access to rapid
molecular TB diagnostics (World Health Organization 2023b). In 2022, for example, only 47% of
patients notified with TB were initially tested with a World Health Organization (WHO)-
recommended rapid diagnostics (WRD) (Ismail et al. 2023; World Health Organization 2023a).
Constraints in diagnostic access are central to these institutional failures, spanning the cascade
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from being identified as needing a test, obtaining specimens, receiving testing to starting and
completing treatment (Pai et al. 2022).

Figure 1 illustrates key moments in the last century that have been instrumental in defining how
TB diagnostics are evaluated.
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Figure 1: Key moments and seminal publications in the conceptualization of diagnostic
accuracy, policy development and diagnostic yield that inform the current approach to evaluate
TB diagnostics. TB=Tuberculosis. GRADE=Grading of Recommendations, Assessment,
Development and Evaluations. TPP=Target product profile. WHO=World Health Organization.
LAM=Lipoarabinomannan. mWRD=molecular WHO-recommended rapid diagnostic. References
(Barr et al. 2020; Bates et al. 2013; Bordet and Gengou 1910; Broger et al. 2023; Craig 1910;
Dhana et al. 2022; Hsu et al. 2011; Ismail et al. 2023; Kahn 1942; Lawn et al. 2009; Nicol and Zar
2011; Rachow et al. 2012; World Health Organization 2013; World Health Organization 2014;
Yerushalmy 1947; Zar et al. 2012)

Since 2007, the World Health Organization (WHO) has been applying the Grading of
Recommendations, Assessment, Development and Evaluations (GRADE) (Schiinemann et al.
2008) process for guideline development. GRADE prioritizes randomized controlled trials (RCTs)
that directly evaluate the impact of a diagnostic test on patient-important outcomes under ‘real-
life’ conditions (Schiinemann et al. 2019). However, in the absence of direct evidence from RCTs,
WHOQ'’s guideline development groups (GDGs) usually link accuracy studies to patient-important
outcomes, such as cure, mortality, time to diagnosis, and time to treatment, and integrate these
into GRADE’s evidence to decision (EtD) framework to infer likely impact of tests and develop
recommendation (Schiinemann et al. 2016). If a test is not likely to improve patient-important
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outcomes or population health, then the healthcare system has no reason to use it, whatever its
accuracy may be (Schiinemann et al. 2008).

A new pipeline of TB diagnostics is emerging, partly as a dividend from massive diagnostic
infrastructure investments made during the COVID-19 pandemic (Yerlikaya et al. 2023). While
traditional accuracy metrics and individual patient-important outcomes remain critical,
population health-focused measures are equally important in defining how diagnostics can be
deployed to achieve public health objectives. Such measures are currently less emphasized
within GRADE, and accordingly recommendations for new diagnostics may fail to focus on the
potential to identify more people with TB and close the diagnostic gap (Pai et al. 2023). In this
article, we aim to emphasize the importance of diagnostic yield for emerging TB diagnostics and
how yield relates to effective population coverage.

What is diagnostic yield?

Since the mid-20™ century, diagnostic yield has become a metric in evaluating the utility of
various diagnostic tests and procedures across different medical specialties. Many of the initial
publications focused on cancer screening, but it is increasingly used in infectious diseases as well
(Barr et al. 2020; Bates et al. 2013; Broger et al. 2023; Corral et al. 2019; Dhana et al. 2022;
Krumholz 1966; Lawn et al. 2009; Mase et al. 2007; Meggi et al. 2017; Nicol and Zar 2011; Rachow
et al. 2012; Zar et al. 2012).

For this article, diagnostic yield (DYT, Panel 1) is defined as the proportion of people identified
with disease using a highly specific diagnostic test (thus resulting in mostly true positives — see
further comment below; PT), out of all people eligible to be tested (D), irrespective of adequate
specimen collection. Diagnostic yield is a comprehensive measure of the performance of a test
because it considers access, specimen availability, sensitivity, and test completion. Considering
the diagnostic literature more broadly, the common denominator is the total number of people
who are attempted to test, which also includes people who were unable to provide a specimen
and those for whom the test failed to deliver a result (due to indeterminates, invalids or errors
which are linked to test robustness and user friendliness). Another definition (DYD) frequently
used in TB literature (Barr et al. 2020; Boyles et al. 2018; Broger et al. 2019a; Broger et al. 2023;
Dhana et al. 2022; Huerga et al. 2017; Lawn et al. 2012b; Lawn et al. 2014) only considers the
diagnostic yield among those diagnosed with TB. The article will subsequently employ the DYT
definition; nonetheless, we advocate for the assessment of both DYT and DYD in studies.

Usually, estimates of diagnostic yield are based on a single test attempt using a single diagnostic
specimen from a single clinical encounter, as would happen in routine clinical care. Diagnostic
yield may further include turnaround time such as “diagnostic yield at the first clinical encounter”
or “24-hour diagnostic yield”. The concept of yield can also be extended to diagnostic algorithms
involving more than one test as composite diagnostic yield.
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Panel 1: Definition of diagnostic yield

yield
tested

Definition:

Proportion of people in whom a diagnostic test identifies TB
among all people for whom testing is attempted.

Formula:

DYT=PT/D

DYT=Diagnostic yield among all people attempted to test.
PT=Number of people with a positive diagnosis by the test.

D=Denominator defined as the total number of people for
whom TB testing is attempted.

DYT may include a turnaround time component such as
“diagnostic yield during the first clinical encounter” or “24-
hour diagnostic yield”.

Usually, DYT is based on a single test attempt using a single
specimen from a single clinical encounter, but it can consider
a test series or standardised combination of tests. The crucial
factor is that it should mimic real-world clinical practice in a TB
endemic setting.

Strengths:

-Simplicity in study design: The focus on positive
results (PT) simplifies study design, making it feasible
even in the absence of a comprehensive reference
standard that would be required to distinguish
between true and false positives.

-Pragmatic Assessment: Enables studies that replicate
real-world clinical practices by considering factors
such as test completion, specimen viability, and timely
result availability in all people attempted to test.

-Reflects real-world testing conditions: By
considering a single test attempt using a single
specimen from a single clinical encounter, DYT mirrors

real-world testing conditions.
Limitations:

-Dependence on prevalence: DYT is influenced by TB
prevalence, which may limit its generalizability across
populations with different prevalences.

-Specificity consideration: Specificity requires careful
consideration in light of the clinical goal, associated
cost and prevalence. DYT includes false positives in PT.
If test specificity has been well established (e.g. in
previous accuracy studies) and is high (298.5%), the
impact of false positives on DYT is low, particularly if
TB prevalence is high. In this case, PT approximates the
number of true positive results. DYT for tests with
lower specificity should be adjusted (see Web
Appendix p. 1) for formula and Excel Calculator) and
be interpreted carefully.

Diagnostic
among all
(DYT)
Diagnostic
among
diagnosed
(DYD)

yield
all

Definition:

Proportion of people in whom a diagnostic test identifies TB
among TB positive people for whom testing is attempted.

Formula:

DYD=PT/DD

DYD=Diagnostic yield among TB positive people.
PT=Number of people with a positive diagnosis by the test.

DD=Denominator defined as the total number of people
diagnosed with TB. Usually, a comprehensive microbiological
reference standard that includes mycobacterial culture and/or
NAAT from any specimen including sputum, urine, blood, and
other extrapulmonary samples. The positive participants from
the index test under assessment can be included in the
denominator permitted specificity of the test is sufficiently
high.

As for DYT, DYD may include a turnaround time component
and is usually based on a single test, but can include a test
series or standardised combination of tests used in real world
clinical practice

Strengths:

-Not depending on prevalence: DYD is independent of
TB prevalence, making it easier to compare across
studies conducted in different settings or populations.

-Addressing false positives: The comprehensive
reference standard enables the exclusion of false
positives in the count of people with a positive

diagnosis (PT).
-Has been used in several TB studies
Limitations:

-Requires comprehensive reference standard: DYD
requires a comprehensive microbiological reference
standard, with multiple tests for defining the total
number of people diagnosed with TB in the
denominator (DD). This may not be feasible in all
settings, particularly in pragmatic studies. Even the
most comprehensive reference standard may still miss
people with TB.
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Why is diagnostic yield important and how is it linked to effective population coverage?

Figure 2 maps TB testing and care metrics to the TB care cascade. The ultimate goal of a diagnostic
test is to achieve population-level impact on patient outcomes which requires effective
population coverage (Jannati et al. 2018; Murray and Evans 2003; Shengelia et al. 2005) and
universal access (Ismail et al. 2023; World Health Organization 2023a). Diagnostic yield is an
important part of effective population coverage as it measures a test’s ability to deliver
actionable positive diagnoses in those attempted to test (covering steps 3 and 4 of the TB care
cascade in Figure 2).

Tuberculosis Care Cascade

TB Testing Metrics

T

Effective
population
coverage

Step 2: Provide access to TB testing
services

and

Specimen User .
availability || friendly Diagnostic Universal
q access
yleld to rapid TB
Turnaround diagnostics
time Benchmarks
T T~} 1to 12

\/

Step3: Attempt testing

Step 4: Deliver timely and
actionable diagnosis

Step 5: Initiate
effective treatment

Step 6:
Achieve
treatment
sucess

Step 7:
Achieve reoccurance-free survival &
outcome

Figure 2: TB testing metrics (right) mapped to the TB care cascade (left). Accuracy evaluates
step 4, diagnostic yield steps 3 and 4 and effective population coverage steps 1 to 5 of the care
cascade. TB testing and care metrics refer to the REASSURED criteria(Land et al. 2018; Mabey et
al. 2004), which include Ease of specimen collection, Accuracy (Sensitive, Specific), User-friendly,
Rapid & Robust, and are considered elements of diagnostic yield. REASSURED further includes:
Affordable, Deliverable Equipment-free, and Real-time connectivity (not shown in figure) which
are relevant for effective population coverage. Tuberculosis (TB) care cascade adapted from
Subbaraman et al. (2019) and Ismail et al. (2023). Universal access benchmarks are described in
the WHO standard (World Health Organization 2023b).

In addition to test accuracy, diagnostic yield covers other key aspects by accounting for specimen
availability, turnaround time, test robustness and failures, and user friendliness. All of these

aspects collectively contribute to effective and timely result generation in a real-world clinical
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setting in high endemic countries but are not usually covered by diagnostic accuracy studies.
Specimen availability is particularly relevant for key subpopulations that are often unable to
produce sputum, such as people living with HIV (PLHIV), children, people with extrapulmonary
TB and people with subclinical TB who do not exhibit overt symptoms and signs associated with
active TB (Broger et al. 2023; Huerga et al. 2023).

Sputum induction may be necessary for patients who cannot expectorate, but this puts
healthcare workers at risk for infection and requires expertise, motivated staff, equipment, and
time, potentially delaying specimen collection and time to diagnosis. Further, sputum is a
complex viscous sample requiring complex sample processing which leads to longer turnaround
times and high requirements on test robustness to avoid indeterminates and invalids. Despite
these challenges, sputum remains the primary TB diagnostic specimen. Recognizing the
limitations of sputum-based diagnostics triggered the explicit inclusion of non-sputum specimens
as a priority element of TPPs for new TB diagnostics (Denkinger et al. 2015; World Health
Organization 2014; World Health Organization 2024).

