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Zusammenfassung

Hintergrund: Die fehlende Ubereinstimmung zwischen Untersuchern, eine Vielfalt an
Befundungsmethoden, sowie der Mangel an erfahrenen Untersuchern in ressourcen-
schwachen Lé&ndern limitieren das Potential des Thoraxrontgens als Diagnose- und
Screening-Test fur die pulmonale Tuberkulose (PTB). Zwei Ansétze diese Probleme zu
I6sen wurden evaluiert: eine computergestiitzte Auswertung (CAD4TB) sowie ein
strukturierter Befundungsbogen mit Score-Funktion (TXS).

Methoden: CAD4TB und TXS wurden an Thorax-Roéntgenbildern von Patienten mit
PTB-verdachtigen Symptomen in Tansania getestet. Der kulturelle Nachweis von
Mycobacteriuum tuberculosis (M.tb) galt als Referenzstandard. Die Rontgenbilder wur-
den von zwei Experten und einem Clinical Officer ausgewertet. Die Sensitivitat und
Spezifitat von CAD4TB und TXS wurden mittels ROC-Kurven dargestellt und mit dem
konventionellen Befund der Untersucher verglichen. Die Ubereinstimmung zwischen
TXS-Befund und konventionellem Befund, zwischen Befundungen verschiedener Un-
tersucher, sowie zwischen wiederholten Befundungen durch denselben Untersucher
wurde mittels gewichteten Kappa-Koeffizienten (kw) berechnet.

Ergebnisse: 193 (22%) der 861 Studienteilnehmer waren kultur-positiv fir M.tb.
CADATB erzielte eine Flache unter der ROC-Kurve von 0.84 (95% CI 0.80-0.88) fur
die Erkennung von PTB-Patienten. CAD4TB diagnostizierte PTB zutreffender bei Mik-
roskopie-positiven und HIV-negativen Patienten gegentber Mikroskopie-negativen
bzw. HIV-positiven Patienten (p<0.01). CADATB ubertraf den Clinical Officer, aber
erreichte nicht die Treffsicherheit der Experten fir die Erkennung tuberkulosespezifi-
scher Auffalligkeiten (p<0.03). Die Experten erzielten eine substantielle Ubereinstim-
mung (kw=0.67) mit Benutzung des TXS als strukturierten Befundungsbogen. Die hohe
Ubereinstimmung zwischen dem konventionellen und TXS-Befund der Experten
(xw=0.80/0.79) bezeugen die Validitat der Score-Funktion. Die Score-Funktion des TXS
verbesserte jedoch weder die diagnostische Treffsicherheit noch die Ubereinstimmung
der Untersucher und war insbesondere von Nachteil fur den Clinical Officer.
Schlussfolgerungen: CAD4TB konnte die Rontgenbilder von Patienten mit pulmonaler
Tuberkulose treffsicher und reproduzierbar von denen symptomatischer Kontrollpatien-
ten unterscheiden. Experten ist der deskriptive Teil des TXS ein nitzlicher Befundungs-
standard. Durch die Score-Funktion des TXS l&sst sich ihre Auswertung des Rontgen-
bildes nachvollziehen. Flr wenig erfahrene Untersucher ist der TXS nicht geeignet.
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Abstract

Background: Chest radiography to diagnose and screen for pulmonary tuberculosis
(PTB) has limitations, especially due to inter-reader variability, absence of reporting
standards and a lack of experienced readers in resource-constrained settings. We evalu-
ated two efforts to overcome the known drawbacks: a computer-aided diagnosis system
(CADATB) and a structured reporting and scoring form (TXS).

Methods: CAD4TB and TXS performance was assessed on chest radiographs (CXRS)
of patients with symptoms suggestive of PTB in Tanzania. Culture-positive PTB was
used as the reference standard. Chest radiographs were read by the software and three
human readers, two expert readers and one clinical officer. The sensitivity and specifici-
ty of CAD4TB and the TXS was depicted using receiver operating characteristic (ROC)
curves and results were compared with manual conclusions of human readers. Agree-
ment between TXS and manual conclusion, inter- and intra-reader agreement was calcu-
lated as weighted kappa agreement (kw).

Results: Of 861 study participants, 193 (22%) were culture-positive for Mycobacterium
tuberculosis. The area under the ROC curve of CADATB for the detection of culture-
positive PTB was 0.84 (95% CI 0.80-0.88). CADATB detected PTB more accurate in
smear-positive over smear-negative and in HIV-negative compared to HIV-positive
individuals (p<0.01). CADATB outperformed the clinical officer, but did not reach the
accuracy of the expert readers for tuberculosis specific reading thresholds (p<0.03).
Inter-expert agreement was substantial (kw=0.67) for the use of the TXS as mere struc-
tured reporting form. High values of agreement (xw=0.80 / 0.79) between the experts’
manual and TXS conclusion support the validity of the score. However, the scoring
function of the TXS did enhance neither the diagnostic accuracy nor the reproducibility
of the human readers. The clinical officer’s accuracy for TB consistent findings and
intra-reader agreement deteriorated (kw=0.35 to 0.20) with the use of the score.
Conclusion: CAD4TB accurately distinguished between the CXRs of culture-positive
TB cases and symptomatic controls without the need for trained reading personnel. The
descriptive part of the TXS presents a valuable reporting standard for expert readers and
its scoring function makes their CXR interpretation transparent. However, in its current
form, its use as a score is of no benefit for expert readers and not recommended for non-

expert readers.
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1  Introduction

1.1  The burden of tuberculosis

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis (M.tb),
remains a major global health problem. It is curable and preventable. Nevertheless, an
estimated 9.6 million people fell sick with and 1.5 million died from the disease in 2014
(WHO 2015a). Tuberculosis ranked 11" among the top causes of global years of life
lost in 2013 (GBD 2013 Mortality and Causes of Death Collaborators 2014). African
countries are particularly affected. They accounted for 28% of the world’s cases in 2014
and relative to their population for the highest incidence (281 cases / 100.000 popula-
tion) and prevalence (330 cases / 100.000 population) worldwide (WHO 2015a). The
financial burden of tuberculosis for their economies and health care systems is enor-
mous (Kim et al. 2002, WHO 2015a) and costs for the individual often catastrophic
(Ukwaja et al. 2012, Tanimura et al. 2014). Tuberculosis affects people in their econom-
ically most productive age (Murray et al. 2014). Half of the total costs impend before

the diagnosis (Tanimura et al. 2014).

Drug-sensitive tuberculosis is treated with a standard antibiotic regimen that is highly
effective and generally well tolerated. Administered in time, it can reduce mortality
from 45% to 2.5% in HIV-negative and from 80% to 8-14% in HIV-positive co-infected
individuals (Tiemersma et al. 2011, Field et al. 2014, Odone et al. 2014, WHO 2015b).
TB treatment is considered as one of the most cost-effective health care interventions
(Dye & Floyd 2006). Incomplete and poor quality treatment has selected resistant
strains resulting in 5% multidrug-resistant cases of TB in 2014 (WHO 2015a). Their
recommended antibiotic regimen is toxic, poorly tolerated, longer in duration (up to 24
months), less potent, much more expensive and misses the evidence of randomized con-
trolled trials (WHO 2013a, Zumla et al. 2013, Dheda et al. 2015). Drug-resistant TB

threatens the control of the disease worldwide.

Tuberculosis is a communicable disease. M. tuberculosis, an airborne pathogen, is
transmitted in droplet nuclei coughed up by patients with active TB. A small number of

germs inhaled is enough to become infected. There is no reliable vaccine. Whereas ef-
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fective treatment renders patients non-contagious almost immediately (Riley et al.
1962), patients that are not treated can infect up to 10 persons a year (WHO 2014a). An
estimated 2-3 billion people, that is one third of the world’s population, is infected with
M. tuberculosis (WHO 2015a). Their lifetime risk to develop active disease is 5-15%
(WHO 2015a), with a higher probability among people with a compromised immune
system, people who are malnourished, suffer from poverty, diabetes, end-stage renal
disease, silicosis or who use tobacco (Dheda et al. 2015). HIV co-infected individuals
are at 20-40-fold risk to progress to active disease and even on antiretroviral therapy the
incidence of tuberculosis stays five-fold higher (Dheda et al. 2015). Tuberculosis in turn
accelerates the course of HIV disease (Reid & Shah 2009). In the majority of cases
(~85%) the disease manifests as necrotizing granulomatous inflammation of the lungs
(pulmonary tuberculosis), but almost any other part of the body can be affected (Dheda
et al. 2015). Extrapulmonary tuberculosis (EPTB) is much more common among HIV-
positive individuals. The onset of the disease is gradual and possible symptoms like

cough, fever, night sweats, weight loss and haemoptysis are rather unspecific.
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1.2 TB diagnosis

Initiation of appropriate treatment warrants timely and accurate diagnosis. Tuberculosis
is complex to diagnose and few numbers are enough to demonstrate the insufficiency of
existing diagnostic methods in keeping pace with the global TB epidemic (figure 1). In
2014, 5.2 million cases of incident pulmonary TB (PTB) were notified to National Tu-
berculosis Programmes (NTP) worldwide, but only 3 million (58%) received a bacterio-
logical confirmation of their diagnosis by either sputum smear microscopy, culture or
the molecular Xpert MTB/RIF (Cepheid Inc.) test (WHO 2015a). For 2.2 million cases
of PTB, diagnosis was based on clinical, radiological or histological suspicion (WHO
2015a). A usually long delay from the onset of symptoms to diagnosis and treatment
due to both patient and health system reasons (Storla et al. 2008, Sreeramareddy et al.
2009) favours the spread of the disease and economic hardship. Another estimated 3.6
million TB patients were missed at all by NTPs (WHO 2015a). Hence, in more than one
third of all TB patients, under-diagnosis and under-reporting result in an unknown
quality of care, uninterrupted transmission of the disease and preventable deaths (WHO
2014a).

= clinically diagnosed PTB
= not diagnosed/not reported TB cases
extrapulmonary TB

= bacteriologically confirmed PTB

Figure 1 Tuberculosis case detection gap (WHO 2015a)

TB diagnostics are not mutually exclusive. Their suitability and placement in screening
and diagnostic algorithms depend much on prevalence, resources and level of care.
Three methods for a bacteriological confirmation and definite diagnosis of the disease
exist. Their characteristics are summarised in table 1.

Sputum culture is widely regarded as the reference standard to detect active pulmonary
TB. It has high sensitivity and specificity (Casal et al. 1997, Asmar & Drancourt 2015),

allows for specification of mycobacteria and drug susceptibility testing (DST). The long
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duration between sample processing and result and the high level of biosafety infra-
structure required to safely handle samples are major drawbacks for this method and
barriers for its scale-up beyond central laboratory level in resource-limited settings with
a high case load (Boyle & Pai 2014).

Most high-burden countries still rely on direct sputum smear microscopy (SSM) as pri-
mary method for the diagnosis of active TB (Denkinger et al. 2013). Sputum samples
are stained with either colorimetric or fluorescent dye to visualize the presence of my-
cobacteria under the microscope (Boyle & Pai 2014). This method is highly specific for
the detection of acid-fast bacilli, but cannot differentiate between M.tb and non-
tuberculous mycobacteria (NTM), between viable and dead organisms or drug-
susceptible and drug-resistant strains (WHO 2015c). SSM is low-cost and simple, al-
lows for rapid results and monitoring of treatment progress, requires minimal equipment
and biosafety infrastructure (Boyle & Pai 2014). Its major disadvantage is the low sensi-
tivity at an average of 50%, ranging between 20-80% (Boyle & Pai 2014) depending on
the bacillary load in the sputum sample and reader skills. This seriously limits its use-
fulness in children and HIV-positive co-infected individuals, who typically present with
paucibacillary disease.

