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Summary

Rapid, accurate, sputum-free tests for tuberculosis (TB) triage and confirmation are urgently needed to close the wid-
ening diagnostic gap. We summarise key technologies and review programmatic, systems, and resource issues that
could affect the impact of diagnostics. Mid-to-early-stage technologies like artificial intelligence-based automated dig-
ital chest X-radiography and capillary blood point-of-care assays are particularly promising. Pitfalls in the diagnostic
pipeline, included a lack of community-based tools. We outline how these technologies may complement one
another within the context of the TB care cascade, help overturn current paradigms (eg, reducing syndromic triage
reliance, permitting subclinical TB to be diagnosed), and expand options for extra-pulmonary TB. We review chal-
lenges such as the difficulty of detecting paucibacillary TB and the limitations of current reference standards, and
discuss how researchers and developers can better design and evaluate assays to optimise programmatic uptake.
Finally, we outline how leveraging the urgency and innovation applied to COVID-19 is critical to improving TB
patients’ diagnostic quality-of-care.
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Introduction

Tuberculosis (TB) remains a leading cause of death
worldwide." TB care, which already existed in fragile
and overextended healthcare systems, has been nega-
tively impacted by the diversion of human resources
and laboratory capacity for COVID-19, resulting in the
number of specimens submitted for TB diagnosis plum-
meting from 7.1 million in 2019 to 5.8 million in 2020.”
41% of the 10 million people estimated to develop TB
globally each year remain undiagnosed, and TB deaths
have risen for the first time in a decade.” Yet COVID-19
has also demonstrated that large-scale investments
(orders of magnitude higher than that seen for TB)
could facilitate rapid diagnostic technology develop-
ment, including the use of novel specimen types at
point-of-care (POC). A similar approach for TB could
yield major innovative advances.?
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Even before COVID-19, patients evaluated for TB
often experienced long delays exacerbated by circuitous
pathways to care with many missed opportunities for
diagnosis. The quality of TB symptom screening is
often poor and primary care facilities do not often have
access to tests, requiring patients to travel elsewhere.*
These individuals, often already attending decentralized
health facilities, collectively represent an obvious first
step in closing the diagnostic gap. Importantly, how-
ever, many people with TB never enter health facilities
and will require identification in communities; which is
often diagnostically challenging due to early-stage dis-
ease and lower pre-test probabilities, which mean tests
require very high sensitivities, and specificities are a
major determinant of cost efficacy. Technologies first
need to demonstrate good performance and feasibility
in local health facilities before they can be considered
for community-based active case finding (conditions are
less challenging in facilities than in communities and
people with TB presenting to facilities are easier to diag-
nose due to increased pre-test probability). Having good
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performance near POC in facilities is a key criterion
prior to exploring community suitability.

Closing the diagnostic gap is not just a technological
challenge: it also requires ensuring that high-quality
and modern tests are available’ in a manner that enables
patients to be promptly linked to care. New technologies
should be implementable at point-of-care by health care
workers with minimal training, with results available in
a single patient encounter.’ Yet, despite the advent of
World Health Organization (WHO)-recommended
rapid molecular tests (mWRDs) such as Xpert MTB/
RIF Ultra (Ultra) (Cepheid, Sunnyvale, USA) and True-
nat MTB/RIF (Molbio Diagnostics, Verna, India), much
of the world still relies on sputum smear microscopy
(developed in the 1880s) as the initial and often only
diagnostic test® despite poor sensitivity. The cost and
infrastructure requirements of mWRDs remain prohibi-
tive to scale-up and even when mWRDs are available,
capacity is often not efficiently wutilised or is
misaligned.”® Furthermore, the use of mWRDs is typi-
cally limited to sputum-based testing. Cascade of care
studies, although setting-specific, indicate that approxi-
mately 15% of patients diagnosed with TB are lost-to-fol-
low-up and do not initiate treatment.*"'® Together, this
picture shows the urgent need for decentralised testing
for TB, so that the majority of patients can be tested and
start treatment in one visit (ideally irrespective of their
reason for initial presentation to a facility). Such tests
should be sputum-free, as high-risk groups, such as
people living with HIV (PLHIV)" and children™ can
often not naturally expectorate sputum and are at higher
risk of extra-pulmonary TB.

Critically, there is growing recognition of the high
proportion of cases identified in prevalence surveys who
are a- or pre-symptomatic (presumed subclinical TB)",
underscoring how large numbers will be missed by cur-
rent symptom screening approaches.”*" Furthermore,
since patients who screen positive but have early disease
may not expectorate sputum, sputum confirmatory test-
ing may not be possible. Earlier diagnosis in such peo-
ple with minimal symptoms can, on an individual-level,
prevent disease progression, subsequent morbidity and
mortality and, on a population-level, reduce as much as
50% of transmission (importantly, community testing
can enable earlier diagnoses than facility testing, result-
ing in even greater benefits)."® Moreover, as for COVID-
19, such tests can also play a critical public health role if
they have the capacity to identify which patients are
infectious (eg, via Mycobacterium tuberculosis (Mtb) mea-
surement in aerosol) and for how long infectiousness
lasts. This reinforces the urgent need for rapid, accu-
rate, non-invasive, and sputum-free tests for triage and
confirmatory diagnosis, which have been identified by
the WHO as priorities for new TB diagnostics, with the
Target Product Profiles (TPP) developed in 2014."”

Tests and technologies that have undergone (or are
undergoing)  external  validation, = commercial

development, assessment in large-scale multi-centre
field evaluations, or which are judged to show high
potential for TB triage, diagnosis, or the assessment of
infectiousness, are prioritised for inclusion in the
review. Our review is not exhaustive nor a review of bio-
markers, in-house assays, centralised platforms for ref-
erence laboratories, tests to diagnose infection or drug-
resistance, or the optimal way to do important commu-
nity active case finding (high-quality reviews on these
topics exist)."®* Rather, we focus on sputum-free diag-
nostic technologies and tests with demonstrated poten-
tial for decentralised deployment, ideally at the point-of-
care at the peripheral health system level (including
rural settings) to facilitate prompt clinical decision mak-
ing for all forms of active TB.