In principle, TB tests with only moderate sensitivity which utilize more easily accessible specimen
have the potential to diagnose a higher number of people with TB than a more sensitive
molecular test reliant on sputum as illustrated in the following two examples.

In the first example, in an individual participant data (IPD) meta-analysis (Broger et al. 2023) of
TB testing among 3662 hospitalized PLHIV, 69% (2531/3662) had a sputum specimen obtainable
in the first 2 days, whereas 98% (3585/3662) had a urine specimen obtained. Diagnostic yield was
comparable, at 9.3% (342/3662) for urine LAM and 9.0% (330/3662) for sputum Xpert (Figure 3).
This result was obtained despite the lower sensitivity of the LAM test used in the studies (42%
for urine AlereLAM) relative to the sputum assay (77% for sputum Xpert). The comparability in
diagnostic yield was purely attributable to higher urine specimen availability. While everyone can
provide a urine sample, only a certain fraction of people can produce sputum samples.
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3662 hospitalized PLHIV

DYT urine AlereLAM = 9.3% (342/3662)
1 DYT sputum Xpert = 9.0% (330/3662)
1 DYT urine AlereLAM and sputum Xpert = 13.5% (494/3662)
[ DYT all TB tests combined = 18.7% (685/3662)

152 178 164

191

Figure 3: Comparison of TB diagnostic yield between urine LAM and sputum Xpert among
hospitalized PLHIV from the first sample collected in the initial 2 days after enrolment (Broger et
al. 2023). Diagnostic yield calculated as number of patients with positive test results among all
people attempted to test. DYT=Diagnostic Yield. AlereLAM=Alere Determine TB LAM Ag assay.
Xpert=Xpert MTB/RIF or Xpert Ultra assay.

The second is a hypothetical example. Consider replacing Xpert Ultra on a single spot sputum
(assuming specimen availability 80%, sensitivity 91%, specificity 98.5%) with tongue swab
specimen and a nucleic acid amplification test (NAAT) (assuming specimen availability 100%,
sensitivity 73%, specificity 98.5%). When applied to the same population, the same number of TB
patients would be identified by the two testing approaches, since the specimen collection
advantage compensates for the loss in sensitivity when assessing tongue swab specimens.

An important consideration for the concept of diagnostic yield is test specificity. If test specificity
has been well established in diagnostic accuracy studies and confirmed to be high (>298.5%), then
the number of positive results in a high incidence setting would be representative of true positive
cases. This simplifies study design when highly specific tests are evaluated allowing more
pragmatic studies, even in the absence of a comprehensive reference standard to distinguish
between true and false positives. For tests with lower specificity, this is more complex, and
adjustment could be performed using Bayesian Latent Class Analysis (or other methods with
similar properties) to i) allow explicit incorporation of additional information about an individual
and their probability of having TB, e.g. including chest X-Ray result, whether a clinical diagnosis
was made, or if follow-up is possible - response to therapy; and ii) include appropriate

58



considerations of uncertainty about specificity estimates (Schumacher et al. 2016). For reporting,
the diagnostic yield can be adjusted by considering test specificity from other studies or meta-
analyses (see Web Appendix p. 1 for formula and Excel Calculator).

Using more readily accessible specimens can enable higher diagnostic yield for TB. Paired with
near-patient testing, including home- and self-testing, this lays the basis for higher effective
population coverage, including for disadvantaged and vulnerable groups. A diagnostic test with
a high accuracy will have limited impact on the population if it does not also have high diagnostic
yield and is not widely available and used. It is therefore important to not only emphasize
diagnostic yield, but also coverage (Figure 2). Effective population coverage refers to the
population at risk that is reached by a specific health intervention, such as a diagnostic test, and
who are therefore able to benefit from it. As such it combines need, utilization, and quality
(Jannati et al. 2018; Ng et al. 2014). For a test to reach high effective population coverage, it
needs to be feasible to implement at scale, affordable, and cost-effective, and it should achieve
high diagnostic yield within a clinically relevant turnaround time (Figure 2).
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How to integrate diagnostic yield into diagnostic research

Panel 2 shows an example study approach to establish diagnostic accuracy and diagnostic yield
for a tongue swab-based molecular TB test and Table 1 provides a checklist for the design of a
diagnostic yield study. In general the same criteria used for high-quality accuracy studies apply
(Bossuyt et al. 2015; Drain et al. 2019; Whiting 2011). A two-step process might be most
appropriate with initial establishment of diagnostic accuracy (especially specificity) using a
comprehensive and well validated reference standard from sputum (including methods that
facilitate sputum production; detailed guidance on such studies is published elsewhere
(Denkinger et al. 2019), followed by a ‘real life’ diagnostic yield study. In some instances, a
pragmatic combined effectiveness-implementation study might be useful, if accuracy and yield
assessment can be incorporated into a single study.

Panel 2: Example of the proposed two-step study approach and PICO (Population, Intervention,
Comparison, Outcome) questions to establish diagnostic accuracy and yield for a tongue swab-
based molecular TB test.

Accuracy study PICO

e Population: Patients at risk of TB (with/without symptoms) presenting to a health
facility

e Intervention: Tongue swab-based molecular test

e Comparator: Sputum-based molecular test

e Primary Outcome: Diagnostic accuracy (sensitivity and specificity) in reference to a
microbiological reference standard (including sputum culture and sputum molecular
test),

e Secondary Outcomes: Proportion indeterminate, diagnostic accuracy against
alternative reference standards (clinical reference standard, extended microbiological
reference standard, or latent class modelling (Drain et al. 2019; Schumacher et al.
2016)), negative predictive value (NPV), positive predictive value (PPV), turn-around-
time, quality and proportion indeterminate of the reference standard methods.

Diagnostic yield study PICO

e Population: Patients at risk of TB (with/without symptoms), ideally in healthcare or
community settings

e Intervention: Tongue swab-based molecular test

e Comparator: Sputum-based molecular test

e Qutcomes: Diagnostic yield (DYT) defined as the proportion of tongue swab positive
people (numerator TP, Panel 1) among the total number of people attempted to test
(denominator D, Panel 1).

e Secondary Outcome: composite yield of both tests or test algorithms, time to diagnosis,
sample provision, proportion indeterminate, effectiveness of implementation, user-
friendliness in programmatic setting with the intended user.
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For the diagnostic accuracy study, demonstrating specificity against a comprehensive reference
standard will be critical to ensure that additional cases identified in the diagnostic yield study are
true positive cases. This may be of less concern in the example of a swab-based molecular test
that specifically detects Mtb DNA (the caveat being presence of Mtb DNA after cure) (Bahr et al.
2018; Dorman et al. 2018). However, if there is less confidence in the specificity of a test, as is
the case for LAM-detecting urine-based TB assays, this consideration gains critical importance
and could be addressed by analytical means (e.g. Bayesian latent class analysis) as outlined above
(Schumacher et al. 2016).

Diagnostic yield studies should be designed with the necessary statistical power and similar
statistical methods used for accuracy sample size calculations (Drain et al. 2019; Newcombe
1998). For example, for a test with 20% diagnostic yield, 49 TB test positives would be required
to achieve a 95% confidence interval (Cl) width of less than 10%. Assuming a prevalence of 25%
this would require the enrolment of 246 participants, ideally without selection bias, as is often
observed in studies that only enrol highly symptomatic participants who can spontaneously
expectorate sputum.

Table 1: Checklist for the design of a TB diagnostic yield study based on Drain et al. (2019).

Topic Recommendation

Study design ¢ Use an inclusive and representative cross-sectional study design (minimal exclusions)

¢ Include assessment of diagnostic yield as a primary or secondary objective

¢ Ensure sample size calculation accounts for yield objectives, specimen provision and indeterminate

results
Participants and | e Don’t exclude participants based on inability to provide a specimen and describe the characteristics
Population of this participant group well (e.g. did they later produce sputum or was sputum induction

attempted, were they followed-up and what was the clinical picture, etc.)

e Consider diagnostic yield assessment in settings and populations with minimally symptomatic
individuals, risk factors for TB and people with difficulties to produce sputum such as PLHIV, children,
community-based and facility-based TB screening for active case finding

¢ Avoid selecting participants in whom TB has already been diagnosed for the current episode or who
have already started TB treatment

e Perform testing in intended use setting with intended user (pragmatic setting and staff is
preferable)

Specimen collection ¢ Document number of specimen collection attempts, timing, and collection time per specimen

¢ Document whether sputum was spontaneously expectorated or induced and describe the volume
and quality of the sputum sample obtained. Document the level of coaching, effort and attempts to
collect sputum

o |f sputum induction is done; provide clear instructions and training to healthcare workers, the effort
to collect a specimen should be representative of the routine situation and well documented

e Collect participant and healthcare worker feedback on which specimen they prefer
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Index test and | ¢ Document time to result from first attempt to collect specimen
comparators

e Link test result to specimen collection data

¢ Document numbers and reasons for non-availability of results (no specimen, assay failure, etc.)

» Consider specifics of the index test that may influence study design, ideal population, and setting

¢ Include sputum smear microscopy and sputum Xpert as comparators. Consider including other
WHO recommended tests as comparators (e.g., LAM, particularly if urine-based tests are evaluated).

Reporting * Report on baseline diagnostic yield (1) among total number of people attempted to test (DYT) and
(2) among all diagnosed with TB (DYD).

* Report specimen availability, indeterminate results, invalids, and collection efforts

* Consider subgroup analysis (e.g., based on specimen provision and result time, incl. time when a
patient was started on treatment)

¢ Consider reporting on composite yield of test regimens/algorithms (e.g., swab-based molecular
and urine LAM in combination, or X-ray based triage and mWRD-based confirmation)

e Publish participant level data along with a clear codebook to enable secondary research (meta-
analyses, modelling, policy development)

¢ Discuss the potential impact of false positives and disease prevalence on diagnostic yield. Report
specificity-adjusted diagnostic yield (see Web Appendix p. 1 and Excel Calculator). Consider
evaluating how the presence of diseases with similar symptoms in a population, context specific
environmental factors, including healthcare infrastructure, accessibility to healthcare services, and
socioeconomic conditions, might influence diagnostic yield.

e Consider reporting on and discussing key aspects beyond diagnostic accuracy and yield relevant for
easy test access and effective population coverage such as cost, time-to-diagnosis, user friendliness,
training requirements, training, throughput, portability, etc. and their implications for practice and
effective population coverage.

What lessons on diagnostic yield and effective population coverage can TB take from other
diseases of public health importance?

For several diseases, diagnostic innovation has improved both yield and coverage. Table 2 lists
diagnostic examples from different diseases to illustrate the interplay of test characteristics to
achieve effective population coverage, including yield.

For syphilis diagnosis, for example, one study indicated that improvement in the sensitivity of
antenatal syphilis tests without a corresponding increase in patient return rate would not yield
any substantial gains in health outcomes, highlighting the importance of turnaround time
(Aledort et al. 2006). Today, serological syphilis rapid diagnostic tests (RDTs), which are less
accurate but more accessible than laboratory diagnostics, are part of the WHO’s list of essential
diagnostics (World Health Organization 2021a).