The nucleic acid amplification test Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA)
combines the advantages of a rapid diagnosis and high diagnostic accuracy. It detects
M.tb and resistance to rifampicin with high sensitivity and specificity in less than 2
hours. It is a fully automated, closed real-time polymerase chain reaction system for the
multi-disease Gene Xpert platform (Cepheid). Its operation requires minimal training
and biosafety equipment, which makes this technology suitable for regional and district
levels of care. Its implementation in peripheral settings is impeded by the operational
premises of a stable power supply (not to interrupt testing procedure and lose results),
an ambient temperature of < 30°C, security against theft, reliable supply chain man-
agement and adequate storage of cartridges (Niemz & Boyle 2012, Denkinger et al.
2013, Weyer et al. 2013).
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average average through-  sensitivity specificity DST? treat- availability timeto
initial running put [%0] [%0] ment in result
capital ! costs/ moni-  Tanzania
sample ! toring  population =
52 mio. people
(conventional) 1,400,000 1853 depends on BacTec 100 yes yes 4 liquid media:
culture (new laboratory) system MGIT 960 (1 DST) 10-14 days
2 capacity, up | 89.4
(+ DST?) 300,000 to 8000/year
(established Lowenstein solid media:
laboratory) /Jensen 4-6 weeks
74
smear microscopy 1,500/ 1.77 max. 20-80 ~08 no yes 945 30 min
- conventional light microscope - 25-30/day (1.8/100,000)
microscopy [fully trained
(Ziehl-Neelsen stain) microscopist
- (LED-)fluorescent -50-60/day  +10
microscopy
GeneXpert unit 17,000/ 9.98 3 max. 88 (all) 99 yes ® no 59 90 min
4 module unit 4 16-20/day 98 (sm+)
68 (sm-)
digital X-ray unit 100,000 — 15 300/day 87 89 no no/yes 6 2 1 min
180,000 highly highly
dependent on  dependent on
reader reader

Table 1 Overview of costs and accuracy of TB diagnostics

! Prices in US$, 2 DST = drug-susceptibility testing, 2 price for culture without DST, # concessional price for public sectors in eligible countries, ° drug-susceptibility testing for
rifampicin, ® CXR can be used in smear and culture negative patients to monitor treatment. Data from (Casal et al. 1997, WHO 2015c, Lu et al. 2013, Pantoja et al. 2013, WHO
2013b, Boyle & Pai 2014, Kik et al. 2014, FIND 2015, International Health Partners US 2015, Philipsen, Sanchez, et al. 2015, Asmar & Drancourt 2015)
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1.3  Chest radiography & TB

1.3.1 The role of chest radiography in TB diagnosis

Chest radiography constitutes the common first step in the evaluation of patients with
pulmonary symptoms in industrialised parts of the world and forms an integral part of
diagnostic algorithms in NTP guidelines of most high-burden countries (Pande et al.
2015). A positive chest X-ray (CXR) pre-selects individuals at highest risk for TB for
confirmatory testing by Xpert MTB/RIF or culture and supports clinical TB diagnosis
where microbiological diagnosis beyond sputum smear microscopy is not feasible. The
WHO guidelines for systematic screening for active TB among certain risk groups rec-
ommend the use of chest radiography, if available, as first or second screening step
(WHO 2013c).

The effective radiation dose of a chest radiograph in adults is comparable to ten days of
natural background radiation (The Radiological Society of North America 2015). Con-
ventional (film-based) radiography is still the most common technology in nearly all
high burden TB countries (Pande et al. 2015). Its numerous drawbacks limit the poten-
tial role of chest radiography in TB screening and diagnosis. The operation is complex
with the need for trained personnel, a dark room, supply of films and processing chemi-
cals. Cumulative costs are high and consistent quality assurance of images difficult to
maintain (Zennaro et al. 2013). Digital radiography by contrast entails instantly availa-
ble, high-quality images, lower exposure to radiation, facilitation of electronic storage
and transmission of images together with the possibility to use image-processing tech-
niques and computer-aided diagnosis software. Initial investment costs are higher, but
prove efficient as running costs are low (Muto et al. 2011) and less trained staff is need-
ed. Innovative digital radiology solutions tailored for low- and middle-income countries
aim to make radiological diagnostic accessible, scalable and self-sustainable worldwide
(FIND 2015, GlobalDiagnostiX 2015). In March 2015, the GlobalDiagnostiX project
presented the prototype of a digital radiography device, which is compact, robust and
operable with an alternative power back up, yet at a tenth of the cost of existing equip-
ment and without compromise in image quality (GlobalDiagnostiX 2015). These efforts
are urgently needed as almost half of all X-ray machines in developing countries are
estimated to be broken (Perry & Malkin 2011) contributing to a lack of access to diag-

nostic imaging for up to two third of the world’s population (Maru et al. 2010, Pan
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American Health Organization 2012). The number of radiologists in the public service
of many high burden countries is vanishingly low (Coulborn et al. 2012) and most im-

ages are read by non-experts.

1.3.2 The diagnostic accuracy of chest radiography

As a rapid examination technique, which can be interpreted on-site, chest radiography
has the potential to shorten diagnostic delays considerably. Together with its high sensi-
tivity, it qualifies as an efficient triage test. Readers who focus on TB related abnormali-
ties can identify 87% (95% CI 79-95%) of PTB patients and reach up to 98% (95% ClI
95-100%) if they consider any abnormality (Hoog et al. 2014). The modest specificity
of 89% (95% CI 87-92%) for TB consistent abnormalities and 75% (95% CI 72-79%)
for any abnormality precludes the use of chest radiography as a stand-alone diagnosis
(Hoog et al. 2014). Upper lobe infiltrates, fibrosis and cavitary lesions are typical find-
ings in HIV-negative TB patients, but no conclusive proof of the disease. Disease repre-
sentation in HIV co-infected individuals depends much on their immune status and
ranges from mid/lower zone infiltrates, miliary disease, lymphadenopathy and pleural
effusions to a normal radiographic appearance in 7-46% of patients (Chamie et al. 2010,
Padmapriyadarsini et al. 2013, Swindells et al. 2013). As a result, accuracy of CXR in
this particularly vulnerable population is reduced to sensitivity and specificity values
between 48-72% and 53-81%, respectively (Dawson et al. 2010, Padmapriyadarsini et
al. 2013, Swindells et al. 2013). Computed tomography has a higher sensitivity for the
detection of early parenchymal lesions and mediastinal lymph node enlargement as well
as for the evaluation of disease activity (Lange & Mori 2010). Non-availability limits its
potential benefits in the diagnosis of TB: in Tanzania, a typical sub-Saharan African
country, there are no more than six computed tomography scanners for a population of
52,000,000 people (WHO 2014b).

1.3.3 Absence of reporting standards and reader variability: problem and possible
solutions

A lack of consistency in how results are reported and high levels of inter- and intra-
reader variability (Koppaka & Bock 2004) have been persistent matters of concern. Ap-
proaches to promote standardised reporting and to enhance reproducibility, especially

among non-expert readers, include handbooks (Tuberculosis Coalition for Technical
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Assistance (TBCTA) 2010), training courses (Tanzanian Ministry of Health and Social
Welfare et al. 2010), the development of structured reading and reporting systems (Den
Boon et al. 2005) and the compilation of a reference image set (Waitt et al. 2013).
While some of these attempts have proved useful (Den Boon et al. 2005, Waitt et al.
2013), others are yet to be validated.

The complexity of the interpretation code (Graham et al. 2002, Zellweger et al. 2006)
and image quality affect the result. Different readers are also influenced by experience
and professional training (Balabanova et al. 2005, Zellweger et al. 2006, Steiner et al.
2015) and momentary factors like distraction, focus and tiredness. The use of simplified
codes in the radiological screening of immigrants from high- to low-incidence countries
has yielded moderate (Graham et al. 2002) and substantial agreement among readers of
different experience levels and almost perfect agreement among expert readers
(Zellweger et al. 2006).

The International Labour Organization addressed similar problems in the interpretation
of chest radiographs for occupational lung diseases in publishing the International Clas-
sification of Radiographs of Pneumoconiosis together with a reference set of images
and accreditation system for readers (International Labour Organization 2011). Inspired
by the benefits of a simple, reproducible and systematic reporting system, researchers
from the University of Cape Town developed the Chest Radiograph Reading and Re-
cording System (CRRS) (Den Boon et al. 2005) for tuberculosis and lung disease to-
gether with an accredited training course in 2006. Validation studies across different
settings and patient populations attested the system moderate to substantial values of
inter- and intra-reader agreement (Den Boon et al. 2005, Dawson et al. 2010, Agizew et
al. 2010, Hoog et al. 20113, Pinto et al. 2013). A TB CXR Image Reference Set (TIRS)
containing 17 A4 paper prints in a booklet was piloted as a practical, low-cost interven-
tion to improve non-expert reading performance in a study in Malawi in 2010 and in-
creased the number of correct decisions to initiate treatment modestly, but significantly
(Waitt et al. 2013).

Interpreting chest radiographs is complex and subjective: it is a two dimensional repre-
sentation of a three-dimensional structure, and there are varied manifestations of PTB.
Widely used reading categories like abnormalities “consistent with TB” lack document-
ed consensus on their exact definition and impair the transparency and comparability of

reading results. While structured reporting methods like the CRRS allow an accurate
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itemization of the features seen on the radiograph, the reader’s decision-making process
at completion of the report remains concealed. Different scoring systems were devel-
oped to objectify this process and make it open to scrutiny (Ralph et al. 2010, Pinto et
al. 2013, Breuninger, van den Hombergh, et al. 2014). Pinto et al. determined four
CRRS features significantly associated with culture-positive tuberculosis and developed
a weighted radiographic score (Pinto et al. 2013). In a cohort of 473 presumptive TB
patients a score cut-off > 2 improved specificity of the X-ray report considerably
(63.9% vs. 27.5%) compared to the reader’s subjective CRRS conclusion “consistent
with active TB” without significant loss of sensitivity (85.5% vs. 93.4%) (Pinto et al.
2013).

At the same time, the Tanzanian Chest X-ray Initiative, a working group formed by im-
plementing partners”, radiologists and the TB/HIV collaboration Telemedicine Depart-
ment of the Ministry of Health, Tanzania, compiled the Tanzanian Chest X-ray Score
(TXS) (Appendix B). Aim of the TXS is to promote standardised, objective and repro-
ducible CXR reporting and interpretation by accurate tabulation of radiographic fea-
tures, assignment of attributable scores and translation of the cumulative score into con-
clusion categories. Depending on the combination of radiological features determined
by the reader, the TXS labels the radiograph as 1.normal, 2.abnormal, not suggestive for
active TB, 3.abnormal, consistent with active TB or 4.abnormal, highly suggestive for
active TB. Scores in the first working version of the TXS are based on expert opinion.
Until now, the implementation of the TXS has been limited to its descriptive part. It
assisted readers in the Gambian prevalence survey in 2011 as a structured reading
methodology, but no results on its performance have been published so far. The inter-

pretative part and validity of the score have yet to be tested.

1.3.4 Computer-aided diagnosis of PTB

In contrast, the automated reading of radiographs by computers is devoid of inter- and
intra-observer variability and independent of trained reading personnel on site. Research

in this field started fifty years ago. Early optimistic goals such as “fully automating the

* PharmAccess Foundation, Netherlands and International Center for AIDS Care and Treatment Programs
(ICAP) at the Columbia University’s Mailman School of Public Health, USA
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chest exam” (Conners et al. 1982) are still far from being achieved. However, at least
one application, the automatic detection of masses and micro-calcifications in mammo-
grams, has been successfully integrated into clinical routine to support radiologists in
their decision (Samulski et al. 2010).