Overview of diagnostic technologies and tests
by specimen type
Figure 1 illustrates the role of triage (which includes
patients with symptoms or risk factors as well as screen-
ing of unselected populations) and confirmatory tests in
a typical population of people who may have TB and
move from community to clinic and hospital settings
for diagnosis, the types of non-sputum specimens tested
by some novel technologies under development, and a
selection of these technologies, their developmental
stage, likely positioning within the health system, and
where gaps in the pipeline exist. Briefly, several non-
invasive and easily accessible specimens hold promise
as triage and confirmatory tests, however, artificial intel-
ligence (Al)-based digital chest X-ray (dCXR) is the only
design-locked triage test suitable for primary care
(design-locked refers to tests where manufacturers have
fixed the individual subcomponents of the assay and the
core of the technology should not change).”* Table 1
lists various current and upcoming technologies,
including their underlying mechanisms and principles,
alignment with TPP criteria, commercial or in-develop-
ment examples, diagnostic accuracy, pros and cons, and
open questions. This table is summarized below, organ-
ised from, potentially, the least to most invasive speci-
mens.

Tables 1a and 1b

Audio

The growing interest in Al has opened the possibility of
non-invasively detecting cough changes or lung sounds
that differentiate people with and without TB, with
potential for use as a triage test.>>*° This could be done
using portable digital recording and signal processing
mobile phone enabled applications®” or digital stetho-
scopes.”” Such specimen free technologies, could provide
a more objective measure of symptoms such as cough,
in contrast to subjective and challenging syndromic
screening, and are potentially scalable given a
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Figure 1. Approaches to diagnosing TB. (a) An overview of a typical facility-based TB diagnostic algorithm. People in a community
(without risk factors for TB, white; with symptoms or risk factors for TB, grey; with TB, red) attend a health facility. After screening, all
at-risk individuals are ideally identified and receive a triage test (note in some very high burden settings, all clinical attendees may
be considered at risk; the definition of at-risk is setting-specific), which is done to exclude unnecessary confirmatory testing. Patients
who triage positive then receive typically expensive (yet critical) confirmatory testing, which is used to inform treatment. Impor-
tantly, screening (and potentially testing) could occur in the community, however, this is not shown as most new technologies need
to first demonstrate potential in facilities. (b) Some of the novel materials under investigation for triage or confirmation are shown
(some applicable to both use cases), and (c) a selection of products and technologies that use these materials, their developmental
stage (if known to be under commercialisation), and potential health system-level of deployment. Notably, there are insufficient
late-stage and design-locked triage tests, as well as early and design-locked confirmatory tests useful for facility-based point-of-care
testing (this deficit is even more serious for community-based testing, which is diagnostically and operationally more challenging).

Abbreviations: Al: artificial intelligence, dCXR: digital chest X-ray.

www.thelancet.com Vol 78 Month April, 2022



I Review

deayd yum peay-o3-peay Jou
‘35e35IP |JIUIIQNS 10} PUE ‘S)DE)
-U0d ‘UIPIIY2 ‘g1d3 ‘AIHTd Ul
paisa) Apuadyynsul sainjeubls -
saineubis asay) uo paseq

5159} Joy Buijied 9duewopad

e bunsabbns ‘.. SddL OHM
193w 0} 3|66NNS maﬁmc_bmo:mz
‘Bupuanbas) spoyraw aAnIsuSS
-edyn Buisn painseaw (YH uady

paiinbai aq Aew syuabe
uones||igels pue ulw Qg >
a9 1snw bunsa) 0y uon
-23]|02 POOJq WOL) BWIN ‘YH
uady 4oy ‘pue 3|iqe] s YNY -
3|qejieae

elep 1sow ay) sey yH yady -
Buibiowa

24 S3IPNIS 213UDN

-|NW JI9A3MOY ‘5358 JO SIq

01 Buiseanul) Apydads 9495 pue
AUARISUDS 916 SI YDd W

Aq painseaw sduew.opad ainjeu
-61s 1nq “exep dy1ads-1>npoid oN -

eal

Ananisuss 9%06<

18 (1, %ES *,5,%9T) sandYdds
J3MO] UMOYS dABY SDIPNIS I3YI0-
LoAN2Y13ds %98 pue AAnIsuss