HIV self-testing also provides critical lessons for the TB community. HIV rapid test uptake is
negatively impacted by the stigma and discrimination associated with visibility of testing in health
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facilities. In 2012, when the US Food and Drug Administration (FDA) approved oral self-tests for
HIV, the concerns about lower accuracy of oral self-tests compared to laboratory-based tests
were overridden because of their potential to expand diagnostic yield due to ease of sampling
(e.g. oral vs. finger prick blood), potential for expanded access to testing, and thus increase
effective population coverage compared to laboratory tests. The WHQ's release of self-testing
guidelines in 2016 catalysed the global availability, accessibility, and impact of these tests
(Giguére et al. 2021). Improved population coverage was achieved in Southern Africa by a
successful rollout of oral self-tests for screening followed by blood-based tests for confirmation,
resulting in a reduction of the proportion of undiagnosed individuals without knowledge of their
HIV serostatus from 40-50% in 2000 to 16% in 2020 (Giguére et al. 2021).

For malaria, the development of antigen-based RDTs changed the landscape by offering accurate
diagnosis while circumventing both venous blood collection and microscopy obstacles in
peripheral health care settings, including cost of equipment, time to result, and the need for
skilled personnel. The first malaria RDTs emerged in the early 1990s (Thepsamarn et al. 1997),
and the WHO held its first meeting on rapid diagnostic testing in 1999 (World Health Organization
2000). Initial adoption was hampered by variable field performance, which led the WHO and
other agencies to create an international quality control programme for malaria RDTs
(Cunningham et al. 2019). In recent years, RDT testing has been significantly expanded around
the world. In 2021, 413 million RDTs were sold by manufacturers and 262 million were distributed
by national malaria programmes (World Health Organization 2021b).

Most recently, the COVID-19 pandemic also showed the benefits of shifting attention from the
narrow focus on test accuracy to diagnostic yield and effective population coverage to address
diagnostic gaps (Mina et al. 2020; Pai et al. 2023). Nasal rapid antigen tests (RATs) achieved high
diagnostic yield and effective population coverage despite their reduced sensitivity relative to
NAATs from nasopharyngeal swabs (Pavelka et al. 2021; World Health Organization 2022; Zhang
et al. 2022).

Novel testing solutions for TB testing on the horizon that have the potential to improve
diagnostic yield

Developing non-sputum-based rapid tests for TB presents significant challenges due to the
anatomical location of TB infection that usually involves the lung parenchyma with resultant lung
pathobiology. Few biomarkers progress towards tests with clinical utility (MacLean et al. 2019).
For pathogen markers (e.g. antigen or DNA), abundance in non-respiratory specimens (like blood,
or urine) is very low, complicating sensitive detection with low-cost point-of-care tests (Broger
et al. 2020b). For host markers, detection has also proved challenging due to similarities in the
immune response related to Mtb infection (without disease) and active disease (Broger et al.
2017). Nevertheless there are several exciting non-sputum tests based on urine, tongue swab,
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breath, blood and stool on the TB testing horizon (Portevin et al. 2014; R2D2 2024; Treatment
Action Group (TAG) 2023; Yerlikaya et al. 2023). It is important to highlight that two non-sputum-
based tests are already recommended by the WHO and available today. These include the urine
AlereLAM test to assist in TB diagnosis in PLHIV and Xpert stool testing in children (World Health
Organization 2020). The greater appreciation of yield within the TB field will be critical to increase
acceptance and uptake of these tests and will help to address major implementation gaps that

continue to exist for these tests.
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Table 2: Exemplar use-cases of diagnostic tests that achieved high effective population coverage

laboratories.

Minimal
infrastructure
tests could

alleviate 47% of
disease burden

despite lower

Tests which require minimal
infrastructure and return results in
<2 hrs. can alleviate about 30%-50%

of disease burden

Example Use-case Sample type Test Accuracy Diagnostic Yield Population coverage References
characteristics
HIV Community- Oral mucosal | Rapid antibody | Reduced accuracy | High  diagnostic | High: In 2020, 84% of people living | (Hatzold et al. 2019)
based POC and | transudate testin sensitivity 98.7%, ield due to | with HIV knew their HIV status. R
. & ( o ¥ oY ) . . (Giguére et al. 2021)
self-testing (OMT) specificity  99.8%) | accessible sample | Expansive coverage was achieved by
against laboratory- | type and high | a successful roll-out funded by the | (Zachary et al. 2012)
based blood tests. | acceptability. UNITAID STAR Program and BMGF. (Witzel et al. 2020)
Confirmatory Between 60-90% or participants
testing is opted for selft-testing depending on | (Pai et al. 2012)
recommended. setting.  Self-testing  increased
update by 145%.
Syphilis Screening and | Finger-stick Rapid antibody | Reduced accuracy | High diagnostic | High: (Aledort et al. 2006)
POC testin testin sensitivit 75- ield:  fingerpick
& § ( y“ . y ) gerp | Countries have begun using dual
100%, specificity 65- | capillary blood is o .
. . . HIV/syphilis  RDTs to increase
100%) for rapid | feasible in . .
) o . effective population coverage for
tests in minimal to | community o
) . both, HIV and syphilis.
no infrastructure | settings and
areas compared to | health facilities
laboratory tests. during one Syphilis RDTs were added to WHO's
encounter . . . .
list of essential diagnostics.
without
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sensitivity and
specificity
Malaria POC testing Finger-stick Rapid antigen | Reduced accuracy | High diagnostic | High (Cunningham et al. 2019)
testin 62% sensitivity, ield:  fingerpick . .
& (62% o .y 4 ) gerp ] In 2021, 413 million RDTs were sold | (Yimam et al. 2022)
99% specificity | capillary blood is
. . by manufacturers.
compared to | feasible in
laboratory-based community
molecular testing. settings and
health  facilities
during one
encounter
without
laboratories
SARS-CoV-2 | Screening and | Nasal swab Rapid antigen | Reduced accuracy | High: accessible | High: Improved substantially | (Young et al. 2021)
self-testing  to testing (76% sensitivity, | sample types (i.e. | initially through large publicly i
. . . . . (Polechova et al. 2022)
identify 98.9% specificity) | self-performed funded screening programs. Initially
infectious against reference | anterior nasal | with assisted testing and further | (Lindner et al. 2021a)
pfefople I \:vhlch Ztan::lard PCR. | swab) through lay self-testing (Lindner et al. 2021b)
effectively limits imilar  sensitivit
y . y Over 80% of users
further spread for self-testing . (Pavelka et al. 2021)
found rapid
compared to

professional testing.

antigen tests easy
to perform

(Mina et al. 2020)

(Briimmer et al. 2022)
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Conclusion

As part of urgent efforts to identify and treat people with TB who are currently missed and not
receiving appropriate care, it is necessary to place a stronger focus on diagnostic yield and effective
population coverage. Using more readily accessible specimens together with novel near-patient tests,
including home- and self-testing, will improve diagnostic yield and coverage, especially in
disadvantaged and vulnerable groups who are at the greatest risk of disease development and spread.
Thus, we propose the inclusion of diagnostic yield as an additional metric when evaluating the value
of novel diagnostic tests for TB, as well as in the GRADE evidence synthesis process that informs WHO
policy decisions.
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Appendix
Specificity Adjusted Diagnostic Yield

Imperfect test specificity leads to an overestimation of diagnostic yield. Diagnostic yield can
be adjusted for test specificity as follows:

PT — ((1 — Prevalence) = (1 — Specificity) = Test Completion * D
Specificity Adjusted DYT = « )+ pD ficity) i ) X 100%

DYT: Diagnostic yield among all tested (as per Panel 1).
PT: Number of index test positive tests (as per Panel 1).

Prevalence: Estimate based on experience in study population. Alternatively, Bayesian latent
class analysis with combination of available test results can be used.

Specificity: Test specificity of the test under assessment based on published evidence from
accuracy studies or meta-analyses.

Test completion: Proportion of people in the diagnostic yield study with a valid positive or
negative test results (N) over all people (D).

D: Total number of people for whom TB testing is attempted (as per Panel 1)

Separately, also evaluate against DD=Denominator defined as the total number of people
diagnosed with TB to consider DYD.

Excel Diagnostic Yield Calculator

An Excel Tool for the calculation of Diagnostic Yield and Specificity Adjusted Diagnostic Yield,
including an example based on literature values is attached.

References

Are integrated in the dissertation references below.
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4 DISCUSSION

“Having a TB diagnostic is our top priority for diagnostics — there is many diagnostics that we
want, but the one that would be the most dramatic would be to have something like a two
dollars or less TB diagnostic” (Bill Gates from the Bill & Melinda Gates Foundation during a
meeting with Indian Minister of Health, Mansukh Mandaviya in New Delhi in February 2024,
NDTV 2024). The development and delivery of such a test would not just be a scientific
advancement; it would be a critical step towards fulfilling the Sustainable Development Goal
(SDG) 2030 target of reducing TB deaths by 90% and cutting TB incidence by 80%. The
potential impact of this next-generation LAM TB test could be transformative, offering a more
effective tool in the global fight against tuberculosis.

In alignment with Gates' emphasis, my dissertation delved into investigating the potential of
LAM, one of the most promising biomarkers for fulfilling this crucial need. Consequently, the
overarching question of my dissertation was: “Is LAM a suitable biomarker for TB diagnosis in
general populations?”.

In the first section of this integrated discussion, | summarize the status of all 15 areas of
research and development from Figure 3. This also includes an integrated discussion of the
three focus areas that formed the core of this cumulative dissertation and led to the three
publications presented in Chapter 3.

In the second section, | provide a nuanced answer to the overarching question whether LAM
is a suitable biomarker for TB diagnosis in general populations by predicting TPP fulfilment of
the currently feasible, hypothetical, next generation LAM test.

In the conclusion, | end by summarizing my main findings and provide some final thoughts and
recommendations.

4.1 A status update of 15 LAM research and development areas

After a decade of dedicated research following my LAM strategy, | and others made progress
on all 15 research and development areas (Figure 3), paving the way for a next-generation
LAM-based TB diagnostic test. Table 2 summarizes the status and the following sections
discusses all areas in detail.
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Table 2: Is LAM a suitable biomarker for TB diagnosis — answers to the 15 areas of research and development from Figure 3.

No. | Question | Short answer

| Status | Outstanding Questions and Future Considerations

| References

Stream A - LAM Biomarker in clinical specimens

1

What is the molecular
structure of in vivo LAM
and what are the most
promising epitopes to
target with existing and
new antibodies to
maximize performance?

A combination of two antibodies performs best for in
vivo uLAM detection:

(a) the S4-20 antibody targets the MTX-dependent Man2
or Man3 epitope in LAM, and

(b) the A194-01 antibody possesses high affinity for
linear Ara4, branched Ara6 and also binds Man-capped
structures. See Figure 2 for LAM epitopes and structure.

How is LAM degraded in the host and how does
that impact LAM structure and ability to be
detected in bodily fluids?

Are there alternative binding motifs to push
sensitivity to the next level?

Can even better antibodies with higher affinity
and specificity be developed?