A growing number of research groups are working on promoting computer-aided diag-
nosis (CAD) in PTB. Given the variety of the disease’s manifestation on radiographs,
some researchers have focused on the detection of specific features like cavities (Xu et
al. 2011), nodules (Leibstein & Nel 2011), pleural effusion (Maduskar, Hogeweg, et al.
2013) or a miliary pattern (Koeslag & de Jager 2001) while others are trying to analyse
the whole image. Automated observation, analysis and interpretation of a CXR usually
include pre-processing steps (to enhance contrast, reduce anatomical noise and detect
lung boundaries) that are followed by texture and/or geometry feature computation and
classification methods (Jaeger et al. 2013). The recently published review article by
Jaeger and colleagues summarises the efforts in this research area and demonstrates the
variety of research directions and mathematical models used for this task (Jaeger et al.
2013). The authors conclude that even though proposed CAD algorithms seem to per-
form reasonably well when tested individually, no fair comparison can be made without
testing the systems on the same, preferably large and publicly available dataset of well-
characterized patients (Jaeger et al. 2013). A welcome effort was the publication of two
CXR datasets from a population screening in the U.S. and a Chinese outpatient clinic by
the U.S. National Library of Medicine last year (Jaeger, Candemir, et al. 2014). Unfor-
tunately, only clinical reading reports, but no microbiological results are available for
these images (Jaeger, Candemir, et al. 2014). Earlier, Jaeger et al. have tested a CAD
prototype system on these datasets and achieved an area (A;) under the receiver operat-
ing characteristic (ROC) curve of 0.87 and 0.90, respectively (Jaeger, Karargyris, et al.
2014). The system, which combines a segmentation method, texture and shape features,
is currently being tested in a population screening in Kenya, but no results have been
published so far (Jaeger, Karargyris, et al. 2014, Antani 2015). Limited information is
available on DigiportXCAD (MVIP, Germany), another CAD solution for the detection
of PTB on chest radiographs, which is currently under evaluation in Bangladesh (MVIP
Software+Consulting GmbH & Verhey, FIND 2015).
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CAD4TB, the most advanced CAD solution for the detection of pulmonary tuberculosis
on chest radiographs to date, was developed by the Diagnostic Image Analysis Group
(DIAG) at Radboud University Medical Center, Nijmegen, The Netherlands. CADATB
is a software framework that integrates the results of different sub-systems for shape,
texture and symmetry analysis. Its output is an abnormality score between 0 and 100,
where O describes a normal chest radiograph and 100 a chest radiograph that is highly
suggestive for pulmonary TB. The first CAD4TB beta prototype underwent field tests in
2010 and has been developed since then.

Previous software versions showed promising results: CADX, a research prototype,
reached a sensitivity of 95% at a specificity of 57% in a pre-selected set of CXRs of
homeless people in London (A,=0.86) (Hogeweg et al. 2011). The next version,
CADATB v1.08, detected culture-positive tuberculosis as accurate as four clinical offic-
ers among 161 presumptive TB patients in Zambia (Maduskar, Muyoyeta, et al. 2013).
The yet lower accuracy (A;=0.73) might be attributable to a very high prevalence of
HIV among the study participants (Maduskar, Muyoyeta, et al. 2013). In the first pro-
spective study of CAD4TB v1.08, Muyoyeta et al. tested the software in 350 presump-
tive TB patients in the same setting. Bacteriological confirmation by either Xpert or
fluorescent microscopy was used as reference standard and attested the software a per-
formance of A,=0.71 (Muyoyeta et al. 2014). In this study population, the very high
proportion of smear-negative patients (85%) degraded Xpert to a clearly sub-optimal

reference standard with possible negative effect on the result (Muyoyeta et al. 2014).
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1.4  Summary

The existing methods for a bacteriological diagnosis of pulmonary tuberculosis are in-
sufficient in accuracy or too resource demanding for a widespread implementation in
countries with a high burden of TB. An efficient triage and screening test to preselect
individuals at highest risk for the disease for confirmatory testing is urgently needed to
shorten diagnostic delays and ultimately close the case detection gap. With its high sen-
sitivity, rapidly available results and high throughput capacity, chest radiography offers
major strengths for this task. However, the absence of reporting standards, high levels
of inter-reader variability and a lack of trained readers in most high-burden settings are

serious drawbacks.

The development of structured reporting methods and interpretation aids for human
readers as well as automated read-out solutions without the need for trained personnel
are important steps to overcome the limitations of chest radiography. If these efforts
prove accurate, reliable and without need for extensive training or resources, chest radi-
ography qualifies as powerful triage and screening test.

We conducted the first validation study to assess the diagnostic accuracy of the
CADATB software v3.07 on a large set of well-characterized adult presumptive PTB
patients from sub-Saharan Africa. We compared the performance of the automated rea-
ding with the results of human observers of different experience levels. We evaluated
the performance of the Tanzanian X-ray Score in the same patient population, tested the
agreement between subjective and TXS conclusion, as well as the score’s influence on

inter- and intra-reader agreement.

The results of the CAD4TB validation have been published under the title Diagnostic
accuracy of computer-aided detection of pulmonary tuberculosis in chest radiographs:
a validation study from sub-Saharan Africa (Breuninger, van Ginneken, et al. 2014) in
the open access journal PLoS One. Preliminary results of the TXS validation were pre-
sented at the 45th World Conference on Lung Health of the International Union against
Tuberculosis and Lung Disease (The Union) under the title Tanzanian X-ray score for
the detection of active pulmoary TB on chest radiographs: a comparison with subjective

assessment (Breuninger, van den Hombergh, et al. 2014).
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2  Objectives

2.1 Diagnostic accuracy of CAD4TB

In the first part of our study, we determined the diagnostic accuracy of the automated
reading software CADATB for the diagnosis of pulmonary tuberculosis among symp-
tomatic patients presenting to health care facilities in rural Tanzania. We evaluated dif-
ferences in performance between sputum smear-positive and negative as well as HIV-
positive and negative individuals. Results of the automated interpretation were com-

pared with human reading results.

2.2 Evaluation of the Tanzanian Chest X-ray Score (TXS)

In the second part of our study, we evaluated the diagnostic accuracy of the Tanzanian
Chest X-ray Score in the same patient population. For this purpose, we compared the
reading results of a structured CXR report with subjective conclusion to the continuous
and categorical output of the Tanzanian Chest X-ray Score. Focusing on the agreement
between conclusion categories, we investigated whether the TXS conclusion represents
the readers’ opinion and the score’s influence on inter- and intra-reader agreement of

the X-ray report.
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3  Materials & Methods

3.1 Study Population

This validation study was done on chest radiographs of participants from two cohort
studies (TB Cohort and TB CHILD study) which had been conducted at the TB Clinic
of the Ifakara Health Institute (IHI) in Bagamoyo, Tanzania. Tanzania has a high burden
of active TB: according to the first national Tuberculosis Prevalence Survey in 2013,
the prevalence is 295 cases per 100,000 population (Leth 2013). Bagamoyo, a town of
35,000 inhabitants, is located on the coast, approximately 70 km from the commercial

capital Daressalam.

Individuals presenting with clinical signs and symptoms suggestive of pulmonary TB to
surrounding primary health care facilities were referred to the IHI TB Clinic. Patients
who met the inclusion criteria and gave informed consent were consecutively enrolled
into either the TB Cohort or TB CHILD study. Patients who received anti-TB treatment
during the last year, were severely sick or did not reside within the study area were not
included. Recruitment of patients started in September 2010 and was completed in
March 2012. In both studies, the patients were followed up for 5 to 18 months. The
main objective of the TB Cohort study was to generate a sound understanding of TB
epidemiology in the Bagamoyo region. The TB CHILD study was conducted to assess
performance characteristics of new TB diagnostics in adults and children. Findings from
the TB Cohort and TB CHILD study other than the CAD4TB and TXS validation re-
sults have been published elsewhere (Portevin et al. 2014, Reither et al. 2014, 2015,
Mhimbira et al. 2015, Petrone et al. 2015, Kroidl et al. 2015).

For both studies written informed consent had been obtained from all literate patients.
In case of illiteracy, informed oral consent had been attested by an impartial witness and
documented with the patient’s fingerprint according to ICH GCP guidelines as approved
by the IHI Institutional Review Board and the Medical Research Coordinating Commit-

tee of the National Institute for Medical Research, Tanzania.

All adult patients from the TB Cohort and TB CHILD study were eligible for the
CADATB and TXS validation study if they initially presented with persistent cough of 2
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weeks or more and at least one of the following TB associated findings: haemoptysis,
chest pain, fever, night sweats, constant fatigue, recent unexplained weight loss, loss of

appetite, malaise or contact with a known TB case.

3.2 Specimen collection & Laboratory methods

At enrolment, the participants answered a detailed questionnaire about their medical
history, underwent clinical examination, had a posterior-anterior chest radiograph taken
and sputum and blood samples collected. All CXRs (resolution: 1760 x 2140 pixel)
were taken with a Philips Cosmos BS radiography system, which operated combined
with a Philips PCR System Eleva S processor.

Two sputum specimens, one ‘spot’ and one early morning, were routinely obtained and
used for acid-fast bacilli (AFB) smear and culture examination. All samples were de-
contaminated using the standard NALC-NaOH method, inoculated on both solid (L6-
wenstein-Jensen, LJ) and liquid (Mycobacterium Growth Identification Tube, MGIT)
media and incubated at 37°C. Smears were performed from the decontaminated pellet,
followed with Ziehl-Neelsen (ZN) staining. All positive cultures were tested by ZN mi-
croscopy for the presence of AFB and Mycobacterium tuberculosis was confirmed by
MPT64 antigen and/or molecular tests (Genotype MTBC, CM or AS; Hain Lifescience,
Nehren). Interpretation of all microbiological tests was carried out blind to clinical in-
formation and radiological results. Voluntary HIV counselling and testing was offered
to all participants. The laboratory work was carried out according to Good Clinical La-

boratory Practice to guarantee objective standards, quality control and assurance.
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3.3 Classification

All patients were classified by the study physicians (M.D., 1-3 years of clinical experi-
ence) in consultation with a senior physician (M.D., 20 years of clinical experience) into
seven groups (table 2) according to all clinical and microbiological information availa-
ble 5 months after enrolment. Allocation to the groups was initially not mutually exclu-
sive. However, for the purpose of this analysis, it was agreed that classification to either
group A (s+/c+ M.tb) or B (s-/c+ M.tb) supersedes classification to C (st/c+ NTM) or E
(EPTB), and classification to either group G (Indeterminate) or D (s-/c- clin.TB) super-
sedes classification to group C (st/c+ NTM). Patients with resolved symptoms after 5
months and who were confirmed to be definitely free of TB (group F) are referred to as
‘Controls’ in the following. An additional consistency check, which was done after the
publication of the results (Breuninger, van Ginneken, et al. 2014), revealed initial mis-
classification for 10 of 861 patients. All statistical analyses were repeated and led to the

same or marginally different results, which are reported in this thesis.

Group |Description Short form
A Smear positive/ culture positive, Mycobacterium tuberculosis |s+/c+ M.th
B Smear negative/ culture positive, Mycobacterium tuberculosis |s-/c+ M.tb

Smear negative or positive/ culture positive, nontuberculous

) . . . st/c+ NTM
c mycobacteria (NTM), irrespective of clinical relevance
D All cultures nengltl.ve, CXR and clinical symptoms very sus- o/c- clinTB
pect for PTB (clinically diagnosed TB)
£ Cytologically/ histologically/ microbiologically confirmed EPTB
extrapulmonary TB
All smears and cultures negative and sustained recovery up to
F .\ . Controls
5 months (e.g. resolved bronchitis or pneumonia)
L follow-up after recruitment or any other combination .
G oss to follow-up after recruitment or any other combinatio Indeterminate

of results (e.g. still symptomatic after 5 months)

Table 2 Classification of the study population according to clinical and microbiological
data
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3.4 Reading of the chest radiographs

The readings of chest radiographs were carried out retrospectively for both, the auto-
mated and the human interpretation, and had no influence on the diagnosis of the study

participants.

3.4.1 Automated reading

The computer-aided analysis of the CXRs was performed by the DIAG, independently
and blind to clinical information and other radiological results. The radiographs were
processed with the CAD4TB software v3.07. CAD4TB is a software framework includ-
ing various subsystems operating on a pixel and image level for the detection of textural
and shape abnormalities as well as for symmetry and correlation analyses (Hogeweg et
al. 2010) (figure 2). The system is based on supervised machine learning and classifies

new images upon prior training with labelled data (Maduskar, Muyoyeta, et al. 2013).

In CADATB, the analysis is broken down to several computable steps (van Ginneken et
al. 2011): First, radiographs are pre-processed to normalise image features like resolu-
tion and grey scale (figure 3). A quick quality check follows and dismisses not correctly
acquired posterior-anterior CXRs. During segmentation, the next step, the software
seeks the anatomical orientation of the radiograph by demarcating structures like lungs,
clavicles and ribs. Then, the defined lung fields are analysed for their local texture,
shape and global symmetry (figures 4-6). In addition to that, a global correlation with a
typical normal CXR is determined. Scores generated by these subsystems are combined
to an overall score for each radiograph, which summarises the result of the automated

analysis as an abnormality score for the presence of active disease between 0 - 100.
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Figure 2 CAD4TB work flow.
Figure modified after Rick Philipsen et al., DIAG.