(xgwmuen) a1neubis 9yS|Y

(PenunuoD) by 3jqDL

4o SIsOUBRIP
104 asiwoid umoys aney
QI 01 dsuodsal s,w)sAs

aunuwiwi 3y} yum pajerdosse awoydudsues

ul gAausams Buipnipul) sainjeubis - -Wwinu ||ews yim eyep paywi - 9%06 Pamoys Apnis aipusdninw vy - (p1ayda)) asuodsay 1s0H wadx abeu] sainjeubis poojq YNYW 150H poojg
151X 19K sqems anbuoy o,PeO| K1ejjieq %0G-E€ Woly
10j 3jing-asodind 51531 ON- wninds moj yum syuaned Buibues sanIANISUSS pey sqems
SQeMS WOJJ [elDIRW Ul SQEMS WOJJ PRIDA0IDL |eio 01 paydde , dWvT-gL -
J0 asea|a1 ay) anoidwil Aew pue 39 Aew qay uaPYNSU| - opuosid e
uonen|eAs Japun ale poylaw <, 8L d1eipaed 1oy [enualod - Buipuy a5ed 9A1R 10J PasN UsYMm
buissadoid sy pue ‘ubisap qems 3|qiseay sieadde ’, | susb £ SUSS 96t AJUO INq |, suan
‘sqems Jo Jaquinu jewndo - -oyed JaY10 J0J Sqems paid) -edino ul %88 Jo AuAnIsuas e pey ‘swyyolq
pa1erdosse suoneywi| Ay -SIuWpe-13%J0oM Y1jeay o) qems 3|6uls e 0} paijdde enn - 1U02-QI JO UONRWLIO)
-1SUDS BW02IIA0 AeW (Umouun 3|qeledwod ‘Buiggems-Jas - 151X3 S918W Buniwiad ‘suonaidas Kioyes
S1YVN pue Wy uoneisusb-1xau |, P13y -1159 dduewiopuad pajood ou FIERTRIE -1dsa1 wouy ssewolq 1enuad
“69) sAesse [9A0U JO SOUBWIONI - -a.d (e1jey) uedo)) sqemsDOTS - ‘snousbolalay pue maj ale saIpnis - © 10U pue Poy3IaW Uo1d3||0D aben| -uod pue 4ay|y sejjided anbuo| VYNA P sqems anbuo]
(o1qjoW) yeusnit
31| AN UBY} 13Y30 shesse
10} e1Ep ddUBWIOMAd ON -
(p331s31 29 Os|e p|nod uonesi
bumas a1eba16u0d e woly |os -piepue)s pue uonesiwndo
-oiae pajood) buipuy ased pa1ab auinbas sd11eW UOND3||0D - ‘poyiaw aimded ajeusdlje
-Ie3 10} sjenpiAlpul buipeaids ,£95e3sIp ue 3Je SI3)|Y YuM $3gN) Mo|g
-1adns,, 1o sjodsioy uoissiw Alea 12919p 03 [e1UOd - ,c595e2 g1 ‘palidde aq pjnod
-sues [enuajod Ayuapl o) (sisou wninds 1oy uey Jsjdwis Kreuownd Aq uiom sysew adey sAesse Jualaylp pue poylaw *gL snondajul
-Beip woy punsIp) ., 9581 1591 K1) Buissadoid uswidads - 0) paljdde sem ey Uaym 9/8 Uo1123]|0d B SI SIY] "eud) asoubelp pjnod uondalap
9sn mau e buneasd ‘ssausnon pIaIA anoidwi 03 9jqissod J0 AARISUSS e punoy Apnis auQ - ->eq aimded sjeualew Juaq pue ‘sjosoiae Ul pajeyxa S|
->39ju1 asoubelp Apdaaip pjnod - spouad buoj 4ano Buidwes - |13 03 Aj1ea 003 Inq Buisiwoid - -10SQe JO SIBYY YUM S)Sew adey Kiorewnsyuod QI UBYM SINDD0 UoIsSIlSuRL | VYNQ @IV
SISIXD e1ep 3 g6PlOYS21Y}
1ng ‘wninds a)e10329dXa Jouued 1no-3[ni e Je A1pYads %65 pue
oym ajdoad ui asiwoid dnsou A uas 906 pey 3 syuaned
-Beip aney saibojouydal asay] - Ss)Nsal awi-[eal g1 aAndwnsaid Jo 110yod uedlyy
cuonepeibap 1n01d Jo 3|qeded 194 Jou yinos abuej e uj :asiwoid 1sow
0] 9NP UONDI||0D YIIM pawin pue aAIsuadxa S| d1empieH - 3y1 umoys sey 1533 punodwod *S950U JJUOJ)
K|1950]2 99 ISNW (saMj0gLIBW) ceSInopeal 21ueb10 3|11BJOA B ‘SSOUORY - -23j2 Buisn a|qe1dalap ale
s1onpoud awos Jo uonda( - puNojuo> ued $10128) (UOAN| ‘pajenjeAs spunodwod yans aseasip
swyiuobje asou -lod “6'9) [eauswuoIIAUS pue A|2AI5U1X3 10U BJe S1ONpOId [en pue uonewweyul bun| pale
21u01123| Jo Bulurel) pue 19A0d (Bunjows “6°3) [eaibojoig - -pIAIpUl INg ssepd ABojouyday siyl oo (SWISAS J0s -120sse-g] a1edipul Aew pue
-sip 10} 5195 eyep dijqnd ab.e| Aq [auuos 10} S31RWINSD (%€6) AUdYIdadS -uasolg pidey) JasAeyiesig g1 Jososae juaned uj pajjadxs suabnue
Ppa1eyi|ioe) 3 PINOM UdIYM ‘erep -19d [edjuydar-uou Aq jeds pue (%¢6) A uas pajood ue iy 10 D1 10 s9)1j0qeIdW Josoiae
uonepijea Juspuadapul Jo e - 1e 3|qeyuawaldwi Ajjenualod - 211936 0] 51SIX RIEP JUIDYYNS - 2¢(9SOND) 3souoay oben| -uebio 3jnejon 3y spunodwod uewny Jo |els1oeg pue yjeaig
Jeapun ‘sieak z= ‘sieak
Jespun - ‘uonejuswsajdwi [eyusjod
suoieIapisuod sse)d> A6ojouyday Y61y ‘wnipaw ‘mosazewnyss wouy Aeme sieak g<sKesse wsiueydaw
£9) pue suonsanb uado jo 11ey> pue sy3b pue PYUOD JO [9A3] pue saipnjs 123J3s 10} dd1 AP pue sjdpung a9)iewolg uawpads

www.thelancet.com Vol 78 Month April, 2022



Review I

oguonebisaaul

a1nbau sjj92> sunwiwi Ul Iy

12919p 1eY) SPOY1aW paje[ay -

uon

-eoyidwis saainbas azempiey -
paiinbai suonepijeA -

paruawajdwt
3q p|Nod 153} Juel|dwod-dd] e
Moy uejd pjnoys siap|oyaxels -
(1 1-g0,/AeMIBpUN sjeL) sbun
-19s JlWapua-AH ‘uaping ybiy
ul Ajje>adsa ‘uonepijen Jusp
-uadapul annbai pue suoneywi|
A1AnISuas aney sAesse SO -
sadfy
-0301d 31e 5353} [[@ ‘dYD UBY} J3YIO -
salpnis
J193j/ewolq ||e 4oy Joresedwod
© se papn|pul 8q p|noys 4y -
gpso1epdn
£>110d Juad31 UaAIB ‘BulusaIdS
paseq-dyD uswa|dwl 03 moy
uo 3duepInb oe| sawweibold -
91d3 Pue (,,sness AIH Aq s2dud
-1ay1p Aypyads abie| odai sal
-pnls awos) A|HTd pue saanebau
-AIH Ul pap3a3u e1ep dy) 10N -