The question: what is the molecular structure of
in vivo LAM? is not yet fully answered.

Cantera et al. 2022;
Cantera et al. 2023;
Choudhary et al. 2018; De
et al. 2021; Lowary and
Achkar 2022; Sigal et al.
2018b; Zheng et al. 2017;
Corrigan et al. 2022; Ishida
etal. 2021

Is urine or blood the
better specimen for LAM
detection?

Urine

The understanding of LAM concentration and
structure in specimen other than urine is still
limited and further research is required.
Comparisons across specimen types are
influenced by reagents, structural differences of
LAM in different sample types, absence of LAM
reference material, sample treatment, assay
designs, and detection platforms.

Brock et al. 2020b; Broger
et al. 2019d

Is there a difference
between LAM detection in
fresh vs. biobanked
urines?

There are only minor differences between LAM
detection in fresh vs. biobanked urines. Urines from
biobanks can be used for the development. Once the
design is final, performance should be confirmed in fresh
urines.

Assessment of analyte stability and matrix effects
should be part of every assay validation and it is
essential that this is done with the assay under
consideration, as different LAM assays use
different reagents that bind to different LAM
epitopes with different stabilities or availabilities.
Stability of LAM in urine has not been confirmed
and studied with quantitative LAM assays and
long-term freezing may diminish uLAM levels.
Differences could be assay/epitope specific, and
reassessment of new LAM tests is needed,
particularly if they use new antibodies.

Broger et al. 2020a;
Connelly et al. 2019
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No.

Question

Short answer

Status

Outstanding Questions and Future Considerations

References

Is there a difference
between LAM detection in
early-morning vs. spot
urines?

There are no major differences between LAM detection
in early-morning vs. spot urines.

Only information from few studies.
Differences could be assay specific, and
reassessment of new LAM tests will be needed.

Bjerrum et al. 2022;
Székely et al. 2022

Stream B - Sensitive Assays

5 Can a highly sensitive Yes, | was able to develop a highly sensitive laboratory- o o Development of LAM reference material and Broger et al. 2020c;
reference assay for LAM based electrochemiluminescence LAM research assay well-titrated calibration samples will be required Cantera et al. 2022; Hoa et
be developed? (EcILAM). It achieved a limit of detection (LOD) of 1.6 to compare the analytical sensitivities of al. 2023; Sigal et al. 2018b

pg/ml. reference assays moving forward.
e LODs are influenced by detection methodologies,
detection reagents, sample processing, etc.
e LAM quantification is complicated by the
differences of in vitro and in vivo uLAM and the
unclear molecular structure of in vivo uLAM.
6 Can low-cost, simple, and Yes, development of FujiLAM showed that improved e The increased sensitivity requirement may come Broger et al. 20193;

rapid platform
alternatives be developed
that substantially improve
POC detection compared
to conventional lateral-
flow immunoassays
(LFIAs)?

alternatives to conventional gold nanoparticle-based
LFIAs (such as AlereLAM) can be developed. This paved
the way for the development of several other next-
generation uLAM tests.

at a cost of longer time to result, higher cost, or
higher complexity.

Treatment Action Group
(TAG) 2023

Stream C - Patient: population, use-case, feasibility for TB diagnosis in all people

7*

Is LAM detectable in
people with TB without
HIV co-infection and what
are concentration ranges
and accuracy?

66.7 % of people with TB without HIV co-infection had
uLAM concentrations =5 pg/ml when using the EcILAM
assay (at a specificity of 98.1%). The predicted
relationship between test performance and LAM
concentration can be found in Broger et al. (2020, Figure
3) and in Table 3.

Does the predominant lineage of the Mtb strain
play a role in uLAM levels and test sensitivity
Current concentration ranges might not be
generalizable to other LAM assays with different
antibodies, detection technologies, or LAM
calibration/reference material. Can more
generalizable concentrations be measured?
Measuring LAM concentration with analytical
methods like mass spectrometry has been
attempted but led to very different results.

Broger et al. 2020; Hoa et
al. 2023; Amin et al. 2018
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No.

Question

Short answer

Status

Outstanding Questions and Future Considerations

References

8* What are the diagnostic Yields in PLHIV are: Q e Study parallel use of TB diagnostic tests, including | Broger et al. 2023;
yields of first and next- Sputum Smear Microscopy (SSM): 32% on different specimen to maximize diagnostic Bjerrum et al. 2024
generation LAM tests Urine AlereLAM: 41% yield.
alone and in combination | Sputum Xpert: 61% e Report on sample provision and diagnostic yield
with sputum smear Urine FujiLAM: 65% in parallel to test accuracy.
microscopy or sputum
Xpert? Sputum Xpert + Urine AlereLAM: 75%

SSM+ Urine AlereLAM: 54%

9 LAM in children The 2019 WHO LAM recommendation to use AlereLAM e Prospective studies in children. Bjerrum et al. 20193;
to assist in the diagnosis of active TB in PLHIV also applies o Direct head-to-head comparison of AlereLAM to Comella-del-Barrio et al.
to adolescents and children living with HIV. next generation LAM tests. 2021; Kroidl et al. 2015;
For FujiLAM testing in children, Olbrich et al. (2022), LaCourse et al. 2018; Nicol
conducted a systematic review and found three studies et al. 2014; Nicol et al.
with sensitivities and specificities ranging from 42% to 2020; Nkereuwem et al.
63% and 84 to 93%, respectively, against a 2020; Olbrich et al. 2022
microbiological reference standard.

10 LAM in extrapulmonary TB | uLAM tests can diagnose TB in EPTB patients. More e Future research is needed to better understand Kerkhoff et al. 2020

(EPTB)

sensitive uLAM detection with FujiLAM showed
promising and substantially higher sensitivity over the
AlereLAM for detecting extra-pulmonary TB in HIV

positive inpatients.

the mechanisms by which LAM enters the
bloodstream and urine.

e Research on uLAM detection in HIV-negative
individuals with EPTB is needed.

e The currently recommended Xpert may require
an invasive sample to be collected, which limits
its use for EPTB detection to hospitals. uLAM
detection could be an important alternative given
its rapid detection on easily obtainable urine and
its increased performance in patients with
disseminated TB.
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No.

Question

Short answer

Status

Outstanding Questions and Future Considerations

References

11

LAM as a mortality
predictor

UuLAM positivity is a predictor of mortality. A next-
generation uLAM test could rapidly diagnose TB in up to
89% of PLHIV who die while a negative uLAM result
means a high probability of three-month survival (86%).

9

e The clinical impact, including the potential
survival benefit of next-generation uLAM test
(once their accuracy has been shown), should be
prospectively assessed in different real-world
settings and more diverse populations—including
outpatients, children, and HIV-uninfected
patients.

Sossen et al. 2020

Stream D - Impact & Implementation, public health, impact, access, policy

12 What is the impact of a | AlereLAM use has been shown to reduce all-cause o e Evaluating the effect of LAM testing on patient- Grant et al. 2020; Gupta-
next-generation LAM POC | mortality in high-risk groups of PLHIV. Hospitalized PLHIV important outcomes in children. Wright et al. 2018b;
test? who received AlereLAM testing had 15% lower risk of e LAM testing will not be able to detect drug Nathavitharana et al.

mortality at eight weeks compared to routine TB resistance; how does this limit impact? 2021; Peter et al. 2016b
diagnostic testing without AlereLAM. e Study other patient-important outcomes

Modelling suggests that the use of an improved, next- including time to diagnosis and time to initiation

generation LAM test (sensitivity 30% in HIV negatives of TB treatment (related to diagnostic yield and

and 70% in HIV positives) amongst all people with effective coverage).

symptoms, regardless of their HIV status, could avert

30% of TB deaths and 18% of TB cases within 15 years in

South Africa.

13 Is the use of a next- | Yes, the use of next-generation uLAM tests is cost- o o Cost-effectiveness of next-generation uLAM tests Reddy et al. 2021;Fekadu
generation LAM test cost- | effective in combination with sputum Xpert in PLHIV. in broader populations including in HIV negatives. | etal. 2023; Ockhuisen et
effective? e Cost-effectiveness of next-generation uLAM tests | al. 2024; Yakhelef et al.

alone (not in combination with sputum Xpert). 2020
14 What is the user- | On the example of FujiLAM, a next-generation LAM test e Manufacturers and implementors of next Herrmann et al. 2022

perspective of new LAM
tests and the intended
level of healthcare facility
and training required?

is implementable in remote areas and decentralized
settings.

generation uLAM tests should conduct usability
studies in the intended use setting (health posts
in remote areas with limited infrastructure) with
intended users (community health workers,
nurses, clinicians with little training or even lay
users).
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No.

Question

Short answer

Status

Outstanding Questions and Future Considerations

References

15*

Emphasizing diagnostic
yield and effective
population coverage for
WHO policy development.

Broger et al. (2024) provides clear definitions, examples,
and study guidance for diagnostic yield evaluation and
makes a strong case for inclusion of diagnostic yield in
Grading of Recommendations, Assessment,

Development and Evaluations (GRADE) policy processes

e Diagnostic yield should be assessed for novel non-
sputum TB test.

e Diagnostic yield should be included in the policy
development of TB tests.

Broger et al. 2024

Status column: 0=answered,

LAM=Lipoarabinomannan.

Smear Microscopy. GRADE=Grading of Recommendations, Assessment, Development and Evaluations.
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4.1.1 Research area No. 1 - What is the molecular structure of LAM in vivo, what are most
promising epitopes to target with existing and new antibodies to maximize
performance?

A combination of two antibodies performs best for in vivo uLAM detection in immunoassays:
(a) the S4-20 capture antibody that targets the unique 5-methylthio-d-xylofuranose (MTX)-
dependent epitope in LAM that is specific to Mtb complex and shows no cross-reactivity with
fast-growing mycobacteria or other bacteria, and (b) the A194-01 detection antibody that
possesses high affinity for linear tetra-arabinoside (Ara4) and branched hexa-arabinoside
(Ara6) structures in the arabinan domain of LAM and also binds to mannose (Man)-capped
structures (Choudhary et al. 2018; Sigal et al. 2018b). The Lowary lab has been instrumental
in developing an array of synthetic mycobacterial glycans for epitope mapping of anti-LAM
antibodies (Zheng et al. 2017). Several papers build on the glycan arrays and this initial work
and summarize currently available antibodies and their epitope binding properties (Cantera
et al. 2022; Corrigan et al. 2022). It is important to note that the MTX motif targeted by S4-20
is only present at a ratio of 1 to 2 per LAM molecule (De et al. 2021; Lowary and Achkar 2022).
Work on improved antibodies is ongoing (Corrigan et al. 2022; Yan et al. 2021). Recently,
in vivo uLAM was purified from a large amount of patient urine which is critical for developing
and/or assessing new uLAM antibodies as in vivo LAM is structurally different from culture-
derived LAM (Cantera et al. 2023).