Figure 3 Normalisation

Image overlay

a2

Images are pre-processed to normalise image features like resolution and grey scale (Philipsen et al.

2013). Images provided by Rick Philipsen from DIAG.
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.
;

Figure 4 Texture analysis

Small circular patches are extracted, classified and labeled with an abnormality score. Patch labels are
integrated to a textural abnormality score. The colour overlay depicts the degree of textural abnormality:
blue = low textural abnormality, red = high textural abnormality. Images provided by Rick Philipsen from
DIAG.

e

Figure 5 Shape analysis
Texture analysis can only consider abnormalities inside the outlined lung fields. The automated lung
segmentation can be erroneous, especially if large abnormalities close to the pleural wall are present. An
abnormal score of the shape analysis still reflects their presence (Hogeweg et al. 2010). Images provided
by Rick Philipsen from DIAG.
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Figure 6 Symmetry analysis
The colour overlay depicts the degree of local symmetry: blue = high local symmetry, red = low local
symmetry. Local symmetry for a point p is computed in a mirror symmetric set of locations (dashed vs.
continuous lines in the middle sketch). The minimal dissimilarity of position and image characteristics
between p and all points in Pr determines the optimal matching point ps (Hogeweg 2013). Images provid-
ed by Rick Philipsen from DIAG.
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3.4.2 Tanzanian Chest X-ray Score (TXS)

The TXS is a structured reporting and scoring system developed by the Tanzanian Chest

X-ray Initiative to assist readers in the evaluation of chest radiographs for the presence

of active pulmonary tuberculosis. It provides a computerised form with a list of radio-

graphic findings and their location. Radiographic features are grouped into parenchy-

mal, pleural, mediastinal and other abnormalities. A pre-defined score that - according

to expert opinion - correlates to the grade of suspicion of active pulmonary TB disease

was assigned to each feature (table 3).

Feature Score
Parenchyma

Consolidation 2
Cavitation 5
Isolated nodule(s) or tumour(s) 1
Multiple nodules or patchy infiltrate 3
Miliary pattern 5
Interstitial changes (other than nodules or miliary) 2
Fibrotic changes 1
Cystic change(s) 0
Solitary calcified nodule(s) or fibrotic scar(s) 0
Atelectasis or collapse (segment/lobe) 1
Pleura

Pleural effusion (minor, unilateral) 2
Pleural effusion (extensive,<1/3 of lung visible, unilateral) 5
Pleural thickening 1
Pleural calcification 0
Mediastinum

Hilar/mediastinal adenopathy 5
Extensive pericardial effusion (suspected) 5
Other

Vertebral collapse, para-vertebral mass 5
Musculoskeletal abnormality 0
Cardiovascular abnormality 0
Diaphragmatic abnormality 0

Table 3 Radiographic features and assigned scores of the TXS
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The scores of radiological features detected by the reader are added up to a cumulative
score. Hence, in the first place, the output of the TXS can be “-* (none of the TXS fea-
tures seen on the radiograph) or a value between 0 and 43 (all of the TXS features seen
on the radiograph). This is the continuous output of the TXS. To give clinical signifi-
cance to it, the developers of the TXS set a code for its translation into four different
conclusion categories (table 4). Three hierarchical reading thresholds could be derived
from these four conclusion categories ranging from considering only ‘abnormalities
highly suggestive for TB’ (conclusion 4) over ‘TB consistent abnormalities’ (conclusion
3+4) to ‘any abnormality’ (conclusion 2-4) (table 4). This will referred to as the TXS
conclusion of the X-ray report.

cumulative |conclusion category reading threshold for a positive test result
score
-7 1. normal
0-2 2. abnormal, findings
not suggestive for
active TB

(TB sequel possible)

3-4 3. abnormal, findings

consistent with any

active TB, but TB abnormality
sequel or other lung

pathology possible consistent
I b liti .
>5 4. abnormal, findings abnormalties abnormalities
highly suggestive highly sugges-
for active TB tive for TB
continuous .
TXS output TXS conclusion

“none of the TXS features seen on the radiograph

Table 4 TXS conclusion categories and reading thresholds
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3.4.3 Human reading

In addition to automated reading with CADA4TB, three human observers of different
experience levels read the same set of radiographs. Two of them were expert readers
(one experienced chest physician, one radiologist) and one was a clinical officer with
practical experience in reading chest X-ray exams in his role as District Tuberculosis
and Leprosy Coordinator and a completed one week course on “X-ray interpretation of
tuberculosis and HIV-related opportunistic infections among people living with HIV”
(Tanzanian Ministry of Health and Social Welfare et al. 2010).

Each reader interpreted the whole set of radiographs once using the Tanzanian Chest X-
ray Score (TXS, Appendix A) as a structured reporting template. First, they were re-
quested to tick off the TXS chart according to their findings on the radiograph while
being blind to the corresponding score values and score conclusion. After completion of
the TXS chart, the readers were asked to diagnose each radiograph based on their own
opinion and choose from one of the four conclusion categories (table 4). Consequently,
each reader produced two possibly different results: one ‘TXS conclusion’ and one so-
called ‘manual conclusion’. The readers were aware of the study’s inclusion criteria and
the patients’ age but blind to clinical information, bacteriological results and the results

of their co-readers.

For assessment of intra-reader variability, two of the three readers (one expert reader
and the clinical officer) re-read the same random subset of 199 radiographs after a peri-
od of 4 weeks. As before, they reached a TXS conclusion and a manual conclusion.
Again, they were blind to clinical information, bacteriological results as well as to their

own and the other’s reading results from past or present.

3.4.4 Summary

In the first part of this study, the validation of CAD4TB, we compared automated read-
ing results to the manual conclusion of all three human readers. To obtain the manual
conclusion, the TXS was used without the score function, but as mere structured report-
ing form. In the second part of our study, we validated the scoring function of the TXS.
For this purpose, we compared the continuous and the categorical score output (TXS

conclusion) with both the manual conclusion and culture-confirmed M.tb.
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3.5 Data analysis

Culture-confirmed M.tb was used as the reference standard to assess the diagnostic ac-
curacy of CADATB and the human readers for the diagnosis of PTB. Individuals whose
state of disease could be definitely determined were included in the analysis: group A
(s+/c+ M.tb) and B (s-/c+ M.tb) as true cases and group F (Controls) as definite non TB
patients. Secondary performance analysis was carried out in which individuals of group
C (st/c+ NTM) and E (EPTB) were considered additionally to group F (Controls) to be
most likely free of pulmonary TB. Individuals of group D (s-/c- clin.TB) were classified
partly due to an abnormal CXR and were thus excluded from analysis.

Receiver operating characteristic (ROC) curves and their areas under the curve (A;)
were calculated based on the CAD4TB output and the continuous output of the TXS.
Their 95% confidence intervals (Cl) and p-values were computed using the De Long
method (DelLong ER et al. 1988). To plot a ROC curve, the true positive rate (sensitivi-
ty) of each possible test result is plotted against the respective false positive rate (1-
specificity). A test, not better than random guess, will result in a diagonal line from the
bottom left to the top right of the plot, since true and false positive rates are equally
high. The area under this ROC curve or line of no-discrimination is 0.5. The better the
discriminatory power of a test, the closer the curve is to the top left corner and the more

equals its area under the ROC curve to 1.

The performance of human readers was summarised by calculating sensitivities, speci-
ficities, positive and negative predictive values as well as diagnostic likelihood ratios
and their 95% confidence intervals for reporting ‘abnormalities highly suggestive for
TB’ (conclusion 4), ‘TB consistent abnormalities’ (conclusion 3+4) or ‘any abnormali-
ty’ (conclusion 2-4). This was done for both the manual and the TXS conclusion. The
same performance measures were calculated for several exemplary cut-offs of the
CADATB software.

Proportions in different groups were compared using the chi-squared test. McNemar’s
test was applied to compare the specificity of CAD4TB and humans at assumed levels
of sensitivity. Mann-Whitney-Wilcoxon test was used to compare the CAD4TB scores

between different groups.
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Inter- and intra-reader variability for the manual and TXS conclusion was described by
calculating the weighted Kappa agreement (kxw), overall percentage agreement (po) and
proportions of specific agreement for each conclusion category (ps). A certain amount
of agreement can occur purely by chance, this is the expected agreement. Kappa agree-
ment contrasts observed agreement with expected agreement and therefore is considered
as chance-corrected measure of agreement (Cohen 1960). Linear equal-spacing weights
were applied to account for ordered conclusion categories (table 5). Kappa coefficients
< 0 were interpreted as poor agreement, 0.00-0.20 as slight, 0.21-0.40 as fair, 0.41-0.60
as moderate, 0.61-0.80 as substantial and 0.81-1.00 as almost perfect agreement (Landis
& Koch 1977). The overall percentage agreement is the ratio of the total number of rat-
ings of agreement to the total number of ratings of disagreement. The proportions of
specific agreement describe the probability of agreement between two readers per con-
clusion category. In this way, the contribution of agreement / disagreement on different
conclusion categories to the overall percentage and kappa agreement can be inferred.

The significance threshold was set at p=0.05.

All calculations were done using the statistical software R, version 3.2.1 (R Foundation
for Statistical Computing, Vienna , Austria) (R Core Team 2015) together with the ex-
tension packages ‘pROC’ (Robin et al. 2011), ‘epiR’ (Stevenson et al. 2013), ‘ggplot2’
(Wickham 2009), ‘reshape2’ (Wickham 2007), ‘plotrix’ (Lemon 2006), ‘obs.agree’
(Henriques T, Antunes L 2013) and ‘vcd’ (Meyer et al. 2015).

reader 2
reader 1

1 2 3 4
1 1.00 0.67 0.33 0
2 0.67 1.00 0.67 0.33
3 0.33 0.67 1.00 0.67
4 0 0.33 0.67 1.00

Table 5 Linear weights for agreement on conclusion categories between readers
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3.6  Ethical considerations

All three studies (TB Cohort, TB CHILD and the CAD4TB and TXS validation study)
were approved by the IHI Institutional Review Board and the Medical Research Coor-
dinating Committee of the National Institute for Medical Research. Clearance certifi-

cates are included in the appendix.
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4  Results

4.1  Characteristics of the study population

A total of 894 patients were enrolled in the CAD4TB and TXS validation study. Thirty-

three patients had to be excluded from analysis because of an incomplete enrolment

visit, pregnancy or missing chest radiograph (figure 7).

Enrolment

Classification

A (n=145) B (n=48)
Smear Smear
positive/ negative/
culture culture
positive, positive,
M. tb M. tb

Assessed for eligibility (n=894)

(cough >2 weeks + >1 other TB associ-

ated finding, >18 years)

Excluded (n=33)
- Did not complete enrolment visit (n=24)
- Pregnant patients, no X-ray done (n=3)
- CXR / patient file lost (n=6)

Patients eligible (n=861)

Clinical and microbiological information

C (n=139)
Smear
negative or
positive/
culture
positive,
NTM

D (n=24)
All cultures
negative,
CXR and
clinical
symptoms
very suspect
for PTB

E (n=4)
Cytological-
ly/ histologi-
cally/ micro-
biologically
confirmed
EPTB

Figure 7 Flow chart of individuals taking part in the study

F (n=233)
All smears
and cultures
negative and
sustained
recovery up
to 5 months

G (n=268)
Loss to
follow-up
after
recruitment
or any other
combination
of results

The final set of images for analysis consisted of 861 digital, posterior-anterior chest

radiographs. Six of these radiographs were originally in a conventional film format and

later digitised.
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Group A (st+/c+ M.tb) and B (s-/c+ M.tb) included 193 (22%) of the study participants
who were culture-positive for Mycobacterium tuberculosis. A further 233 patients
(27%) presented with TB consistent symptoms but proved to be culture-negative with a

sustained recovery after 5 months and were classified as group F (Controls) (figure 7).