ureyadun asuljadid 1onpoid -

pasipiepueisun saydeoidde
UOND3I3P PUE UONII|0D) -

abeys 1daduod-jo-jooud e ||ns -

1e3dun sulewal swyll
-ob|e urjuswadeld jewndo -
dyD | sipew

sa1101e10qe| PASU
Kew pue sjqeuswe DOd 10u
(9s1uadxa pue) a1emple -
|, dsuodsai

JuaWIeAI) PUB  URIP|IYD

ul [enualod parensuowaq -

Ajiqisea) DOd anoidwi

0] (s39b6.1e] 931Y) "XeW) 3D
-uod 3q p|noys sainjeubis -
,0,PuLIO}

-luow Juawileas) pue . g1
1uapIdul 0 uoissaiboud Joy
eAljes uo AN [enualod -
asn |eqo|6 Joy sjaued
pasipiepuels aALSp 01N>
-4yIp 31 9yew Aew aduewiIo)
-19d U1 sadudIRYIp |euolbay-

sot

lennuaiod D04 YBIH -

151x@ 194 10U Op

51591 dyD 9344 JUBWINISU| -
o/NH1d

ul Bujusalds paseq woydwiAs

- OHM swioyadino gy -

1g105PINY

13410 Uo uey J1anaq wiopad
01 Jeadde ewse|d uo s1s3) -
|gSdUeWIopad dUSNYUI $13)

-aweJed Uo3||0d [e2IUYI3] -

moitm;mom\r
snoinaid yum ajdoad ui

Juanbay 316 YaIym ‘ synsal

pue ‘(. suonddjul JaLo aney
pInod g1 inoyum syusned
aasod-ainjeubis) g1 ueyy
J13Y10 $358351p JO JUdWbE
-uew ‘Bunioyiuow asuodsas
Juswieas AN [enulod -
Y61y 1231 3Inq 1e3pun 150 -

o,/NIH g pa1dayeun a1em yaiym
‘fpypads 9e6 pue AlanIsuss
%T8 PAMOYS S|03UO0D Pa1d3y
g1-uou yum Apnis aAndadsoud v -

4, 40y0d asauly) abue| e u
ApY12ads 996 pue AIARISUSS %88 -
,,Hoyod uon
-epljeA [eqo|b [euoneunnw e
Adyidads 969 pue AIAISUSS %98 -
< Aoyads 926 pue
AnAnisuas %8 pey adAloid y4y -
2,fdyads
%96 pue AIAIISUSS %b6
pey adA1010.d Jasiew 9AY V4T Y -

<,AloAndadsal ‘syuaned

aasod- pue aanebau-A|H

ul pauodal uaaq aAeY %El pue

%29 J0 SaNPY1ASs ‘(ploysaiyy

7/6w 1) ANARISUSS 9606 < Y-

“orNIHTd Ul %t/ pue

%¢ £ 30 Apyads pue AlAnisuas
MOYs e1ep siskjeue-e1aw 1snqoy -

2oPa10U Atdu

-3601319y ab.e| Inq A]9AndadsaI

%L6 PU %8/ 40 Adyidads pue

AAnIsuas e punoj skesse asnoy

-Ul YNQJ2 JuaIay1p Jo sisAjeue
-B19W PUB M3IADI D11RWDISAS VY -

so(8L snoiaaud
noyum suaned ui 95/

(193yn0D ueund3g) g1-WVL

(uidoueN) SW-isigoueN

[aued Aeue eowis

9119]950195

Kesse 1g\

(319e|1eAe-AjjepIawwod aie
51591 di3soubelp pides a1y
-JuswinJisul 19Yio pue ((yosy
-1pog) wiojie|d ewoiyd! Yy
1] sIUBWINIISUI DOJ-1e3U) dHD

elep dljqnd yum sadA1o1o1d oN

Kiojeuwnyuod

Kioyewyuod
‘96

abeuy

abeu)

Kiojewnyuod

SWII0J IS0 wouy
35351 AAIDE SIRUIULIDSIP
UEd SI93{1eW UONeANDE [[93-1

poojq ui 3|qe1daep ale
sainjeubis Jeindasjow pasdy

abewy

pue Bujuaaids up 1sisse

Kew aseasip 0} asuodsai ul
apew uonewweljul Jo siaxJey

poojq

1| spiny Apoq 3|qissadde

Ul Pa12313p 3 Ue SHUW
-6e1y YNQ g Jejnjjedenx3

(Panunuod) by 3jquL

Buijyoud |92 sunwiwy

sapndad qay

salpogiue pue
‘saupjoId ‘suabnuy

siayiew 3soH

VYNGP

suopeIapisuod
K3 pue suonsanb uado

ssep ABojouyday
Jo sabuajjeyd pue syibuans

Jeapun
461y ‘wnipaw ‘Mosa3eWSd
Adeindde pue ‘23usapyuod Jo [9A]

Jeapun ‘sieak z=> ‘sieak g

-z ‘uonejuawajdwi [enuajod
wouy Aeme sieak g<sKesse
pue sa1pn3s 133J9§

41 °Ande
10} dd1 Al

wsjueydsw
pue 3jdpung

1axeworg uawpads

www.thelancet.com Vol 78 Month April, 2022



2202 ‘|Udy YIUO 8Z [OA WOD*32dURIBYI MMM

Principle and
mechanism

Likely TPP for
active TB

Select studies and

assays>5 years away from
potential implementation, 2-
5 years, <2 years, unclear

Level of confidence, and accuracy
estimatesLow, medium, high,
unclear

Strengths and challenges of
technology class

Open questions and key
considerations

Specimen Biomarker

Stool Mtb DNA

Urine LAM
cfDNA

Swallowed or disseminated Mtb

may be detectable in stool

Urine is easy to collect and will
have high diagnostic yield.
Mtb cellular components
(nucleic acids, complex mol-
ecules, or even intact cells)
can filter through the kidney
barrier. The Mtb cell wall and
virulence factor LAM are the
most promising urine
markers.