4.1.2 Research area No. 2 - Is urine or blood the better specimen for LAM detection?

Based on current evidence, urine is the better specimen for LAM detection. | led a study that
compared serum LAM to urine LAM concentrations in matched samples from smear-positive
TB patients (Broger et al. 2019b). The serum assay detected LAM in 55% of smear-positive
patients with concentrations of 6 pg/mL to 70000 pg/mL, but 45% of patient’s LAM
concentrations were below the cut-off of 6 pg/mL, suggesting a median concentration in
serum of roughly 10 pg/mL. In the same set of patients, the uLAM assay with a cut-off of 11
pg/mL showed that nearly all patients (93%) had concentrations in the range of 12 pg/mL to
90000 pg/mL (median 111 pg/mL) (Bulterys et al. 2019). In summary, data suggest that median
LAM concentrations in urine are roughly ten times higher than in serum.

4.1.3 Research area No. 3 - Is there a difference between LAM detection in fresh vs.
biobanked urines?

Current evidence suggests that there are only minor differences between LAM detection in
fresh and biobanked urines. In a study with samples from 182 patients that | co-led, FujiLAM
test results from urine samples kept at 2-8°C and tested within 4 hours were compared to
results from aliquots from the same samples that were stored for 1 month at -20°C in
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polypropylene tubes. Overall categorical agreement was 93.4% (95% Cl 88.8—96.2) with
positive and negative percent agreements of 85.2% and 97.5%, respectively (Broger et al.
2020a). In conclusion, the stability and availability of LAM, as detected by the FujiLAM assay,
are high. The use of biobanked specimens delivers nearly equivalent results to the use of fresh
specimens (Broger et al. 2020a). A small reduction in positive percentage agreement suggests
that marginal increases in diagnostic sensitivity are possible in fresh samples (Broger et al.
2020a). In summary, urines from biobanks can be used for the development of LAM tests,
which simplifies test development and comparative performance studies. Prospective studies
with fresh samples should be used once test development has been completed.

4.1.4 Research area No. 4 - Is there a difference between LAM detection in early-morning
vs. spot urines?

There are no major differences between LAM detection in early-morning and spot urines. |
contributed to a study that compared FujiLAM sensitivity and specificity in spontaneously
voided urine samples collected at inclusion (spot urine) versus urine first voided in the early
morning (morning urine) and for a one (spot urine) versus two samples (spot and morning
urine) strategy (Bjerrum et al. 2022). Overall agreement for spot versus morning urine test
results was 94.6% with a Cohen’s Kappa of 0.81 suggesting almost perfect agreement (Bjerrum
et al. 2022). Therefore, the study indicates that FujiLAM testing performs equivalently for spot
and early morning urine samples. A recent, large prospective study showed similar
performance for Day 1 spot versus Day 2 early morning urine for both AlereLAM and FujiLAM
(Székely et al. 2022).

4.1.5 Research area No. 5 - Can a highly sensitive reference assay for LAM be developed?

| was able to lead the development of a highly sensitive reference assay for uLAM detection.
This laboratory-based ultrasensitive electrochemiluminescence LAM research assay (EcILAM),
using the best antibody pair (see section 4.1.1), achieved a limit of detection (LOD) of 11 pg/ml
(Sigal et al. 2018). Later | and my co-lead added an ultrafiltration step to concentrate urine 7-
fold to reach an even lower LOD of 1.6 pg/ml (Broger et al. 2020b). Cantera et al. (2022) and
Hoa et al. (2023) both used the same EclILAM assay but without ultrafiltration and reported
similar LODs of of 3.3 pg/ml and 10 to 63 pg/ml, respectively.

4.1.6 Research area No. 6 - Can low-cost, simple, and rapid platform alternatives be
developed that substantially improve POC detection compared to conventional lateral-
flow immunoassays (LFIAs)?

My development of FujiLAM (see section 2.5.3) showed that improved alternatives to
conventional gold nanoparticle-based LFIAs (such as AlereLAM) can be developed. FujiLAM’s
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silver amplification step enables the detection of uLAM concentrations approximately 30
times lower than those detected by AlereLAM (Broger et al. 2019a). In 2020, | led a meta-
analysis of the diagnostic accuracy of FujiLAM in 1595 adult PLHIV and showed overall
sensitivity of 70.7% for FujiLAM compared to 34.9% for AlereLAM and a specificity of 90.9%
for FujiLAM compared to 95.3% for AlereLAM when using a microbiological reference
standard (Broger et al. 2020c).

Recent results from two large prospective multicentre studies by Székely et al. 2022 (1624
participants) and Huerga et al. 2023b (1575 participants) came close to confirming the initial
performance, but showed significant lot-to-lot variability with FujiLAM. Overall sensitivity was
54.8% and 60% and specificity 85.1% and 87% in the studies by Székely et al. and Huerga et
al., respectively. However, performance by lot ranged from 33% to 74% sensitivity and 71% to
96% specificity, and a post-hoc comparison of different lots with 118 samples and the EclLAM
assay showed positivity rates varying from 13 to 77% between lots (Székely et al. 2022). This
suggests that it is challenging to consistently achieve such a low cut-off across production lots
with a point-of-care assay, an aspect that requires close attention not just for FujiLAM but for
every next-generation LAM test.

Nevertheless, my LAM work including the FujiLAM development paved the way for the
development of several other next-generation uLAM tests including Flow-TB (Salus Discovery,
USA), High-sensitivity TB LAM (Abbott, USA), ichroma LAM Ag (Boditech, South Korea),
Standard F TB LAM Ag FIA (SD Biosensor, South Korea), TB LAM urine LFA (Biopromic, Sweden),
and AIMLAM (Leide Biosciences, China) (Huang et al. 2023; Treatment Action Group (TAG)
2023).

4.1.7 Research area No.7-1s LAM detectable in people with TB without HIV co-infection and
what are concentration ranges and accuracy?

So far, the focus of uLAM testing and guidelines has been on HIV co-infected individuals with
severe immunocompromise and/or disseminated TB. Publication 1 (Broger et al. 2020b) of
this cumulative dissertation was, at the time of publication, the first study that reported
clinical concentration ranges of LAM in a cohort of 372 HIV negative people comparing the
highly sensitive EclLAM reference assay (described in research area 5), the next-generation
FujiLAM POC test (from research area 6), and the AlereLAM POC test. The study provides a
clear answer to the question from Figure 4, “What is the cut-off that a more sensitive LAM
test needs to reach to achieve the 265% sensitivity WHO TPP target in HIV-negative patients?”:
a cut-off of around 5 pg/ml or below is required to meet the TPP sensitivity target of 265%.
At this cut-off, the EcILAM reached 66.7% sensitivity and 98.1% specificity.

Table 3 summarizes uLAM concentration cut-offs in relation to expected test sensitivity in HIV
negative people with TB which provides a valuable resource for developers of next-generation
LAM tests to set the analytical sensitivity product requirement.
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Table 3: uLAM concentration cut-off in relation to expected test sensitivity in HIV negative
people with TB.

uLAM concentration cut-off | Percentage of HIV negative | Comment

(based on EclLAM and for people with TB with ulAM

the used antibodies) concentration above the

cut-off

500 pg/ml 10% Approximate AlereLAM cut-
off and performance

10-20 pg/ml 50% Approximate FujiLAM cut-off
and performance

5 pg/ml 67% Approximate cut-off
required to meet the TPP
(98% specificity for EcILAM
assay)

1.6 pg/ml 77% Lowest cut-off studied with
the EcILAM. Specificity 90%
which is below the TPP
specificity target of 98%.

Based on Broger et al. (2020b). Cut-offs are estimates based on the EcILAM assay using A194-
1 and 54-20 antibodies and non-standardized LAM calibration material. Thus cut-offs might
not be generalizable to other LAM assays with different antibodies, detection technologies, or
LAM calibration material. uLAM=urinary Lipoarabinomannan. EcILAM= Laboratory-based
ultrasensitive electrochemiluminescence LAM research assay. HIV=Human Immunodeficiency
Virus. AlereLAM= Alere Determine TB LAM. FujiLAM=Fujifilm Silvamp TB LAM. TPP=Target
product profile. TB=Tuberculosis.

FujiLAM with a cut-off of 10-20 pg/ml came close to the TPP target and identified 53.2% of
positive TB cases, representing a 5-fold increase in diagnostic sensitivity among HIV-negative
patients compared with AlereLAM and an approximately 25-fold improvement of analytical
sensitivity (Broger et al. 2020b). The AlereLAM sensitivity of 10.8% from my study is close to
the 16% sensitivity in immunocompetent PLHIV (Bjerrum et al. 2019), suggesting that
sensitivity in HIV uninfected people with TB is similar to that of immunocompetent PLHIV.

Since my pivotal study, others studied clinical concentration ranges of LAM in people with TB
without HIV-coinfection. Hoa et al. (2023) measured uLAM concentrations with the same
EcILAM assay using the same antibodies as ours in 692 participants with pulmonary TB (PTB)
in Vietnam reaching a sensitivity of 39% (at a specificity of 97%) with an average cut-off
23 pg/ml (range 10 to 63 pg/ml depending on the immunoassay plate). In contrast to my
study, Hoa et al. reported lower sensitivity not meeting the TPP, but a number of factors could
explain this. First their cut-off was on average roughly 5-fold above the cut-off of my study (23
pg/ml vs. 5 pg/ml), primarily because the study did not use a sample concentration step like
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the ultrafiltration in my study. If | apply the average cut-off of 23 pg/ml from Hoa et al. to my
dataset (Figure 3, Broger et al. 2020c) | get a very similar sensitivity (=40%) suggesting that
their slightly less sensitive assay may miss roughly 25% of people with TB with very low LAM
concentrations. Next, TB bacterial burden was identified as a driver for LAM positivity and the
much lower percentage of sputum smear microscopy positive (SSM) TB patients in the Hoa
study (39% (131/335)), over half which had scanty/1+ microscopy grading suggesting low
bacillary burden and subclinical TB in a large proportion of participants. This contrasts with
my study with 61% (68/111) SSM positive patients and could further explain the lower
performance of the EcILAM in the Hoa study compared to ours. In this context, it is important
to highlight that in my study, EclLAM performed better in Peruvian participants with TB who
had shorter mycobacterial growth indicator tube liquid culture time to detection (MGIT TTD)
and a larger proportion of patients had positive SSM and Xpert results compared with patients
from South Africa, suggesting higher mycobacterial load in sputum (Broger et al. 2020b). The
SSM proportion, Xpert, and MGIT TTD results suggest more advanced disease in the Peruvian
cohort but relatively low burden in South Africa, which likely explains the lower EclLAM
sensitivity in Peru (78.5%) compared to South Africa (37.5%). This is in-line with the finding of
Hoa and colleagues, who suggested that the relatively low TB bacterial burden and presence
of subclinical TB in a large fraction of participants has likely led to an underestimation of
EcILAM sensitivity. In summary, the lower sensitivity of EcILAM in the Hoa study can be
explained by differences in assay cut-off and study population.

In another recent study, Huang et al. (2024) tested cryopreserved urine samples from HIV-
negative individuals with presumed TB (n=144) and healthy donors with a quantitative uLAM
antigen strip. At a cut-off of 0.134 arbitrary units which is close to the LOD of 50 pg/mi
(personal communication with the author) the group reported a sensitivity of 52% at a
specificity of 96%. Although, a direct comparison to my study is complicated by the different
methodology, antibodies, and LAM calibration material, performance comes very close to the
performance of the FujiLAM in my study. This further substantiates my findings that a cut-off
in the low pg/ml range is needed to reach clinically meaningful sensitivities.