Overall, the prevalence of HIV was 44%. There was a significant difference (p<0.01)
between groups with the highest prevalence (73%, 95%CI 58-84%) in group B (s-/c+
M.tb) and the lowest (34%, 95%CI 26-42%) in group A (s+/c+ M.tb). The proportion of
patients who reported a prior history of TB was 17% overall, but differed significantly
(p=0.02) between classifications and was highest (50%, 95%CI 30-70%) among group
D (s-/c- clin.TB) (table 6). Sex was evenly distributed (female sex =50%) in the study
population as a whole, but with a significant difference (p<0.01) between classification
groups and a far higher proportion of male (68%, 95% CI 59-75%) in group A (s+/c+
M.tb).

A pairwise comparison between culture-positive patients and controls revealed that cul-
ture-positive individuals (group A (s+/c+ M.tb) + B (s-/c+ M.tb)) were significantly
more likely to suffer from night sweats (59 vs. 38%), fever (63 vs. 49%) and weight loss
(68 vs. 44%) than individuals classified as group F (Controls) (p<0.01). There was no
evidence of a difference in the frequency of haemoptysis between these groups (p=0.34)
(table 6).
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No All GroupA GroupB GroupC GroupD GroupE GroupF GroupG o-value

data s+/c+ s-/c+ st/c+ s-/c- EPTB Controls I n_dete r-

M.tb M.tb NTM clin.TB minate

Characteristic
n (%) 0 861(100)  145(17)  48(6) 139(16) 24(3) 4(0) 233(27) 268(31) NA
Mean age (standard deviation) | 0 42(15) 37(13) 40(13) 42(15) 45(16) 38(11) 42(15) 44(16) NA
Female sex n (%) 0 433(50)  47(32) 26(54) 78(56) 11(46) 4(100) 122(52)  145(54) | <0.01*
HIV-positive n (%) 4 379(44)  49(34) 35(73) 68(49) 10(42) 1(25) 92(39) 124(46) | <0.01*
History of TB n (%) 0 144(17) 17(12) 6(12) 27(19) 12(50) 0(0) 25(11) 57(21) 0.02*
Symptoms at first visit
Cough > 2 weeks n (%) 0 820(95) 138(95) 45(94) 134(96) 22(92) 3(75) 227(97) 251(94) 0.18
Night sweats n (%) 1 426(49) 91(63) 22(46) 68(49) 18(75) 3(75) 88(38) 136(51) <0.01*
Haemoptysis n (%) 10 91(11) 11(8) 4(8) 16(12) 5(21) 0(0) 24(10) 31(12) 0.63
Fever n (%) 0 470(55) 91(63) 31(65) 80(58) 14(58) 3(75) 114(49) 137(51) | 0.12
Weight loss n (%) 6 447(52) 100(69) 32(67) 64(46) 10(42) 3(75) 102(44) 136(51) | 0.02*

Table 6 Summary statistics of study population

* significant differences between classification groups for a chi-squared test across all categories
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4.2 Evaluation of CAD4TB

The distribution of CAD4TB scores (figure 8) for group A (s+/c+ M.tb) and D (s-/c-
clin.TB) tends towards higher scores, this is less marked for group B (s-/c+ M.tb). The
scores attained by individuals classified as group C (st/c+ NTM) and F (Controls) are
clustered around lower values but can be found across the whole range. Around one
third of the individuals of group F (Controls) did attain a CAD4TB score greater than
50. On the whole, there is considerable overlap in the distribution of CAD4TB scores
(table 7). The CADATB scores in group B (s-/c+ M.tb) are significantly lower than
those of group A (s+/c+ M.tb) and higher than those of group F (Controls) (p<0.01).
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Figure 8 Distribution of CAD4TB scores

The x-axis denotes the CAD4TB score distributed between 0 and 100, the y-axis the number of patients
with the respective CAD4TB score. Different colours represent different patient groups: group A (s+/c+
M.tb) = red, group B (s-/c+ M.th) = orange, group C (st/c+ NTM) = yellow, group D (s-/c- clin.TB) =
blue and group F (Controls) = green.
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Median CAD4TB score  90% central range
All 61 11-100
Group A (s+/c+ M.tb) all 97 43-100
HIV+ | 92 32-100
HIV- | 97 60-100
Group B (s-/c+ M.tb)  all 63 11-99
HIV+ | 62 13-98
HIV- | 86 12-96
Group C (st/c+ NTM) 51 13-98
Group D (s-/c- clin. TB) 98 30-100
Group E (EPTB) 85 63-93
Group F (Controls) 34 9-94
Group G (Indeterminate) 57 11-100

Table 7 Median CADA4TB scores and 90% central range
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4.2.1 Diagnostic accuracy of CAD4TB

The automated reading software was able to distinguish between culture positive PTB
cases (group A (s+/c+ M.tb) + B (s-/c+ M.tb)) and non TB patients (group F (Controls))
with an area under the curve of 0.84 (95%CI 0.80-0.88). Including all M.tb culture-
negative patients (group C (st/c+ NTM), E (EPTB) and F (Controls)) as the negative
reference standard, CAD4TB performed slightly, but not significantly, worse: A,=0.81
(95%CI1 0.77-0.85), p=0.26 (figure 9).
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Figure 9 CAD4ATB: ROC analysis for the detection of M.tb culture-positive individuals

A (s+/c+ M.th), B (s-/c+ M.tb) vs. F (Controls): A,=0.84 (0.80-0.88),

—— A (st+/c+ M.tb), B (s-/c+ M.tb) vs. C (st/c+ NTM), E (EPTB), F (Controls): A,=0.81 (0.77-0.85),
p=0.26.
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CAD4TB displayed a greater ability to differentiate smear-positive (group A (s+/c+
M.tb)) than smear-negative (group B (s-/c+ M.tb)) diseased individuals from non TB
patients (group F (Controls)): A;=0.90 (95%CI 0.87-0.93) against A,=0.66 (95%ClI

0.57-0.75), p<0.01 (figure 10).
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Figure 10 CAD4TB: ROC analysis for the detection of M.tb culture-positive

individuals by smear status
—— A (st/c+ M.tb) vs. F (Controls): A,=0.90 (0.87-0.93),
= B (s-/c+ M.tb) vs. F (Controls): A,=0.66 (0.57-0.75), p<0.01.
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Similarly, the software distinguished diseased individuals (group A (s+/c+ M.tb) + B (s-
/c+ M.th)) from non TB patients (group F (Controls)) significantly more accurately
among the HIV-negative than among the HIV-positive patient population: A;=0.89
(95%CI1 0.85-0.94) against A,=0.80 (95%CI 0.73-0.86), p=0.02 (figure 11).
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Figure 11 CAD4TB: ROC analysis for the detection of M.tb culture-positive

individuals by HIV Status
——— HIV-neg. A (s+/c+ M.tb), B (s-/c+ M.tb) vs. F (Controls): A,=0.89 (0.85-0.94),
——— HIV-pos. A (st+/c+ M.tb), B (s-/c+ M.th) vs. F (Controls): A,=0.80 (0.73-0.86), p=0.02.

Among group A (st+/c+ M.tb), B (s-/c+ M.tb) and F (Controls) there was no evidence of
a difference in the performance of CAD4TB in between patients with and without histo-
ry of TB: A,=0.82 (95%CI 0.69-0.94) against A,=0.84 (95%CI 0.80-0.89), p=0.67. The
area under the curve of CADATB for the discrimination of group B (s-/c+ M.tb) against
C (st/c+ NTM) was 0.56 (95%CI 0.47-0.66).

We calculated a set of cut-offs of the CAD4TB score for our patient population (table
8). For example, a cut-off of >74 leads to a sensitivity and specificity of CAD4TB of
77% (95%CI 71-83%) and 80% (95%CI 74-85%), respectively. Optimal values of sen-

sitivity cannot be obtained without a considerable trade-off of specificity, and vice ver-

Sa.
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Threshold for Sens.! [%0] Spec.? [%] PPV? [%0] NPV* [%0] PLR® NLR®
test positivity = (95%Cl) (95%Cl) (95%Cl) (95%ClI) (95%Cl) (95%ClI)
CAD4TB |>23 95 (91-97) 33 (27-39) 54 (48-59) 89 (80-94) 1.41 (1.29-1.56)  0.16 (0.08-0.3)
>37 91 (85-94) 53 (46-59) 61 (55-67) 87 (81-92) 1.92 (1.66-2.21)  0.18 (0.11-0.28)
>56 85 (79-90) 69 (63-75) 69 (63-75) 85 (79-90) 2.74 (2.24-3.35)  0.22 (0.16-0.31)
>74 77 (71-83) 80 (74-85) 76 (69-82) 81 (76-86) 3.84 (2.94-5.01)  0.28 (0.22-0.37)
>89 62 (55-69) 85 (80-90) 78 (70-84) 73 (68-79) 4.26 (3.06-5.92)  0.44 (0.37-0.54)
>05 48 (41-55) 95 (91-97) 88 (81-94) 69 (64-74) 9.3 (5.26-16.45)  0.55 (0.48-0.63)

Table 8 Diagnostic performance of CAD4TB

Lsensitivity, 2 specificity, 2 positive predictive value, 4 negative predictive value, ® positive likelihood ratio, é negative likelihood ratio.
All parameters were assessed against group A and B as positive reference standard and group F as controls.
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4.2.2 Comparison of CAD4TB with manual conclusion of human readers

Setting the CADATB cut-off to give sensitivity values achieved by the human readers’
manual conclusion allowed us to compare the performance of automated and human
readings (figure 12, table 9). There was no evidence of a difference between the speci-
ficities achieved by the software and all three human readers reporting ‘any abnormali-
ty’ (p=0.67, 0.18, 0.49). This was different for tuberculosis specific reporting thresh-
olds: CAD4TB was significantly more specific than the clinical officer was, but did not

reach the accuracy level of the expert readers (p<0.03).
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Figure 12 Comparison of automated and human reading

Legend. Sensitivity and specificity to distinguish group A (s+/c+ M.tb) and B (s-/c+ M.tb) vs. F (Con-
trols). Line and shaded area: ROC curve and 95% CI for CAD4TB. The different colour of symbols
represents different human readers: expert reader 1 = blue, expert reader 2 = red and clinical officer =
green. The different fill of the symbols indicates different reading thresholds: empty symbols = ‘any
abnormality’, crossed symbols = “TB consistent abnormalities’ and filled symbols = ‘abnormalities

highly suggestive for TB’.

human expert expert clinical
reading reader 1 reader 2 officer
O O O any abnormality
H H H TB consistent abnormalities

[ ] [ ] [ ] abnormalities highly suggestive for TB
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A fourth reader, a senior radiologist with extensive experience in TB, reviewed the ra-
diographs that had been rated false negative by CADATB at the exemplary cut-off (<
74) but as true positive (conclusion 3+4) by all human readers. This did not reveal any

obvious pattern of abnormalities missed by CAD4TB.
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4.3  Evaluation of the Tanzanian Chest X-ray Score

4.3.1 Diagnostic accuracy of the TXS

Comparing the areas under the ROC curves as performance measure for the diagnostic
accuracy of the TXS revealed significant differences between the readers. Expert reader
2 rated the radiographs slightly more accurate than expert reader 1: A,=0.88 (95%ClI
0.84-0.91) against A;=0.85 (95%CI 0.81-0.89), p=0.049. Both experienced readers out-
performed the clinical officer clearly (A;=0.67 (95%CI 0.61-0.72), p<0.001, figure 13).
In other words, the probability of a randomly selected patient with PTB (group A (s+/c+
M.tb) and B (s-/c+ M.th)) for receiving a higher TXS score than a randomly selected
individual of group F (Controls) is 88% and 85% when his/her CXR is rated by one of

the expert readers, but only 67% when interpreted by the clinical officer.
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Figure 13 Diagnostic accuracy of human readers using the TXS

Legend. Sensitivity and specificity to distinguish group A (s+/c+ M.tb) and B (s-/c+ M.tb) vs. F (Con-
trols) for expert reader 1 (blue), expert reader 2 (red) and the clinical officer (green) using the TXS.
Lines denote the respective ROC curves for the continuous TXS output, while the circles denote the
TXS conclusions ‘any abnormality’ (empty circles), ‘TB consistent abnormalities’ (crossed circles), or
‘abnormalities highly suggestive for TB’ (filled circles). The A; of the experts’ ROC curves were signif-
icantly different from the one achieved by the clinical officer (p<0.001).