Confirmatory

Confirmatory

Ultra

FUjiLAM (FUjiFILM)

FLOW-TB (Salus Discovery)

TB-LAM (Biopromic)
TB-LAM (Mologic)
No prototypes with public data

- A Tanzanian study in presumptive
TB patients found sensitivity to
range from 63-84% and specific-
ity from 76-93% depending of
the type of laboratory*

- A systematic review and meta-
analysis of Xpert for paediatric TB
found similar performance™®

- In a large multicentre head-to-
head evaluation in HIV-negative
outpatients, sensitivity was 53%
and specificity 99% and highly
variable between settings®’

- Another study in HIV-positive
inpatients, sensitivity was 70%
and specificity 91%°°

A second-generation version of the
assay had a sensitivity of 86%
and specificity 89% in
inpatients®

Unclear (in development)"’O

Unclear (in development)

A proof-of-concept study with an
enrichment step had a sensitivity
of 84% and specificity 100%°"'

112

- Evidence to support use in
children and sputum-
scarce TB
- Added complexity due to
specimen processing
requirements

- Utility for EPTB*®
- Significant technological
development still needed for
some assays (e.g., FLOW-TB,
Mologic) compared to Deter-
mine TB-LAM (Alere) and
FUjiLAM
- Sensitivity inversely propor-
tion to the degree of immu-
nosuppression (e.g., CD4
count), and this should be
used to guide roll-out
- For cfDNA°! specialised
specimen processing meth-
ods may overcome sensitiv-
ity limitations to meet TPP
criteria but will detract from
POC potential

- Data in adults (including PLHIV)
scarce
- Specimen provision challeng-
ing in outpatients, but rectal
swabs may have utility

- Data in important patient groups
like HIV-negatives are lacking
- Comparative performance data
of different LAM assays is
needed (in one study in HIV-
negatives EcILAM, which is labo-
ratory-based, outperformed
other LAM tests that were more
suitable to POC)*’
- For urine cfDNA, many of the
same considerations as for blood
apply
- Enrichment prior to testing
may improve diagnostic yield

Table 1a: Current and upcoming non-invasive specimen-based technologies for the rapid non-sputum-based diagnosis of TB. Technologies are listed by specimen and biomarker type (least to most

invasive). Examples with best available sensitivity and specificity estimates (as well as the likely WHO target product profiles tests use case) are listed, together with known limitations. Strengths and
challenges for POC deployment in high burden settings as well as open questions and considerations for researchers and implementers are discussed. Rankings of the technological level of maturity
and level of confidence of available performance estimates are given.
Abbreviations: LFA: lateral flow antigen, POC: point of care
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Specimen Biomarker Principle and mechanism Likely TPP Select studies and Level of confidence, and Strengths and Open questions
for active assays>5 years away from accuracy estimatesLow, challenges of and key considerations
TB p ial impl ion di high, unclear technology class
2-5 years, <2 years, unclear
Audio Cough TB disease distorts lung archi- Triage - Only proof-of-concept studies - Promising but too early to - Able to rapidly screen all - Early-stage technology
sounds tecture, affecting chest exist”® tell. facility entrants - Standardised large-
sounds in a way detectable - Smartphone applications are - One study with non-TB - Specimen free scale data collection and
by portable digital signal undergoing evaluation (Tim- infected controls obtained a - Rapidly scalable on mobile curation required for
processing.”>*® Classifica- Bre,''* Hyfe)””'%% sensitivity of 93% and speci- phones algorithm development
tion technologies are dis- ficity of 95%.%° - Abnormal sounds in the and testing

Stethoscopes tinct from cough counting, - Stethee?®'%® and others under- - Unknown absence of TB could be - Performance likely
which may have treatment going evaluation used to diagnose other highly setting-specific,
monitoring utility."'? - No published studies respiratory diseases especially when other

- No external validation data lung diseases are fre-
quent
- Potential utility for
evaluating post TB lung
damage
Imaging Portable CXR highly sensitive and Triage Software products include: gXR - In a very large evaluation in - Automated reading systems - Challenges in identifying
dCXR increasingly feasible to be (QURE.ai Technologies), Bangladesh, gXR and CAD4- can overcome radiologist which settings for priori-
near POC due to advances CADATB (Delft Imaging Sys- TB have the highest specif- shortages and are WHO- tisation, including case
in low-dose portable instru- tems), and Lunit (FujiFILM), icities (both 73%) at >90% endorsed*® finding scenarios where
ments and automated CAD4Good (EPCON) (see sensitivity° - Expensive equipment and pre-symptomatic TB can
image reading. Al4HLTH for a complete infrastructure (including be detected''”
overview)*® high-speed internet) - Achieving adequate
required®?, however, exist- throughput to maximise
ing equipment may be ret- utility is challenging
rofitted such that analogue - Unclear how these
images can be converted to technologies will benefit
digital ones diagnosis of other dis-
- Market rapidly evolving eases
and selection of the right - Open source social
solutions challenging impact programs such
as CAD4Good may
reduce costs’

POCUS Improving affordability and Triage Many (most standard point-of- - Systematic review reported Potential to expand diagnosis - Limited data, currently
portability of ultrasound care ultrasound machines can sensitivities ranging from of extrapulmonary TB and majority of studies in
devices has led to interest in be used) 73-100% for subpleural increase diagnostic yield in adults and for pulmo-
the use of POCUS. nodules detected and 47- populations such as chil- nary TB

80% for lung dren or PLHIV - Effects of operator and
consolidation®* machine variability
unclear
- Optimal imaging pro-
tocols unclear
Table 1b: Current and upcoming non-invasive non-specimen-based digital and/or Al-based technologies for the rapid non-sputum-based diagnosis of TB. Technologies are listed by specimen and
biomarker type (least to most invasive). Examples with best available sensitivity and specificity estimates (as well as the likely WHO target product profiles tests use case) are listed, together with
known limitations. Strengths and challenges for POC deployment in high burden settings as well open questions and considerations for researchers and implementers are discussed. Rankings of the
technological level of maturity and level of confidence of available performance estimates are given.
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Technical challenges for test Programmatic challenges for test Policy issues at health systems

developers implementers level
Biomarkers with high diagnostic Optimal care cascade placement Expense (particularly for active
accuracy for TB case finding)

Limitations of reference standard Implementation fatigue due to new Political will
generation tests or alternative test
platforms being developed and scaled

Under-utilization of existing tests

Over-reliance on sputum for Marketplace monopolisation

confirmatory testing

Limited technologies feasible for
community use

Reliance on symptoms

Weak primary care
infrastructure

POC specimen processing

Enable rapid action on results

Funding for programmes

Instrument-free true POC tests Linkage to care

Developer financial incentives

DST in people with a non-sputum Connectivity

Long development and approval

product profiles

diagnosis times
Little independent validation data Ongoing gaps in the diagnostic test Impact of COVID-19 on health
pipeline to address the WHO target priorities

Variable accuracy of biosignatures
across geographic regions

Accessible specimens for research

Performance in special groups e.g.
people with HIV or prior TB

Requires curated open data to
facilitate development and quality
assurance of tests such as artificial
intelligence or audio based
platforms

consideration, otherwise potential impact is undermined.
Colour theme key: Red- technical; orange- programmatic; purple- policy.
Abbreviations: POC: point of care, DST: drug susceptibility testing.