Finaly, Huang et al. (2023) conducted a retrospective study measuring uLAM in 166 HIV-
negative individuals with TB (n=166), compared to 22 participants with NTM (n=22), 69 Non-
TB (n=69) with pulmonary diseases other than TB, and 73 samples from healthy controls
(n=73) in a Chinese hospital. Their assay employed magnetic beads to enrich uLAM from 1.5 ml
of urine for subsequent detection on a chemiluminescence analyser with an assay from Leide
Biosciences (China) reaching a sensitivity of 51% and a specificity of 96%. Although the study
did not report uLAM concentrations nor a cut-off, results come close to my findings with the
FujiLAM (53.2% sensitivity) and the uLAM antigen strip from Huang et al. (2024) (52%
sensitivity).

There are a number of other, typically smaller case-control studies, that also showed that
lower detection limits translate into higher diagnostic sensitivity in TB people without HIV
(Magni et al. 2020; Paris et al. 2017; Wood et al. 2019). However, an absolute comparison of
LAM concentrations and test performance is complicated by the different methodologies
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used. In general, it is important to mention that the cut-off requirement of 5 pg/ml to reach
the TPP sensitivity target of 265% is an estimate based on the EcILAM assay and non-
standardized LAM calibration material and might not be generalizable to other LAM assays
with different antibodies, detection technologies, or LAM calibration material (Broger et al.
2020b). Establishing biological reference materials and sample panels, as has been done by
the WHO for other diseases, is an urgent priority to support the development, validation, and
comparison of current and future LAM assays (World Health Organization 2018).

Taken together, studies suggest that a highly sensitive LAM assay with a cut-off around 5 pg/ml
is needed to reach the TPP sensitivity target of 265%.

4.1.8 Research area No. 8 - What are the diagnostic yields of first and next-generation LAM
tests alone and in combination with sputum smear microscopy or sputum Xpert?

Sputum is the most widely used sample to diagnose active tuberculosis, but many people are
unable to produce sputum. Urine, in contrast, is readily available. In Publication 2 of this
dissertation, | hypothesised that sample availability influences the diagnostic yield of TB tests
(Broger et al. 2023). When doing all the uLAM research, | realized that the availability of the
diagnostic specimen is of upmost importance but that sensitivity doesn’t account for it. In my
meta-analysis of 20 datasets with 10202 participants | found that nearly all (98%) participants
provided urine, and only 82% provided sputum within 2 days. Thus, the diagnostic yields of
sputum Xpert (61%) and SSM (32%) were lower than their sensitivities. By contrast, the
diagnostic yield of urine AlereLAM (41%) and FujiLAM (65%) were unaffected by sample
provision as samples were readily obtained from almost all PLHIV (Broger et al. 2023). Urine
AlereLAM in combination with sputum smear microscopy detected 54% and in combination
with sputum Xpert 75% of TB cases (Broger et al. 2023). Eleven of the datasets were also
incorporated in a Cochrane systematic review (in preparation, 12651 participants) on the
parallel use of sputum Xpert and urine AlereLAM, finding that parallel use of the two tests
could diagnose TB in 77.5% of PLHIV which is in line with my findings (Bjerrum et al. 2024).

A main finding of my work is that it is time to change how we think about tuberculosis (TB)
test sensitivity and also assess the diagnostic yield of TB tests and testing algorithms. Policy
makers like the World Health Organization (WHO), in vitro diagnostic regulators, test
manufacturers and the scientific community are currently almost exclusively focused on TB
test sensitivity. Sensitivity measures how well an individual assay can detect a biomarker in a
specimen of a person with the condition of interest. Critically, this measure neglects whether
a person has access to testing, the obtainability of the specimen for testing, and whether the
specimen and result are available in time to take action to positively impact the lives of people
and their communities. | therefore decided on emphasizing diagnostic yield and effective
population coverage for WHO policy development in Publication 3, a health policy paper (see
research area 15, below).

Discussion - Page 80



4.1.9 Research area No. 9 - LAM in children

The 2019 WHO LAM recommendation to use AlereLAM to assist in the diagnosis of active TB
in PLHIV with symptoms of TB, advanced HIV diseases, those who are seriously ill, and in
inpatients with CD4 count <200 cells/uL irrespective of TB symptoms and outpatients with
CD4 count <100 cells/uL also applies to adolescents and children living with HIV (World Health
Organization 2019). However, the policy notes that this is based on generalization of data from
adults, while acknowledging very limited data for these populations. AlereLAM sensitivity and
specificity ranged from 42% to 56% and 80% to 95%, respectively, in three paediatric studies
that were mentioned in the Cochrane review related to the WHO 2019 recommendation
(Bjerrum et al. 2019; Kroidl et al. 2015; LaCourse et al. 2018; Nicol et al. 2014).

For FujiLAM testing in children, Olbrich et al. (2022), conducted a systematic review and found
three studies with sensitivities and specificities ranging from 42% to 63% and 84 to 93%,
respectively, against a microbiological reference standard (Comella-del-Barrio et al. 2021;
Nicol et al. 2020; Nkereuwem et al. 2020). Nicol et al. 2020 and Nkereuwem et al. 2020
compared AlereLAM to FujiLAM and both found FujiLAM to have higher performance and
concluded that the high specificity of FujiLAM suggests utility as a "rule-in" test for children
with a high pretest probability of TB, including hospitalized children living with HIV or with
malnutrition. In summary, the evidence of LAM in children remains limited.

4.1.10 Research area No. 10 - LAM in extrapulmonary TB (EPTB)

More sensitive uLAM detection with FujiLAM showed substantially higher sensitivity over
AlereLAM for detecting extra-pulmonary TB disease (EPTP) in HIV inpatients. In a study with
872 patients that | co-led, FujiLAM was able to detect TB in 67% of EPTB patients. Sensitivities
were high for several EPTB sites of disease including 94% in TB mycobacteraemia, and 88% in
TB mycobacteriuria (Kerkhoff et al. 2020). The study further demonstrated moderate
sensitivity in patients with microbiologically-confirmed pleural TB (68%) and with TB
meningitis (47%). Overall, FujiLAM showed substantially higher sensitivity over the
commercially available AlereLAM for detecting EPTB in HIV inpatients, suggesting there is a
high potential for next-generation LAM tests for the diagnosis of EPTB. FujiLAM's excellent
performance in those with mycobacteraemia suggests a mechanistic association between
disease dissemination and urinary LAM. This finding is supported by my recent study that
showed a good association between detection of LAM in urine and serum of TB patients,
independent of HIV status (Broger et al. 2019b). However, even for patients with forms of
disease such as pleural TB and TB meningitis that may be compartmentalised, uLAM had
moderate sensitivity, which could add substantial benefit in these cases. Taken together,
these findings suggest that LAM antigenuria is likely indicative of glomerular filtration of
circulating LAM (or LAM fragments) in addition to renal TB (Lawn and Gupta-Wright 2016).
Further research, to characterize LAM structure in urine is needed to better understand the
mechanisms by which LAM enters the bloodstream and urine. This may help guide the
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targeted development of urine-based diagnostics and catalyse the development of blood-
based assays.

4.1.11 Research area No. 11 - LAM as a mortality predictor

Time to diagnosis and treatment is key towards decreasing TB-associated mortality. A more
sensitive ULAM test, like FujiLAM could rapidly diagnose TB in up to 89% of those who died
whereas the probability of three-months survival was above 86% in ULAM negative patients
(Sossen et al. 2020). This suggests that the mortality impact of the AlereLAM may be further
increased by a more sensitive uLAM assay by enabling rapid, POC diagnosis of TB in a larger
proportion of patients at risk (see next section). Compared to AlereLAM, FujiLAM detected TB
in 22 to 37% more PLHIV who died.

4.1.12 Research area No. 12 - What is the impact of a next-generation LAM POC test?

AlereLAM use has been shown to reduce all-cause mortality in high-risk groups of PLHIV.
Results of a recent Cochrane meta-analysis by Nathavitharana et al. (2021) showed that
hospitalized PLHIV who received AlereLAM testing had 15% lower risk of mortality at eight
weeks compared to routine TB diagnostic testing without AlereLAM. The absolute effect in
inpatients was 34 fewer deaths per 1000 with a pooled risk ratio of 0.85, 95% Cl 0.76 to 0.94,
based on data from 5102 participants from two randomized trials (Gupta-Wright et al. 2018;
Peter et al. 2016). One trial in outpatients did not detect a difference in mortality but the
direction of effect was towards a mortality reduction, and the effect size was similar to that in
inpatient settings (risk ratio 0.89, 95% Cl 0.71 to 1.11; 2972 participants from one randomize
trial) (Grant et al. 2020). For other TB tests, like Xpert, there is no evidence of mortality impact
(Haraka et al. 2021) which highlights the potential of LAM based testing, even though this
mortality reduction is limited to PLHIV with high mortality risks whereas the Xpert study
assessed impact in a broad population.

Modelling from Ricks et al. (2020) suggests that if AlereLAM is only used to test for TB amongst
PLHIV, it would avert less than 1% of the total TB cases and deaths in South Africa over 15
years. However, the use of an improved, next-generation uLAM test amongst all people with
symptoms, regardless of their HIV status, could avert 30% of TB deaths and 18% of TB cases
within 15 years in South Africa. The analysis assumed a sensitivity for a next-generation LAM
test of 30% in HIV negatives and 70% in HIV positives, both of which are achievable
performances (see research areas 7 and 8).

Discussion - Page 82



4.1.13 Research area No. 13 - Is the use of a next-generation LAM test cost-effective?

| contributed to an evaluation of cost-effectiveness of FujiLAM for tuberculosis testing among
hospitalized PLHIV irrespective of symptoms (Reddy et al. 2021). The study used a
microsimulation model to project clinical and economic outcomes of three testing strategies:
(1) sputum Xpert, (2) sputum Xpert + urine AlereLAM, and (3) sputum Xpert + urine FujiLAM
as an example for a next-generation LAM test. Costs of Xpert/AlereLAM/FujiLAM were
US$15/3/6 (South Africa) and $25/3/6 (Malawi). Xpert+FujiLAM was considered cost-effective
if its incremental cost-effectiveness ratio (USS/year-of-life saved) was <5940 (South Africa)
and <$750 (Malawi). Compared with Xpert+AlereLAM, Xpert+FujiLAM increased life
expectancy by 0.2 years for those tested in South Africa and Malawi and was cost-effective in
both countries (Reddy et al. 2021).

Fekadu et al. (2023) confirmed the findings that Xpert+FujiLAM for TB diagnosis in HIV-
infected individuals is the preferred cost-effective strategy from the perspective of a South
African health service provider in both inpatient and outpatient settings.

It is important to note that even the less-sensitive and WHO recommended AlereLAM+Xpert
is cost-effective compared to Xpert alone (Ockhuisen et al. 2024). Including AlereLAM in TB
diagnostic algorithms is cost-effective for severely ill or immunosuppressed HIV-positive
patients (Yakhelef et al. 2020). In an analysis of the STAMP trial in HIV positive inpatients,
AlereLAMs high incremental diagnostic yield and low additional cost compared with sputum
Xpert alone make a compelling case for expanding its use (Reddy et al. 2019).