TXS continuous

(=ROCcurve) expert reader 1 expertreader2 ——— clinical officer
: abnormalities
TXS conclusion 000 avy ©®® TBconsisent  ©@® highly suggestive

abnormality abnormalities for TB
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4.3.2 Comparison of TXS with manual conclusion of human readers

The use of the TXS did not improve the readers’ ability to differentiate between culture-
positive PTB cases (group A (st+/c+ M.tb) + B (s-/c+ M.tb)) and non TB patients (group
F (Controls)), (figures 14.1-14.3: square symbols are found on or above the respective
ROC curve). The clinical officer performed significantly better without the TXS when
rating the CXRs for ‘TB consistent abnormalities’ as expert reader 1 did for ‘abnormali-
ties highly suggestive for PTB’ (figure 14.1 and 14.3: the respective symbols are found
above the 95% CI area). There was no evidence of a difference for all other reading
thresholds.
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Figure 14.1-3 Diagnostic accuracy of the TXS vs. manual conclusion of human readers

Legend. Sensitivity and specificity to distinguish group A (s+/c+ M.tb) and B (s-/c+ M.tb) vs. F (Controls) for expert reader 1 (blue), expert reader 2 (red) and the clinical
officer (green) with and without the TXS. Lines and shaded area denote the respective ROC curves incl. 95% CI for the continuous TXS output. Different symbols denote
different reading methodologies: circles for the TXS conclusions and square symbols for the readers’ manual conclusion. The different fill of symbols indicates different
reading thresholds: ‘any abnormality’ = empty symbols, ‘TB consistent abnormalities’ = crossed symbols, or ‘abnormalities highly suggestive for TB’ = filled circles.

TXS continuous
(=ROC curve) expert reader 1

expert reader 2 clinical officer

TXS conclusion QOO o0
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Figure 14.1 Diagnostic accuracy of

expert reader 1.
TXS continuous output: A,=0.85 (95%CI 0.81-0.89).
Expert reader 1 detected abnormalities highly
suggestive for TB significantly more accurate without
the TXS.

o000
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Figure 14.2 Diagnostic accuracy of

expert reader 2.
TXS continuous output: A,=0.88 (95%CI 0.84-0.91).
There was no evidence of a difference between reading
methodologies for expert reader 2.
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Figure 14.3 Diagnostic accuracy of

the clinical officer.
TXS continuous output: A,=0.67 (95%CI 0.61-0.72).
The clinical officer detected abnormalities consistent
with TB significantly more accurate without the TXS.



Table 9 Performance of human readers: structured review with manual conclusion vs. TXS conclusion

Isensitivity 2specificity 3positive predictive value “negative predictive value Spositive likelihood ratio ®negative likelihood ratio.
All parameters were assessed against group A and B as positive reference standard and group F as negative control.
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reader reading Sens.! [%] Spec.?[%] PPV3[%] NPV*[%] PLR® NLR®
threshold (95%ClI)  (95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl)
Expert reader 1 highly suggestive for TB 59 (52-66) 97 (94-99)  95(89-98) 74 (69-79) 22.94 (10.32-50.97) 0.42 (0.35-0.5)
TB consistent 78 (71-83) 85(80-89) 81 (75-86) 82 (77-87) 5.17 (3.78-7.09) 0.26 (0.2-0.34)
any abnormality 83 (77-88) 72 (65-77) 71 (65-77) 84 (78-89)  2.94 (2.38-3.65) 0.23(0.17-0.32)
c Expert reader 2 highly suggestive for TB 62 (55-69) 97 (93-99) 94 (88-97) 76 (70-80)  18.11 (9.08-36.1) 0.39 (0.33-0.47)
2 TB consistent 86 (80-91) 79 (73-84) 77 (71-82) 87 (82-91) 4.01(3.11-5.16) 0.18 (0.12-0.25)
é any abnormality 88 (83-92) 64 (57-70) 67 (61-73) 87 (81-91) 2.44(2.04-2.92) 0.19 (0.13-0.28)
§ Clinical officer highly suggestive for TB = 7 (4-12) 97 (94-99) 70 (46-88) 56 (51-61) 2.82(1.1-7.19) 0.95 (0.91-1)
g TB consistent 76 (70-82) 65 (58-71) 64 (58-70) 77 (70-82)  2.16 (1.79-2.62) 0.37 (0.28-0.48)
g any abnormality 97 (94-99) 18 (13-24) 50 (44-55) 89 (77-96)  1.19(1.11-1.27) 0.14 (0.06-0.36)
Expert reader 1 highly suggestive for TB 64 (57-71) 90 (86-94) 84 (77-90)  75(70-80)  6.51 (4.35-9.73) 0.4 (0.33-0.48)
TB consistent 82 (76-87) 81 (75-86) 78 (72-83) 85(79-89)  4.27 (3.25-5.59) 0.22 (0.16-0.3)
any abnormality 85 (80-90) 68 (61-74) 69 (62-75) 85(79-90)  2.66 (2.18-3.23) 0.21 (0.15-0.3)
Expert reader 2 highly suggestive for TB 75 (68-81) 88 (83-92) 83 (77-88) 81 (75-85) 5.99 (4.22-8.51) 0.29 (0.23-0.37)
- TB consistent 84 (78-89) 77 (71-82)  75(69-81) 85(80-90)  3.69 (2.89-4.71) 0.21 (0.15-0.29)
% any abnormality 90 (85-94) 60 (53-66)  65(59-71) 88(82-93) 2.23(1.9-2.63) 0.17 (0.11-0.26)
%’ Clinical officer highly suggestive for TB 68 (61-75) 61 (54-67) 59 (52-66) 70 (63-76)  1.75(1.45-2.11) 0.52 (0.41-0.65)
5’, TB consistent 90 (84-94) 26 (21-32) 50 (45-56) 75(64-84) 1.21(1.11-1.33) 0.4 (0.25-0.63)
ﬁ any abnormality 96 (93-99) 18 (13-24) 49 (44-55) 86 (73-94) 1.18(1.1-1.26) 0.2 (0.09-0.44)
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4.3.3 Agreement between conclusion categories

Inter- and intra-reader agreement for the manual and TXS conclusion was described
with Kappa coefficients. A possible, but arbitrary interpretation of Kappa coefficients
is: k¥ < 0 = poor, 0.00-0.20 = slight, 0.21-0.40 = fair, 0.41-0.60 = moderate, 0.61-0.80 =
substantial, 0.81-1.00 = almost perfect agreement (Landis & Koch 1977).

4.3.3.1 Agreement between TXS conclusion and manual conclusion

Both expert readers reached substantial agreement between their TXS conclusion and
their manual conclusion after a structured review of the radiographs: xw (95% CI) = 0.80
(0.78-0.83) and 0.79 (0.76-0.82). Agreement between conclusion categories of both
reading methodologies was fair for the clinical officer: xw (95% CI) = 0.27 (0.23-0.31).
The proportion of specific agreement between TXS conclusion and manual conclusion
was highest for normal CXRs (conclusion category 1) for all readers (ps=0.91-0.96),
table 10. This means, if expert reader 1 chose category 1 as his manual conclusion, the

probability that his TXS conclusion was also in category 1 was 96%.

agreement between | expert 1 expert 2 clinical officer
manual and
TXS conclusion
Po 0.77 0.74 0.25
ps for category 1, 2, | 0.96, 0.62, 0.94, 0.59, 0.91, 0.22,
3,4 |0.46,0.67 0.48,0.71 0.17,0.15
kw (95% CI) 0.80 (0.78-0.83) 0.79 (0.76-0.82) 0.27 (0.23-0.31)

Table 10 Agreement per reader between their manual and TXS conclusion
- presented in overall percentage agreement (po), proportions of specific agreement for each category (ps)
and weighted « agreement (incl. 95% CI), n=861.
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4.3.3.2 Influence of the TXS on inter-reader agreement

Inter-expert agreement was substantial for either reading methodology and did not im-
prove using the TXS: kw (95% CI)= 0.67 (0.63-0.70) vs. 0.64 (0.60-0.68), po= 0.66 vs.
0.63. The probability of agreement between the experts was much higher for conclusion
categories 1 and 4 (‘normal CXR’ and ‘abnormalities highly suggestive for PTB’) than
for conclusion categories 2 and 3 (‘abnormalities not suggestive for active TB’ and ‘ab-
normalities consistent with active TB”).

Reading results showed only fair agreement between the clinical officer and either ex-
pert reader for a structured review of the radiograph with manual conclusion: kw (95%
Cl)=0.24 (0.21-0.28) and 0.25 (0.22-0.29). A higher overall percentage agreement with
the use of the TXS (manual: po= 0.27, 0.28 vs. TXS: po= 0.35, 0.36) was accompanied
with a downward trend of the chance-corrected Kappa agreement in this observer con-
stellation (manual: xw (95% Cl)= 0.24 (0.21-0.28) and 0.25 (0.22-0.29) vs. TXS: xw
(95% CI)=0.20 (0.16-0.23) and 0.21 (0.17-0.25), table 11).

inter-reader expertl - expertl — expert2 —
agreement expert2 clinical officer clinical officer
- manual conclusion
Po 0.66 0.27 0.28
ps for category 1, 2, 0.84, 0.33, 0.32, 0.18, 0.34, 0.16,
3,4 0.44,0.74 0.34,0.12 0.36, 0.16
kw (95% CI) 0.67 (0.63-0.70) 0.24 (0.21-0.28) 0.25 (0.22-0.29)
- TXS conclusion
Po 0.63 0.35 0.36
ps for category 1, 2, 0.81, 0.34, 0.32,0.14, 0.35, 0.14,
3,4 0.24, 0.69 0.20, 0.51 0.20, 0.53
kw (95% CI) 0.64 (0.60-0.68) 0.20 (0.16-0.23) 0.21 (0.17-0.25)

Table 11 Inter-reader agreement for different reading methodologies and reader

constellations
- presented in overall percentage agreement (po), proportions of specific agreement for each category (ps)
and weighted « agreement (incl. 95% CI), n=861.
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4.3.3.3 Influence of the TXS on intra-reader agreement

Intra-reader agreement for expert reader 1 and the clinical officer was determined after
re-reading a subset of 199 radiographs. Expert reader 1 reached substantial intra-reader
agreement with almost identical Kappa and overall percentage agreement parameters
with either reading methodology. Intra-reader agreement was fair for the clinical officer
when he rated the radiographs manually (xw (95% CI)= 0.35 (0.25-0.46)), but deterio-
rated significantly with the use of the TXS (xw (95% CI)= 0.20 (0.09-0.32)). The pro-
portions of specific agreement revealed a bias towards category 2 and 3 in the clinical
officer’s choice of the manual conclusion, which was not present with the use of the
TXS (table 12).

intra-reader agreement | expertl clinical officer
- manual conclusion
Po 0.66 0.59
ps for category 1, 2, 0.84, 0.46, 0.30, 0.62,
3,4 0.46, 0.66 0.64, 0.00
kw (95% CI) 0.68 (0.61-0.75) 0.35 (0.25-0.46)
- TXS conclusion
Po 0.67 0.52
ps for category 1, 2, 0.81, 0.43, 0.27,0.14,
3,4 0.44,0.72 0.38, 0.66
kw (95% CI) 0.68 (0.61-0.76) 0.20 (0.09-0.32)

Table 12 Intra-reader agreement for one expert reader and the clinical officer using

different reading methodologies
- presented in overall percentage agreement (p.), proportions of specific agreement for each category (ps)
and weighted « agreement (incl. 95% CI), n=199.
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5 Discussion

5.1 Summary and interpretation of study results

5.11 CADATB

Automating the interpretation of a chest radiograph for the detection of active pulmo-
nary tuberculosis leads to objective, reproducible results and a standardised way of re-
porting. One of the main findings of our study is that the automated reading software
CADATB v3.07 achieved a good diagnostic accuracy (A;=0.84 (95%CI 0.80-0.88)) on a
large set of CXRs of presumptive TB patients from sub-Saharan Africa. The accuracy of
CADATB was slightly, but not significantly, worse in our secondary analysis using a
binary classification of patients (M.tb culture-positive vs. negative), which we included

for a better comparability with other diagnostic accuracy studies.