Table 2: Key challenges that need to be overcome for new diagnostic technologies to have a transformative impact on the TB epidemic.
These issues are complex, multifactorial, and interdisciplinary, however, together they create a significant barrier to the adoption of
promising new non-invasive TB tests at the point-of-care. When developing and planning to implement a new test, all factors require

theoretical ease-of-use and rapidity of turnaround (sec-
onds). Nonetheless, these technologies are early stage,
with signatures yet to be externally validated and limited
clinical data to support use (one study reported a sensi-
tivity of 93% and specificity of 95% of Al-based cough
classification when comparing the coughs of people
with and without TB).*>*9 Initiatives to assemble large
collections of cough audio recordings that can be used
to train and test algorithms are needed, similar to what
was successfully done for dCXR, where a global image
archive from diverse settings and populations was made
available to developers.’® Performance of audio analyses
is likely to be setting-specific and impacted by the preva-
lence of other lung diseases in the population but, as a
new field, acoustic epidemiology’® holds tremendous
promise for identifying patients for confirmatory test-
ing, monitoring treatment response, and assessing pop-
ulation-level lung health.

Compounds in breath

Differences in signatures of volatile organic compounds
expelled in breath can be analysed to facilitate detection
of pulmonary diseases like TB, most likely as a triage
test. Such compounds can be detected using electronic
nose devices or captured and concentrated using a col-
lection bag and detected by methods like gas chromatog-
raphy.’* Although a recent systematic review suggested
that electronic nose diagnostic tests may have high accu-
racy (pooled sensitivity and specificity both 93%),*
these tests were often evaluated in case-controlled stud-
ies comparing people with TB to healthy controls and
not in the intended setting of use (potential spectrum
bias leading to accuracy overestimation). Other tests in
this review had sensitivities from 62-100% and specific-
ities from 11-849.33 Notably, however, data were insuffi-
cient to obtain pooled estimates for a single type of test.
While the non-invasive nature of such tests is appealing,
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large public datasets are, like for audio, needed for algo-
rithm generation and training. However, methods of
collection (which can lead to the combination of volatile
organic compounds with sample bag material), analyti-
cal approaches, or confounders (like pulmonary comor-
bidities or smoking), can all introduce variation.
Important operational challenges, including the need
for prompt (ideally real-time) volatile organic compound
detection post-collection (samples undergo degradation
after collection) and hardware complexity remain.’*
Tests that require specimen shipment off to a central
laboratory hold less appeal.

Mtb in aerosol

Tests to diagnose subclinical (asymptomatic) TB are
lacking. This state (bacteriologically-positive TB in those
reporting no symptoms and typically not seeking
healthcare) is more prevalent than previously estimated,
with highly variable duration (six months to beyond five
years)*>*® and may be responsible for more than half of
TB transmission.'® The detection of Mtb bacilli or DNA
in aerosols has been facilitated by the development of
face masks, with capture filters or absorbent materials,
or blow tubes with a capture filter.*”?° Although capture
methods are still under development, early results have
been promising, suggesting high diagnostic yield (one
study demonstrated 87% sensitivity when Ultra was
used to analyse samples collected from face masks), and
may identify patients with subclinical disease earlier
than sputum-based sampling.’” Furthermore, these
methods can be applied to people before they cough:
sampling aerosol from tidal breathing has yielded cul-
turable Mtb bacilli, suggesting cough is not a transmis-
sion prerequisite.’® Detection of Mth in expelled
aerosols may thus play a role in identifying early dis-
ease, thought to be important for transmission,*' and
assessment of treatment response (important for infec-
tion control); however, this technology remains early
stage.

Tongue swabs

Mtb in tongue papillae biofilms may be detected using
existing molecular technologies such as Ultra*® with
high sensitivity: 88% relative to sputum Ultra*' based
on single flocked swab sampling in symptomatic outpa-
tients; however, sensitivity may be heavily setting
dependent (a prison-based active case finding study
reported a sensitivity of Ultra on a single swab of
43%).%° Tongue swab-based diagnoses are also possible
using TB-LAMP.#* In general, however, the optimal
number of swabs and approach needed to maximize
DNA recovery during processing remains the subject of
active investigation. Next-generation ultra-sensitive tests
may further increase the feasibility of tongue swab-
based methods as current generation tests still have
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sensitivity limitations and automated extraction and
wash steps were designed for sputum not tongue swabs.
If increased sensitivity could be achieved, tongue swab-
based approaches could be particularly useful as a diag-
nostic test in children, where feasibility with Ultra from
tongue swab has been demonstrated*’, as well as other
sputum-scarce populations. Lastly, tongue swab (self)-
collection has been done reliably by patients for SARS-
CoV-2 testing*4, which is an important consideration
for scale-up and potential community- or home-based
TB testing in under-resourced settings.

Stool

Tests on stool currently have the most utility in diagnos-
ing childhood TB, given the challenges in obtaining
sputum; although their suboptimal sensitivity (pooled
sensitivity from nine studies was 67%)**° remains a
barrier. In adults, stool-based tests may play a role in
the diagnosis of extrapulmonary TB, particularly in
groups such as PLHIV who are more likely to have dis-
seminated disease. Rectal swabs may facilitate specimen
collection and processing, making the approach more
amenable to POC during a single encounter, although
accuracy data are limited (one study demonstrated the
sensitivity of stool Xpert testing using FLOQswabs was
47%).%7 Generally, stool-based approaches are ham-
pered by the need for non-POC specimen processing.