4.1.14 Research area No. 14 - What is the user-perspective of new LAM tests and the intended
level of healthcare facility and training required?

Using FujiLAM as an example, | contributed to a qualitative study in two high TB/HIV burden
countries to assess values and preferences of end-users, along with potential barriers for the
implementation of a next-generation uLAM test (Herrmann et al. 2022). In 42 semi-structured
interviews with patients, health care providers (HCPs) and decision makers (DMs) from Malawi
and Zambia it was found that the ease and convenience of urine-based testing was
empowering in light of patients with difficulty to collect sputum. HCPs expressed concerns
that a shift in agency to the patient may affect clinical workflows (i.e. less control over
collection). Shorter turnaround times were welcomed by operators and patients alike. The
decentralization of diagnostics was considered possible with FujiLAM by HCPs and DMs due
to the test’s low infrastructure requirements. Finally, the findings support efforts for
eliminating the CD4 count as an eligibility criterion for LAM testing to facilitate
implementation and benefit a wider range of patients. Interviewees view next-generation
uLAM implementation as a viable, acceptable, and likely sustainable option in low- and
middle-income countries, though adaptations may be required to current health care
processes for deployment (Herrmann et al. 2022).

Discussion - Page 83



Regarding training requirements, professionals who have operated the test consider it simple,
and the steps are easy to follow using manufacturer’s instructions (Herrmann et al. 2022).
Therefore, while training is necessary prior to operating the test, no specific laboratory
expertise is needed. In addition, HCPs consider FujiLAM easy to interpret, particularly when
compared to AlereLAM. However, some users indicate that there are too many timed steps,
and the test requires too much hands-on time (Herrmann et al. 2022). Consequently,
professionals suggested that FujiLAM should be operated by technicians in the lab, not by
nurses or clinicians (e.g., at the bedside) as they hold other roles which could be interrupted
while waiting for the timed steps (Herrmann et al. 2022).

Regarding level of healthcare facility, FujiLAM can be run without relying on much additional
equipment or maintenance (besides personal protective equipment, urine cup, etc.). This is
contrasted with Xpert’s infrastructure requirements, whose machinery and modules need
installation, electricity, and maintenance. For these reasons, interviewees consider FujiLAM
suitable to use in remote areas and decentralized laboratories in Malawi and Zambia. Some
of them recommend that implementation should be prioritized in facilities that do not have
technologies such as Xpert and microscopy to expand the availability of TB diagnostics in
remote areas (Herrmann et al. 2022).

4.1.15 Research area No. 15 - Emphasizing diagnostic yield and effective population coverage
for WHO policy development.

My IPD meta-analysis of diagnostic yield (research area 8, Broger et al. (2023)) clearly showed
the need to emphasize diagnostic yield and effective population coverage for WHO policy
development which | addressed in Publication 3 of this cumulative dissertation (Broger et al.
2024). The objective of this health policy paper is to initiate a rethinking of the methods used
to assess TB tests. Conventional diagnostic sensitivity and specificity miss important aspects
of tests (such as specimen availability) that are better covered by diagnostic yield and effective
population coverage. My approach was to get as many TB key opinion leaders as possible on
board and seek consensus on diagnostic yield. This paper proved to be the most challenging
article of my career, primarily due to the diverse perspectives among the 21 co-authors which
required 14 iterations to reach a consensus. The interaction helped sharpen the concept of
diagnostic yield and how to evaluate it, which was critical to convey the right message and to
the quality of the paper. | will refrain from delving into the significance of diagnostic yield and
effective population coverage in this discussion, as these aspects have been thoroughly
addressed in the publication above and revisiting them here would be redundant. The
influence of this paper hinges on the extent to which stakeholders assess diagnostic yield in
clinical studies, communicate findings, and subsequently integrate diagnostic yield and
effective population coverage into health policy development. It is encouraging to observe
that some stakeholders are beginning to explore and write about this important subject. In
“Transforming Tuberculosis Diagnosis” Pai et al. (2023a), one of the co-authors of my paper
and a key opinion leader, proposes a transition from test accuracy to yield and population

Discussion - Page 84



coverage as one of the seven transitions needed to close the TB diagnostic gap. Although the
WHO is still putting a lot of focus on sensitivity and specificity (and not yield) in its ongoing
LAM policy update, combined sensitivity of parallel sputum Xpert and uLAM testing is a focus
and sample provision and indeterminates (both aspects of yield) were reported for the first
time (Bjerrum et al. 2024). The recent WHO standard on universal access to rapid tuberculosis
diagnostic is a major step towards highlighting that effective population coverage for WRDs
needs to be improved (Ismail et al. 2023; World Health Organization 2023b).

Although this dissertation focusses on uLAM, diagnostic yield is also highly relevant for other
non-sputum based TB tests in the pipeline. The diagnostic industry saw notable levels of
investment and accelerated research during the COVID-19 pandemic which sparked a wave of
innovation, summarized in Yerlikaya et al. (2023b). Simple non-invasive sampling methods
such as swabs have become widely used down to the community setting. Even self-testing has
become common and facilitated high diagnostic population coverage in many geographies
during the pandemic. These innovations can now be leveraged for TB diagnosis and could help
to push diagnostic yield and population coverage to a totally new level. Other than urine-
based testing, tongue swab sampling combined with PCR for TB detection on simple, lower
cost platforms is an area with extensive development activities (Andama et al. 2022; Church
et al. 2024; Steadman et al. 2024). Transitioning from a sole focus on accuracy to a more
nuanced consideration of diagnostic yield and coverage will be crucial in evaluating these new,
potentially transformative tools for TB diagnosis. Failing to do so might result in overlooking
their impact on people's lives, particularly if they are unable to reach the same sensitivity than
sputum-based tests.

4.2 Is LAM a suitable biomarker for TB diagnosis in general populations? - TPP fulfilment of
a predicted next generation uLAM test

Niels Bohr's quote, "Prediction is very difficult, especially if it's about the future," underscores
the inherent uncertainty in forecasting what is to come. However, despite this, it's important
to dare to make predictions, particularly when it comes to significant advancements like the
development of a next-generation uLAM test meeting the TPP. Attempting to predict the
success or failure can help identify the critical aspects that will determine its outcome. While
acknowledging the difficulty, it's through this process that we can uncover the essential
factors that contribute to success and avoid potential pitfalls.

To make it short, my prediction is yes; LAM is a suitable marker for TB diagnosis in general
populations and a future test can meet the TPP! Ten years after embarking on my LAM
strategy, there has been clear progress for all 15 areas of research and development
suggesting a pathway towards a next-generation LAM TB test that meets the TPP. LAM is
present in the urine of at least 66.7% of people with TB without HIV co-infection. However,
reaching such sensitivity requires highly sensitive detection. Therefore, a critical success
factor, or even potential pitfall, is whether a simple-enough, rapid uLAM POC test with an
extremely low and stable cut-off of around 5 pg/ml or below, a requirement for detecting

Discussion - Page 85



uLAM in general populations and reaching sufficient sensitivity, can be developed. FujiLAM,
with its silver amplification step and with a cut-off of 10-20 pg/ml, comes close but recent
studies have demonstrated major issues in achieving lot-to-lot reproducibility of such a low
cut-off (Huerga et al. 2023; Székely et al. 2022) with a simple instrument-free assay, as very
weak test lines need to be interpreted with the naked eye. FujiLAM is pushing the boundaries
of what is possible with LFIAs, and | predict that a conventional LFIA, with gold-labelled
antibodies, will not get us to the goal target. Alternative labels (e.g. fluorescent, luminescent,
or upconverting phosphors) or amplification (e.g. like the FujiLAM silver amplification) are
necessary to achieve a reliable cut-off in decentralized settings and in the hands of different
users. This requires the use of a reader instrument. An instrument readout also facilitates
signal normalization strategies such as using the control band signal as a normalizer for the
test band signal. This could lower the variance of the signal, which is typically high so close to
the limit of detection of an assay.

Approaches for uLAM analyte concentration via sample processing prior to detection have
been proposed. However, such approaches add complexity and training requirements, steps
that take time and make the test expensive. Therefore, | do not expect sample concentration
to be successful unless it is highly integrated, simple and fast (e.g. a simple magnetic-bead
based concentration step). Table 4 summarizes the TPP fulfilment of my predicted,
hypothetical future uLAM test using the same criteria as Table 1. But what if developers do
not get there with the sensitivity? In this case, modelling and the consensus of the publication
3 strongly suggest to consider the TPP sensitivity target in context because of the following
arguments:

(a) sensitivity does not factor in diagnostic yield and undervalues the benefits around the
highly available urine specimen,

(b) a simple antigen LFIA with a simple reading device has the potential to reach high
population coverage if it is low-cost,

(c) even the AlereLAM with very low sensitivity has shown impact in PLHIV and a next-
generation more sensitive uLAM test will have a higher impact, potentially even in other
populations, and

(d) the uLAM test can be used to rule-in TB and start treatment, potentially during the same
clinical encounter as we wait for results from the slower, more expensive, sputum-based
molecular tests.

In summary, my research shows that that there is high promise to achieve a breakthrough in
TB diagnostics if researchers, developers, donors, advocates, and policymakers are persistent
and intensify investment into uLAM tests despite the recent challenges around FujiLAM. True
innovation with significant impact often requires time and multiple iterations, as has been the
case with many other diagnostic innovations.
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Table 4: TPP fulfilment of a predicted next generation uLAM test

A S S V) R E D
Test Principle Healthcare Specimen WHO c o
> “ o m o o
(Product names) level recom- ;_.,h 4 % o - 2 3 =
mended 3 2 o > 3 iR & E
o = S o s o 3 w0
s &5 & 2 z 38
m = = v o
Next Generation uLAM test Highly sensitive detection of  LO, L1, L2, L3 Urine yes yes yes yes yes yes no unclear
Lipoarabinomannan antigen
Target Product Profile Minimal L1, L2, L3 Non- <$6 >65% >98%  yes <1 yes yes
Requirement sputum hour

For healthcare system levels, LO — local community health post or care by local healthcare worker, L1 — microscopy centre or primary healthcare
centre, L2 —district hospital or community health centre, L3 —reference or tertiary hospital or laboratory. Target product profile minimal requirements
are based on Denkinger et al. (2015) and World Health Organization (2014). ASSURED criteria are based on Mabey et al. (2004). TPP criteria are
described in the bottom row of the table. Green highlighted are test criteria that meet the TPP requirements and red criteria that do not.
uLAM=urinary Lipoarabinomannan. TPP=Target product profile. WHO=World Health Organization.
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4.3 Conclusion

LAM is one of the most promising tuberculosis (TB) diagnostic biomarkers, and significant
progress has been made in the last decade across 15 areas, including the three areas that form
the core of this cumulative dissertation. These advancements suggest that ultra-sensitive
urinary LAM (uLAM) detection could form the basis for the first non-sputum TB test meeting
the World Health Organization's TPP, potentially having a significant impact on people's lives.
As we prioritize the development of this 'holy grail' TB test, it is crucial to ensure the uptake
of the first-generation AlereLAM test, which will spur the adoption of next-generation tests.
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5 SUMMARY

Background and research questions: This cumulative doctoral dissertation aims to investigate
whether urinary Lipoarabinomannan (uLAM) is a suitable biomarker for tuberculosis (TB)
diagnosis in general populations. The uLAM-based Alere Determine TB LAM test (Abbott, USA)
is currently the only test meeting operational characteristics of the Target Product Profile of
the World Health Organization (WHO) and being recommended to assist in the TB diagnosis
of patients with HIV co-infection. Its use in general populations is currently not recommended
due to the low sensitivity of the test. At the core of this dissertation are three underlying and
interconnected research questions, that enable the development and use of uLAM-based
tests:

(1) What are the clinical concentration ranges of Lipoarabinomannan (LAM) in urine samples
in general (non-HIV) patient populations?