In our study, performance of automated and human reading was comparable when the
observers considered ‘any abnormality’, the common threshold in triage and screening
situations to qualify for confirmatory tests. For more TB specific reading thresholds,
however, the software outperformed the clinical officer significantly but did not reach
the accuracy of the expert readers. The software identified a significantly higher propor-
tion of smear-positive compared to smear-negative, culture-positive individuals - most
likely because smear-negative PTB patients tend to have more discrete or atypical radi-
ographic features, especially in combination with HIV infection (Siddigi et al. 2003).
This assumption is substantiated by the fact that CADATB detected PTB cases signifi-
cantly more accurately among HIV-negative than HIV-positive individuals.

The identification of active PTB cases among symptomatic individuals with abnormal
CXRs due to other pulmonary conditions (e.g. pneumonia) or sequelae of tuberculosis
remains challenging for both human and automated readers. This fact manifests itself in
low specificity values as a consequence of the considerable overlap in the distributions
of CADATB scores per defined patient groups. Moreover, the far higher proportion of
patients with a history of TB among group D (s-/c- clin.TB) coincides with very high
CADA4TB scores for this group. Although, this can be explained by the classification of
these patients due to chest radiograph findings in the first place, it also opens the debate
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on whether human and automated readers were able to sufficiently discriminate between

active and past TB disease.

The relatively high number of patients that were found to be culture-positive for NTMs
(16%, group C) is not uncommon in the sub-Saharan African context (Fourie et al.
1980, Buijtels et al. 2009, Aliyu et al. 2013). This is probably largely due to contamina-
tion of culture samples either at patient level or from the environment as only few pa-
tients suffered from a pathogenetic relevant NTM infection that fulfilled the diagnostic
criteria for a Nontuberculous Mycobacterial Lung Disease according to the American
Thoracic Society (Griffith et al. 2007). The inability of CAD4TB to differentiate be-
tween patients of group B (s-/c+ M.tb) and C (sx/c+ NTM) might be due to the hetero-
geneity of group C (st/c+ NTM). There are different types of NTM pulmonary diseases
(NTM-PD), e.g. nodular bronchiectatic NTM-PD or cavitary NTM-PD with substantial
overlap between those. The latter type is radiologically very similar to pulmonary TB
(Kim et al. 2014) and it is quite probable that CAD4ATB was not able to discriminate
these two pulmonary mycobacterial disease manifestations. However, it is tempting to
speculate on the performance of an automatic diagnostic tool as CAD4TB that has been

trained on CXRs or CT-scans of patients with nodular bronchiectatic NTM-PD.

5.1.2 Tanzanian Chest X-ray Score

The TXS did improve neither the accuracy nor the reproducibility of human reading
results in our study. Both expert readers achieved comparably high accuracy levels with
and without the TXS, except expert reader 1, who was significantly more accurate with
his manual differentiation of ‘abnormalities highly suggestive for TB’. The clinical of-
ficer did not benefit from the use of the TXS. His performance with either reading
methodology was only moderate and he could detect ‘abnormalities consistent with TB’
significantly more accurate without using the TXS.

Both expert readers agreed substantially (xw= 0.80/ 0.79) between their manual and their
TXS conclusion, which supports the validity of the TXS. They were able to transform
their visual impression of the CXR into an accurate tabulation of features as required by
the TXS form. The clinical officer might have been overwhelmed with the precise item-
isation as his manual conclusion was more accurate than and agreed only fairly with his
TXS conclusion (kw= 0.27). The use of the TXS as mere structured reporting form to-
gether with a simple, categorical conclusion code yielded substantial levels of inter-
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reader agreement between experts. However, neither their inter- nor intra-reader agree-
ment increased with the use of the score function. While the effect of the score function
on chance-corrected agreement was minor for comparisons that included at least one
expert reader, the intra-reader agreement of the clinical officer deteriorated significantly
when he relied on the TXS conclusion. Hence, the TXS proved to be least useful for the
type of reader for which it had originally been developed. Different levels of experience
and a rather complex reading code have likely contributed to the disagreement between

expert and non-expert readers.

5.2  Strengths and limitations

This is the first study to validate the CAD4TB software v3.07 and the Tanzanian Chest
X-ray Score for the diagnosis of pulmonary tuberculosis on chest radiographs of pre-
sumptive PTB patients. For the first time, CAD4TB performance for various cut-offs
was stratified by smear and HIV status. A major strength of our study is the adherence
to standards for reporting of diagnostic accuracy (STARD) (Banoo et al. 2010) and
guidelines for reporting reliability and agreement studies (GRRAS) (Kottner, Audige, et
al. 2011). The well-characterized study population and the use of a robust reference
standard further substantiate our results.

This evaluation of CAD4TB is independent from its developers of the DIAG. They run
the software on the provided set of radiographs, but were blind to clinical and microbio-

logical information and not involved in the statistical analysis.

Another strength of our study is the direct comparison of automated and human reading
on the same set of images. However, the degree to which this comparison can be gener-
alised is limited due to inter-reader variability in the interpretation of chest radiographs
and our ability to include only one clinical officer. It might well be that other clinical
officers would have outperformed the CAD4TB software in our study. A pre-reading
meeting and/or a reference set of CXRs to establish consensus on reading categories
between the three raters might have been beneficial and could have diminished inter-
reader variabilities. Another limitation of our study is the fact that it was conducted in
only one high burden country. A repetition of the study in different settings will be nec-

essary to assess generalisability of the results.
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HIV infection seems to influence the diagnostic accuracy of CAD4TB, so our findings
cannot be readily generalised to populations that differ significantly in their HIV preva-
lence. A further constraint of the study is the high proportion (31%, group G) of patients
who either could not be followed up sufficiently to comply with the precise classifica-
tion criteria or who were still non-TB patients, but symptomatic after five months and
therefore could not be classified as group F (Controls). However, since a heterogeneous
patient group is concerned and the data can be assumed to be missing at random, it can

be postulated that the study results were not substantially influenced.

Kappa values are the standard method to report agreement of tests with binary and cate-
gorical output (Graham et al. 2002, Kundel & Polansky 2003, van Cleeff et al. 2005,
Den Boon et al. 2005, Zellweger et al. 2006, Kottner, Audigé, et al. 2011, Maduskar,
Muyoyeta, et al. 2013, Pinto et al. 2013). Yet, their dependence on observed disease
prevalence impedes a comparison between studies (Feinstein & Cicchetti 1990, Kundel
& Polansky 2003). Therefore and as recommended, we reported other agreement coeffi-
cients like the overall percentage agreement and proportions of specific agreement
(Kundel & Polansky 2003) and included all agreement tables (Kottner, Audige, et al.
2011) in the appendix.

5.3 Comparison with other studies

Maduskar et al. evaluated the performance of a previous CAD4TB version and com-
pared it to both, clinical officers rating the radiograph between 0-100 and the binary
decision of an expert reader (as radiological reference) for the presence of TB consistent
abnormalities (Maduskar, Muyoyeta, et al. 2013). The high accuracy of CAD4TB
(Az=0.91) attained for the radiological reference (Maduskar, Muyoyeta, et al. 2013) is
consistent with our finding that CAD4TB approaches values of sensitivity and specifici-
ty achieved by the expert readers. We decided to use hierarchical reading thresholds, as
we believe that this reflects the common radiological practice in a setting like ours. The
diagnostic accuracy of CAD4TB for the bacteriological reference was higher (v3.07,
A;=0.81) using the newer version in our study compared to previous CAD4TB versions
used in the studies of Maduskar (v1.08, A;=0.73) and Muyoyeta (v1.08, A,=0.71). This
could either suggest advancement in the development of the software, which would be

especially encouraging as we evaluated its performance on images obtained from a dif-
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ferent X-ray machine than the one it had originally been developed for. On the other
hand, the lower accuracy levels reported by Maduskar and Muyoyeta could be attributa-
ble to the very high proportion of HIV-positive (Maduskar, Muyoyeta, et al. 2013) and
smear-negative patients (Muyoyeta et al. 2014) in their study populations as this corre-
sponds to the inferior performance of CADATB in HIV-positive and smear-negative

patients in our study.

Meanwhile results of four other studies using CAD4TB v3.07 have been published
(Khan et al. 2014, Zaidi et al. 2014, Philipsen, Sanchez, et al. 2015, Steiner et al. 2015).
A smaller study among presumptive TB patients at health care facilities in Pakistan
compared the performance of the software with reading results of one clinical officer
and two radiologists (Khan et al. 2014). The human review revealed that a high propor-
tion of the radiographs that scored higher than 80 with CAD4TB showed abnormalities
not suggestive for TB (Khan et al. 2014). This is in line with a relevant number of pa-
tients of group F (figure 8 and table 7) who attained a false positive high CAD4ATB

score due to other pulmonary pathologies in our study.

In another study from Pakistan, Zaidi et al. proposed a prediction model for pulmonary
TB derived by logistic regression of the CAD4TB score, demographics and symptoms
and with TB detected by Xpert MTB/RIF as binary outcome variable (Zaidi et al. 2014).
The final model, which combines the CAD4TB score with information on the presence
of cough > 2 weeks, age and gender of the patient, achieved an area under the ROC
curve of 0.87 (Zaidi et al. 2014). This suggests an additional yield in accuracy of the
model as validation studies on the standalone performance of CAD4TB for the detec-
tion of TB (confirmed by either culture or Xpert MTB/RIF) have reported values be-
tween 0.71 and 0.86 so far (table 17). This is encouraging, but unfortunately neither the
additional yield of the model compared to CAD4TB alone, nor the exact prediction
model itself have been published yet (Zaidi et al. 2014) hampering its external valida-

tion.

The two other studies using CAD4TB v3.07 evaluated automated chest radiography as
either triage (Philipsen, Sanchez, et al. 2015) or screening test (Steiner et al. 2015).
CADATB proved as a valuable tool to identify individuals at highest risk for PTB
among 388 presumptive TB patients at a health centre in South Africa (Philipsen,
Sanchez, et al. 2015). A CADA4TB score > 85 increased Xpert throughput from 45 to
113 per day, reduced costs per screened subject from $13.09 to $6.72 and costs per noti-
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fied TB case from $90.70 to $54.34 with a compromise in sensitivity from 78.9%
(Xpert alone) to 67.6% (Philipsen, Sanchez, et al. 2015).

Steiner et al. confirmed the suitability of automated chest radiography as a screening
test for PTB among 511 predominantly asymptomatic prisoners (Steiner et al. 2015).
CADA4TB v3.07 interpreted the images without calibration for the local X-ray equip-
ment or need for additional intervention by the operators reliably and without diagnostic
delay (>99%) (Steiner et al. 2015). The performance of the software was compared to a
varied sample of readers at different levels of experience and a radiological reference
determined by the consensus of two experienced TB radiologists (Steiner et al. 2015).
The results are in line with prior comparisons of human and automated reading and our
study findings as the software performed comparably to or better than a majority of less
trained readers, but did not reach the accuracy of expert readers (Ginneken et al. 2012,
Maduskar, Muyoyeta, et al. 2013, Breuninger, van Ginneken, et al. 2014, Philipsen,
Sanchez, et al. 2015, Steiner et al. 2015). In comparison with substantial variation of
human performance due to different experience levels (figure 17, Appendix F),
CADATB performance seems to be highly consistent across different settings. A synop-
tic table of published results from CAD4TB validation studies can be found in the Ap-
pendix D (table 17).