Imaging

Several Al computer-aided detection (CAD) software
platforms for TB triage>° are recommended by WHO as
an alternative to human reading, given their potential to
overcome the lack of qualified readers and the over-
whelming need for improved triage methods given lim-
ited resources for confirmatory testing.*® An evaluation
of 1032 images demonstrated that six out of 12 CAD
platforms (Qure.ai, DeepTek, Delft Imaging, JF Health-
care, OXIPIT, Lunit) performed similarly to an expert
reader, only three of which (Qure.ai, Delft Imaging and
Lunit) performed significantly better than an intermedi-
ate reader.*? A large evaluation of almost 24 ocoo outpa-
tients, the majority of whom had symptoms,
demonstrated that all five of the algorithms evaluated
reduced the number of molecular tests required by 50%
while maintaining an overall sensitivity of 9o%. Two
products: qXR (qure.ai, India) and CAD4TB (Delft
Imaging Systems, Netherlands) met the triage TPP cri-
teria.”® Ongoing challenges include the need to adapt
score thresholds to local epidemiology and use case sce-
narios (e.g., triage versus mass population screening,
different clinical settings, pre-symptomatic patients), as
software performance, particularly with respect to speci-
ficity, can be variable and precludes it from serving as a
diagnostic test.”’ While the equipment cost remains pro-
hibitive’?, there are advances in the use of POC imaging
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devices (including smartphones) that may bridge this
barrier as the market rapidly evolves, particularly given
the potential of this technology class to be used as part
of integrated management of other diseases such as
COVID-19, which may ensure adequate throughput to
justify costs.”® Other imaging technologies of interest
include point-of-care ultrasound (POCUS), for which a
systematic review revealed sensitivities from 73-100%
for subpleural nodules and 47-80% for lung consolida-
tion; however, data are limited with high risk of bias.>*

Urine

Urine is appealing given ease-of-collection, limited
infection control requirements, and potential for extrap-
ulmonary and pulmonary TB. Mtb cellular components
(nucleic acids, molecules, cells) can filter through the
kidney barrier into urine. Urine lipoarabinomannan
(LAM) is the only WHO-recommended biomarker for
TB diagnosis (specifically the AlereLAM test).”> Other
next-generation LAM assays from FujiFilm, SD Biosen-
sor, Biopromic, Salus, and others are at different devel-
opmental stages. Studies comparing SILVAMP TB
LAM (FujiFilm) to AlereLAM demonstrate a higher sen-
sitivity (70% vs. 42% in PLHIV, 67% vs. 53% in people
without HIV).5*5® Several ultra-sensitive 3™ generation
LAM assays®°° to be used irrespective of HIV status
will enter trials in 2023. Lastly, emerging data points to
a potential role for urine cell-free DNA for TB diagno-
sis;®" however, the need for specialised processing
methods must be overcome for wide use.

Blood

While there are no validated blood tests for active TB,
there is increasing optimism regarding the detection of
antigens, immune cell profiling, host transcriptomics,
or cell-free Mth DNA.%* Several studies have demon-
strated associations between host mRNA signatures
and TB risk, although preventive therapy guided by one
such mRNA biosignature failed to reduce TB incidence
in a large randomised controlled trial.>* Despite com-
mercial progress to develop mRNA biosignature assays,
foremost of which is the Xpert Host Response (Xpert
HR) cartridge that detects a 3-gene signature in capillary
blood directly using the widely-deployed GeneXpert
platform,®* independent validations®*®® demonstrate
most transcriptomic biomarkers will not meet the
WHO diagnostic accuracy criteria for triage or confirma-
tion.®"®” Furthermore, tests will still likely require
costly processing methods that preclude scale-up.®®
Tests that measure T-cell activation such as TAM-TB
have demonstrated potential for active TB in children
(83% sensitivity vs. culture)®7° and may have a role in
treatment response monitoring,7T however, TAM-TB’s
reliance on flow cytometry may restrict deployment to
clinical laboratories. Detection of TB antigens’*”# and

other molecular biomarkers also holds great potential
for scale-up in POC tests. For example, despite being a
non-specific biomarker of inflammation, C-reactive pro-
tein (CRP) is recommended by the WHO as a screening
test in PLHIV given its superior accuracy for TB com-
pared to symptom screening’>’®; however improved
implementation guidance is needed.”” Other assays to
detect inflammatory biomarkers”® or TB peptides’®
remain in the prototype phase but have POC deploy-
ment potential. Proof-of-concept data has been gener-
ated for Mtbh DNA detection in peripheral blood
mononuclear cells® and cell-free DNA but no proto-
types with public data are available.**’

Outstanding questions: considerations for test
developers and evaluators
Select considerations for developers and evaluators are
in Table 2, together with issues for implementers and
policymakers, which are interlinked and fall across mul-
tiple themes, are discussed in the following sections.
From a technical perspective, developing POC tests
is challenging due to disease complexity and the slow
growth of Mtb. While ultra-sensitive tests are still
needed to detect early disease (especially in the context
of active case finding),’*** as tests slowly increase in
sensitivity, diagnostic accuracy assessments may be
compromised by reference standard limitations, espe-
cially as bacteriological tests like liquid culture are often
only applied to sputum.®* Thus, positive results from
highly sensitive tests could be classified as false posi-
tives, representing potentially missed treatment oppor-
tunities. This false-positivity issue may be of less
concern for tests that use antigens or DNA rather than
host biosignatures such as mRNA, however, challenges
remain: for example, sputum Ultra trace semi-quantita-
tion results are often culture-negative, especially in set-
tings where patients have high rates of previous TB or a
where there is a high background intensity of TB trans-
missiont.* Biomarkers like host RNA and CRP have
potential for resolving Ultra false-positive results (if bio-
marker levels are low),°>75 thus Ultra traces could, for
example, be reflexed to a test like Xpert HR. Aside from
limit of detection differences, other reasons for discrep-
ant results include variations in specimen quality and
processing, extra-pulmonary TB, and non-culturable
Mtb (the clinical relevance of which is not well under-
stood). Composite reference standards that incorporate
additional information (e.g., imaging and treatment
response) may be useful, however, these substantially
increase expense. Extra-pulmonary TB, which accounts
for around 16% of all global TB cases," presents addi-
tional diagnostic challenges due to invasive sampling to
obtain site-specific tissue or fluid, on which the sensitiv-
ity of existing tests is generally lower than on pulmo-
nary specimens.” In addition, for several tests there are
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data or potential for extra-pulmonary TB, indicating that
invasive sampling could be obviated (see Table 1).