(2) What is the diagnostic yield of urine LAM tests compared to sputum-based tests in people
living with human immunodeficiency virus (HIV)?

(3) How can diagnostic yield be incorporated into policy development for novel TB tests?
Methods and findings: The three publications address these research questions:

(1) A clinical multi-centre diagnostic accuracy study in South Africa and Peru that measured
LAM concentrations in urine samples from HIV-negative outpatients using a highly sensitive
electrochemiluminescence assay and comparing performance to two point-of-care uLAM
tests, the existing Alere Determine TB LAM, and the novel Fujifilm Silvamp TB LAM tests
(Fujifilm, Japan). The study found that 66.7% of people with TB without HIV co-infection had
uLAM concentrations =5 pg/ml when using the highly sensitive electrochemiluminescence
assay. Fujifilm Silvamp TB LAM, with a cut-off of 10-20 pg/ml, came close to the Target Product
Profile (TPP) and identified 53.2% of positive TB cases, representing a 5-fold increase in
sensitivity among HIV-negative patients compared with AlereLAM at 10.8% sensitivity.

(2) A systematic review and meta-analysis of individual participant data from existing TB
studies employing Bayesian random-effects and mixed-effects meta-analyses to predict the
diagnostic yield of urine LAM tests and sputum-based TB tests in people living with HIV. The
study, based on 20 datasets with 10202 participants, found that nearly all (98%) participants
provided urine, and only 82% provided sputum within 2 days. Due to the lower availability of
sputum, the diagnostic yields of sputum Xpert MTB/RIF (Cepheid, USA) (61%) and sputum
smear microscopy tests (32%) were lower than their sensitivities. By contrast, the diagnostic
yield of urine Alere Determine TB LAM (41%) and Fujifilm Silvamp TB LAM tests (65%) were
unaffected by sample provision as urine was readily obtained from almost all people living
with HIV.

(3) A health policy review and guidance paper that emphasized the importance of diagnostic
yield as a measure of the utility of novel TB tests, especially those that use non-sputum
specimens. This paper provides clear definitions and examples of diagnostic yield, highlights
its relevance for different TB populations and settings, and proposes ways to incorporate and
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evaluate diagnostic yield in the World Health Organization (WHO) guideline development
process.

Discussion: The discussion provides an overarching update on 15 LAM research and
development areas that form a research strategy and bring the three publications of this
dissertation into context of the agenda. After a decade of dedicated research following my
LAM strategy, | and others made progress on all 15 research and development areas, paving
the way for a next-generation LAM-based TB diagnostic test. The discussion concludes that
LAM is a suitable marker for TB diagnosis in general populations and a future test can meet
the TPP. However, a critical success factor and possible pitfall is the development of a simple-
enough, rapid uLAM point-of-care (POC) test with an extremely low cut-off of around 5 pg/ml,
which is required to reach sufficient sensitivity in an unselected population of people with
presumed TB. Even if a test does not reach the required sensitivity of 65%, modelling suggests
to prioritize uLAM test development, as the benefits of highly available urine-based point-of-
care tests can be substantial and tests can reach high population coverage as long as it is low
cost.

Conclusion: LAM is one of the most promising tuberculosis diagnostic biomarkers, and
significant progress showing its potential has been made. These advancements suggest that
ultra-sensitive uLAM detection could form the basis for the first non-sputum TB test meeting
the World Health Organization's Target Product Profile (TPP), potentially transforming TB
diagnosis.
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6 ZUSAMMENFASSUNG

Hintergrund und Forschungsfragen: Diese kumulative Dissertation untersucht, ob
Lipoarabinomannan im Urin (uULAM) ein geeigneter diagnostischer Biomarker fiir die Diagnose
von Tuberkulose (TB) ist. Der auf uLAM-Detektion basierende Alere Determine TB LAM
Schnelltest (Abbott, USA), ist momentan der einzige Test, der die operativen Anforderungen
des Zielproduktprofils (Target Product Profile, TPP) der Weltgesundheitsorganisation erfillt
und wird derzeit zur Unterstilitzung bei der TB-Diagnose bei Patient*innen mit HIV-Coinfektion
empfohlen. Eine breitere Anwendung in allgemeinen Patient*innenpopulationen wird derzeit
aufgrund der niedrigen Sensitivitat nicht empfohlen. Diese Dissertation konzentriert sich auf
drei miteinander verbundene Forschungsfragen, die die Weiterentwicklung von uLAM-
basierten Tests und deren breitere Nutzung untersuchen:

(1) Was sind die klinischen Konzentrationsbereiche von Lipoarabinomannan (LAM) in
Urinproben  von Patient*innen mit  Verdacht auf TB in  allgemeinen
Patient*innenpopulationen, mit Fokus auf Patient*innen ohne HIV-Coinfektion?

(2) Was ist die diagnostische Ausbeute von uLAM-Tests im Vergleich zu Sputum-basierten
Tests?

(3) Wie kann die diagnostische Ausbeute in die Entwicklung von Leitlinien fiir neuartige TB-
Tests integriert werden?

Methoden und Ergebnisse: Es werden drei Publikationen vorgestellt, um diese
Forschungsfragen zu adressieren:

(1) Eine klinische multizentrische Studie zur diagnostischen Genauigkeit in Stidafrika und Peru,
die uLAM-Konzentrationen in 372 HIV-negativen Patient*innen mit einem hochsensitiven
guantitativen Test nachwies und die Genauigkeit mit zwei qualitativen uLAM-Schnelltests
verglichen hat: dem Alere Determine TB LAM- und dem Fujifilm Silvamp TB LAM-Test (Fujifilm,
Japan). Die Studie ergab, dass 66.7% der Personen mit TB ohne HIV Co-Infektion uLAM-
Konzentrationen von 5 pg/ml aufwiesen, wenn der hochsensitive Elektrochemilumineszenz-
Assay verwendet wurde. Fujifilm Silvamp TB LAM mit einem Schwellenwert von 10-20 pg/ml
kam dem Target Product Profile (TPP) der WHO nahe und identifizierte (bei hoher Spezifizitat)
53.2% der TB-Félle, was im Vergleich zu Alere Determine TB LAM mit einer Sensitivitdt von
10.8% eine 5-fache Sensitivitdtssteigerung bei HIV-negativen Patient*innen darstellte.

(2) Eine systematische Ubersichtsarbeit und Metaanalyse von individuellen
Teilnehmer*Innendaten aus vorhandenen TB-Studien, die Bayesian Random-Effects- und
Mixed-Effects-Metaanalysen verwendete, um die diagnostische Ausbeute von uLAM- und
Sputum-basierten TB-Tests bei Menschen mit HIV vorherzusagen. Die auf 20 Datensatzen mit
10202 Teilnehmer*Innen basierende Studie ergab, dass fast alle (98%) Teilnehmer*Innen
Urinproben bereitstellten konnten, jedoch bei nur 82% Sputum innerhalb von 2 Tagen
verfligbar war. Aufgrund dieser geringeren Verflgbarkeit von Sputum waren die
diagnostischen Ausbeuten von Sputum Xpert MTB/RIF (Cepheid, USA) (61%) und der Sputum-
Mikroskopie (32%) und somit niedriger als ihre Sensitivitaten. Im Gegensatz dazu waren die
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diagnostischen Ausbeuten von Alere Determine TB LAM (41%) und Fujifilm Silvamp TB LAM-
Tests (65%) von der Probennahme unbeeinflusst, da Urin von fast allen
Studienteilnehmer*Innen verfiigbar war.

(3) Ein Leitfaden, der die Bedeutung der diagnostischen Ausbeute als MessgroRe fiir den
klinischen Nutzen neuartiger TB-Tests betonte, insbesondere solcher, die alternative
Probentypen mit hoher Verfligbarkeit im Vergleich zu Sputum verwenden. Der Artikel enthalt
klare Definitionen und Beispiele zur diagnostischen Ausbeute, hebt deren Relevanz fiir
verschiedene Populationen hervor und zeigt auf, wie die diagnostische Ausbeute als wichtige
MessgroRe in den Prozess der Leitlinienentwicklung der Weltgesundheitsorganisation (WHO)
integriert werden kann.

Diskussion: Die Diskussion bietet, aufbauend auf meiner LAM-Forschungsstrategie, ein
umfassendes Update zu 15 LAM-Forschungs- und Entwicklungsgebieten und integriert die drei
Publikationen, die den Kern dieser Dissertation bilden. Nach einem Jahrzehnt intensiver
Forschung basierend auf der LAM-Forschungsstrategie, wurden in allen fiinfzehn Forschungs-
und Entwicklungsgebieten Fortschritte erzielt, was den Weg fir einen LAM-basierten,
sensitiveren TB-Schnelltest der nachsten Generation aufzeigt. Die Diskussion kommt zu dem
Schluss, dass LAM ein geeigneter Marker fiir die TB-Diagnose in allgemeinen
Patient*Innenpopulationen ist und dass ein zukiinftiger Test das Target Product Profile (TPP)
der Weltgesundheitsorganisation erflllen kann. Ein kritischer Erfolgsfaktor ist jedoch die
Entwicklung eines einfachen, schnellen und hochsensitiven uLAM Point-of-Care Tests mit
einem auRerst niedrigen Schwellenwert von etwa 5 pg/ml, um eine ausreichende Sensitivitat
zu erreichen. Selbst wenn ein Test die erforderliche Sensitivitdt von 65% nicht erreicht, legen
Modellierungsstudien nahe, die Entwicklung von uLAM-Tests trotzdem zu priorisieren, da die
Vorteile eines hochverfiigbaren, urinbasierten Point-of-Care-Tests erheblich sein kénnen und
ein Test eine hohe Bevolkerungsabdeckung erreichen kann, sofern er kostenglinstig ist.

Fazit: LAM ist einer der vielversprechendsten diagnostischen Biomarker fiir Tuberkulose, und
es wurden signifikante Fortschritte bei der Aufzeigung seines Potenzials gemacht. Diese
Fortschritte deuten darauf hin, dass der ultrasensitive LAM-Nachweis die Grundlage fiir den
ersten nicht-Sputum-TB-Test bilden konnte, der das Target Product Profile der
Weltgesundheitsorganisation erfiillt, mit dem Potenzial, die TB-Diagnose zu transformieren.
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