Although rapid POC biosignature tests may contrib-
ute substantially to reducing those patients lost to follow
up between diagnosis and treatment, one limitation
(especially for host biomarker tests) is that they are
unlikely to provide drug susceptibility information to
guide appropriate treatment, in contrast to tests that
directly detect Mth. The latter should be given higher
priority by developers and implementers in high DR-TB
burden settings.

Consideration of the feasibility of obtaining alterna-
tive specimen types (such as urine or stool) in routine
settings, although non-invasive, is important to avoid
undermining potential benefits. Blood volumes for bio-
marker tests could also be a concern and these should
ideally require only a finger prick. During development,
any platform-based assay should consider potential
maintenance and quality assurance needs for field use
and address these during validation or early field evalua-
tion studies, rather than leaving this for post-market
evaluation. Furthermore, local communities’ percep-
tions about specific specimen types (e.g., stool) or tests
(e.g., audio) should be carefully studied. TB diagnostics
research should utilise interdisciplinary quantitative
and qualitative approaches to maximise the high quality
uptake of testing algorithms by patients and health care
providers.

Outstanding questions: Key issues beyond test
performance that need to be addressed by
programmes and policy makers for implementation
and scale-up

Systematic reviews evaluating the effect of Xpert MTB/
RIF and LAM on patient-important outcomes like mor-
tality demonstrate the challenges of moving from diag-
nostic test accuracy assessment to proving impact.”‘86
Careful evaluation of intended and actual test placement
and use within the wider TB care cascade is needed to
understand potential implementation barriers,*”**
such as gaps in linkage and engagement with care. The
global roll-out of Xpert MTB/RIF has provided key les-
sons for policy makers and program implementers,®®
which include recognising that high costs and unful-
filled quality assurance and maintenance needs in
chronically underfunded programmes will continue to
result in underutilisation.”® Technologies can mitigate
these barriers if a POC test can be electricity-free,
deployable at wide temperature ranges, have long shelf
life, and the potential for online and offline use.
National TB programmes must facilitate less restrictive
use of new tests to increase utilisation volumes, requir-
ing price negotiations with test manufacturers, and
comprehensive health worker training. Furthermore,
continuous quality assurance programmes should

www.thelancet.com Vol 78 Month April, 2022

ensure tests are being used, interpreted, and acted upon
correctly and promptly."

Improving TB diagnosis, particularly given the
renewed focus on active case finding, needs to be viewed
within the broader context of health systems strengthen-
ing. Despite the release of the WHO’s first Essential
Diagnostics List in 2019,* country-level investment,
particularly to strengthen primary health care in high
TB incidence settings, falls short of ensuring availability
of essential tests and infrastructure, such as dCXR with
CAD in peripheral healthcare settings.”> Syndromic
rather than test-guided management remains highly
prevalent.”# It is critical that health care providers are
trained to act rapidly on test results to link patients to
care, as well as to interpret negative tests to determine
appropriate follow-up investigations and avoid patients
being lost to care without a working diagnosis.

Even the most promising triage tests (CRP, host
transcriptome signatures) have specificity limitations,
since other conditions (viral infections, cancers) can
produce readouts that may resemble TB,” which
impact implementation potential given that triage test
specificity is the primary cost driver.”® Hence, with the
introduction of novel tests, a negative test in a triage-
positive person should inform further non-TB diagnos-
tic decision making to justify these tools' cost. Most
modelling exercises do not factor in potential benefits of
non-TB diagnoses, which may underestimate overall
impact. These diagnostic algorithms, including alterna-
tive diagnoses to be considered in patients without TB
would need to be setting- and population-specific.

The COVID-19 pandemic has prompted the interna-
tional scientific community to develop highly accurate
SARS-CoV-2 diagnostic tests in record time, with advan-
ces in sample collection, including specimens such as
saliva, oral swabs and absorbent strips in facemasks, and
decentralised testing, including the use of home-based
testing kits."* The TB diagnostic community needs to fol-
low similar development pathways, including integrated
testing for respiratory diseases such as TB and COVID-
19, utilizing multi-disease molecular diagnostic plat-
forms (for example, GeneXpert and Truenat), which lev-
erages the setting-specific feasibility of automatically
testing a specimen for multiple diseases. Digital connec-
tivity tools can facilitate community-based testing, refer-
rals, contact tracing, linkage to care and/or indicate the
need for alternative clinical evaluation.>”

Conclusions

Most upcoming technologies for sputum-free TB tests
are at an early developmental phase. Furthermore,
many methods that use novel specimens are still reliant
on existing molecular tests not originally designed for
that purpose (e.g., Ultra on tongue swabs) or require
infrastructure unavailable at primary care. Despite seri-
ous gaps in the diagnostic pipeline, exploring the

1
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potential for several prototype tests that show promise
for POC deployment across different use case scenarios
(TPPs) is critical. Nonetheless, given growing recogni-
tion of the high proportion of people with subclinical
TB and the nuances of use case scenarios for screening
versus triage, revised TPPs are needed. Key needs to
accelarate test development include publicly available
standardised datasets and large-scale validation cohorts
that facilitate test design and evaluation from the outset
in populations and settings that reflect their final
intended field of use. To overcome these barriers, it is
critical to leverage the resources and diagnostic innova-
tion and momentum behind the COVID-19 response,
including scale-up of SARS-CoV-2 test capacity and con-
nectivity tools. Only then can the promise of novel spu-
tum-free TB tests be realised.

Search strategy and selection criteria

Data for this Review were identified by searches of the
PubMed database, and references from relevant articles,
using the search terms (Tuberculosis or TB) AND (diag-
nosis) without restrictions based on language, date,
study type, or setting. Given the focus on novel technol-
ogy, additional references were obtained from abstracts,
meeting reports, and clinical trial registration websites,
where relevant.
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