As mentioned earlier, Pinto et al. were the first to derive and validate a solely radio-
graphic score for the diagnosis of PTB (Pinto et al. 2013). To calculate this score,
weights (in brackets) are assigned to four CRRS features: large upper lobe opacity (2),
cavity (2), unilateral pleural effusion (1) and hilar or mediastinal lymphadenopathy (2)
(Pinto et al. 2013). Figure 15 illustrates the score performance (triangle symbols and
orange line) and compares it to the accuracy of a conventional CRRS report (orange
square symbol) as well as the performance of the TXS (blue, red and green line) and
CADATB (black line) in our study. Even though tested in different populations of pre-
sumptive PTB patients, this comparison reveals interesting aspects: When applied by
experienced readers, Pinto’s score with thresholds of > 1 and > 2 reached similar accu-
racy levels as CAD4TB and both our expert readers with the TXS, but with far less ra-
diographic features considered. However, the TXS used by expert readers was consider-
ably more accurate than Pinto’s score at cut-offs > 3. One of our main findings is that
the clinical officer performed significantly worse, when he scored CXRs for TB con-
sistent abnormalities with the TXS rather than relying on his manual conclusion. A pos-

sible reason for this might be the complexity of the TXS: it entails a wide range of pos-
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sible radiographic abnormalities and less experienced readers might not be certain about
their exact morphologic correlations. Non-expert readers, like the clinical officer in our
study, might benefit from the training on and the use of a simpler score. The score pro-
posed by Pinto et al., even though simple, yet needs to be tested by non-expert readers

and in a population different from the one that it was derived in.
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Figure 15 Comparison of the performance of TXS, CAD4TB and a score proposed by

Pinto et al.
Legend. Diagnostic accuracy of the TXS and CAD4TB compared to the performance of a score proposed
by Pinto et al. (evaluated in a different study population).

CADATB

Pinto TXS expert reader 1 —_—
CRRS expert reader 2 —_—
clinical officer S

It is difficult to compare studies on inter- and intra-reader agreement of X-ray reports
due to Kappa’s dependence on observed prevalence (Feinstein & Cicchetti 1990,
Kundel & Polansky 2003), differences in the number and experience of readers. Fur-
thermore, due to the existing variety of reading methodologies — including structured
reporting of features seen, categorical reading codes and grading the radiograph on a
scale between 0-100 for the presence of active TB — such comparisons prove to be chal-
lenging. Agreement between both expert readers using the TXS as mere structured re-
porting form was substantial (xw = 0.67) and comparable to CRRS agreement levels (k
= 0.47-0.69) between experts on their conclusion of a TB consistent chest radiograph
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(Den Boon et al. 2005, Dawson et al. 2010, Pinto et al. 2013). Together these study
findings endorse the use of a structured reporting method. Intra-reader agreement levels
with the CRRS were reported in only one study and were considerably higher than in
our study (k = 0.85-0.90 vs. kw = 0.68) (Den Boon et al. 2005). Only one other study
has tested inter- and intra-reader agreement in non-expert readers and yielded much
higher levels of agreement for clinical officers reporting ‘any abnormality’ in a Kenyan
prevalence survey (table 17) (Hoog et al. 2011a). The substantial inter-expert agreement
in our study may also be attributable to the use of a simple four-point categorical con-
clusion code. This is in line with previous studies that reported satisfactory agreement
levels for other conclusion codes (Graham et al. 2002, van Cleeff et al. 2005, Zellweger
et al. 2006, Shah et al. 2009). Although comparable, the diversity of PTB reading codes
found in the literature is striking: each of five studies used an individual code (Graham
et al. 2002, van Cleeff et al. 2005, Zellweger et al. 2006, Shah et al. 2009, Story et al.
2012).

A synoptic table of results from studies on the reproducibility and diagnostic accuracy
of different CXR reading methodologies for the detection of TB is presented in the Ap-
pendix E (table 18).

5.4  Implications of findings & Outlook

Chest radiography can serve as either diagnostic, triage or screening test for PTB with
varying requirements. The automated reading software CAD4TB and the structured
reporting and scoring form TXS are two efforts to overcome its known drawbacks: in-
ter-reader variability, the absence of reporting standards and lack of skilled readers in

resource-constrained settings.

CADATB computes absolutely reproducible and standardised results without the need
for trained reading personnel. Even though our findings attested the software a good
diagnostic accuracy for culture-positive PTB among presumptive TB patients seeking
care, its usefulness remains limited in this situation. Sputum smear microscopy is the
primary method to diagnose TB in most high-burden settings (Denkinger et al. 2013,
Kik et al. 2014). The current national diagnostic algorithm for presumptive adult TB

patients in Tanzania, as in many sub-Saharan African countries, request between two to
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six negative sputum smear examinations and a failed treatment with a broad-spectrum
antibiotic for 7 days before a chest X-ray is ordered (WHO 2011, NTLP Tanzania
2013). According to recommendations of the WHO, the CXR exam should precede an
administration of antibiotics in settings where HIV is highly prevalent and resources are
constrained (WHO 2007). CADATB specifically answers the question of an image’s
consistency with active PTB, yet at the expense of all other information the radiograph
could offer to an experienced observer. Its output, a single number, does not reflect the
presence of abnormalities unrelated to TB, whose detection might be not less important
or even prompt immediate action (such as pneumonia, pneumothorax or lung tumours).
Hence, it cannot replace a thorough X-ray report and its integration with clinical infor-
mation by a medically trained person for the final diagnosis of smear-negative PTB

when microbiological testing beyond sputum smear microscopy is not feasible.

In triage and screening situations, by contrast, the very condensed output of the auto-
mated reading might be preferable for the binary decision of either selecting a screened
individual for confirmatory testing or declaring the absence of PTB. A strong feature of
CADA4TB in this context is its continuous output, which allows adjusting the reading
threshold to the purpose of use, local epidemiology and availability of resources (such
as the capacity to perform culture or the number of Xpert MTB/RIF cartridges). Imme-

diately available CAD4TB results enable a successful multi-step screening procedure.

There has been an extensive rollout of Gene Xpert MTB/RIF machines and test car-
tridges in 110 high-burden and low/middle-income countries since the WHO endorsed
the test in 2010. The WHO strongly recommends its use as the initial diagnostic test in
adults and children assumed to suffer from MDR-TB, HIV-associated TB or TB menin-
gitis (WHO 2013b). Resource constraints make this recommendation conditional in
other presumptive pulmonary and extrapulmonary TB patients (WHO 2013b). A cost-
affordability analysis calculated costs to be five-fold higher for an indiscriminate use of
Xpert as initial test in all patients with signs and symptoms of TB compared to the con-
ventional diagnostic algorithm of smear microscopy and follow-on CXR, in case of
smear-negativity (Pantoja et al. 2013).

In line with this, the WHO defined four high-priority target product profiles for new
tuberculosis diagnostics in a consensus meeting in 2014 (WHO 2014c). Among these is
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a community-based triage or referral test for identifying people suspected of having TB
for an efficient use of confirmatory tests (e.g. Xpert MTB/RIF) (WHO 2014c). The
minimal requirements of this target product profile include a sensitivity > 90%, specific-
ity > 70%, simple sample preparation, maintenance and calibration, at less than US$
2.00 after scale-up and with a time to result of less than 30 minutes (WHO 2014c). In
fact, assuming a widespread implementation of robust digital radiography equipment,
CADATB only lacks a higher specificity to fulfil all of the above-mentioned criteria. In
our study, CAD4TB achieved a specificity of 53% at a sensitivity of 91% for a thresh-
old of > 37. The software is under constant development and possibly subsequent ver-
sions will achieve the required accuracy. However, already at current accuracy levels,
an overview table from the manufacturer of different CAD4TB thresholds with respec-
tive sensitivity and specificity values can guide the health worker in his decision of se-
lecting a patient for confirmatory testing. Meanwhile, CAD4TB v4.10 has been released
and received CE-certification for the use on any digital X-ray platform in 2015 (Boyle
& Pai 2015). First results on its accuracy were presented at the Union World Confer-
ence on Lung Health in December 2015 and suggest further advancement of the soft-
ware. CAD4TB v4.10 was tested retrospectively on 12,256 CXRs from DetecTB, an
intensified case finding project in prisons and high-risk communities in Philippines
(Philipsen, Sanchez, et al. 2015) and on 4,552 CXRs from the Gambian prevalence sur-
vey in 2011-2013 (Maduskar et al. 2015). In both studies the software achieved very
high accuracy levels (A;=0.91 and A,=0.90) that were only slightly worse or identical to
those of human readers (Maduskar et al. 2015, Philipsen, Sanchez, et al. 2015). Verifi-
cation bias was present in both studies and hampers this comparison as only individuals
with either positive symptom or CXR screen received confirmatory testing by either
Xpert or sputum microscopy and culture examination (Maduskar et al. 2015, Philipsen,
Sanchez, et al. 2015).

Non-availability of working X-ray equipment is a concern, but a growing number of
manufactures focus on the development of digital radiology solutions for low- and mid-
dle income settings (FIND 2015). Radiography is essential for a wide range of diagnos-
tic purposes and possible benefits will outrange its application in TB screening and di-
agnosis (Maru et al. 2010). The automated read-out solution CAD4TB presents a viable
alternative to human readings of CXRs in screening and triage situations. Nonetheless,

training of readers remains indispensable and must accompany the scale-up of digital
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radiography to prevent misuse, over- or under-diagnosis and initiation of inappropriate
treatment. Quality assurance of CXR interpretation also warrants the use of reading

standards.

The TXS was designed to assist less experienced readers in the interpretation of a CXR
for the presence of PTB. However, the performance of the clinical officer, which was
already moderate, deteriorated further with the use of the scoring function. This assess-
ment is limited by relying on data derived from the reading of a single clinical officer.
Nevertheless, in the absence of other evidence, we can not recommend the use of the
TXS in its current form for non-expert readers. By contrast, substantial levels of inter-
expert agreement let us endorse the use of the descriptive part of the TXS as reporting
standard for expert readers. The expert readers themselves did not benefit from the scor-
ing function of the TXS in terms of accuracy or reproducibility. Yet, high levels of
agreement between their manual and TXS conclusion showed that the decision making
process at the end of the X-ray report can be objectified and made transparent. Eventu-
ally, the TXS may assist less experienced readers not as reading, but as teaching tool. A
reference set of radiographs with the respective TXS form completed by an expert read-
er leading to a conclusion open to scrutiny, together with culture results of the patient,
can form a useful training tool. This should be accompanied by an international consen-
sus on definition of terms and reading categories as research results cannot be compared

without the use of comparable terms.

Further research, to test which score features can be omitted without compromise in
accuracy, is in progress. Ideally, the result will be a simple, yet accurate score. Non-
experts then could be specifically trained in the identification of these remaining fea-
tures. Ultimately, an accurate and reliable score could assist non-expert readers in both,
passive and active case finding situations. In settings where microbiological testing be-
yond sputum smear microscopy is not available, a relatively higher cut-off can support
the diagnosis of smear-negative TB and the decision whether to initiate anti TB treat-
ment. In triage and screening settings, a relatively lower score can be used to pre-select

patients for confirmatory testing by culture or Xpert MTB/RIF.

The WHO set the goal to end the global TB epidemic by 2035 (WHO 2015d). This re-
quires a much sharper decline in incidence than the average 1.5% per year during the
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last decade (WHO 2015d). In the absence of an effective vaccine, the only way to con-
trol the epidemic is to find and diagnose all TB patients, offer them effective treatment
and render them non-infectious. However, with an estimated 3.6 million people living
with undetected TB, who in turn can infect up to 10 other persons per year, we constant-
ly lag behind the epidemic. Hence, key components of the END TB strategy are the
early diagnosis of TB and the systematic screening of TB contacts and high-risk groups
(WHO 2015d). A robust CAD has the potential to enhance and facilitate the implemen-
tation of these recommendations by ensuring high test standards of objectivity, repro-
ducibility and accuracy in triage and screening without straining personnel resources.
Automated reading solutions like CAD4TB are not yet able to rate a radiograph with the
clinical reasoning of an experienced observer, who integrates the patient’s history, con-
dition and characteristics with other diagnostic findings. Thus, for a more differentiated
interpretation of radiographs, it remains essential to strengthen human reading capaci-
ties. The TXS can assist expert readers as reporting standard and less-experienced read-

ers as teaching tool.

5.5 Proposals for future studies

Beside the constant development of the CADATB software by its designers, further re-
search to improve its accuracy via integration of patient characteristics is of great inter-
est. A prediction model proposed by Zaidi et al. showed promising results in a small
scale study, but has not yet been reported in detail and lacks external validation (Zaidi et
al. 2014). The development and testing of different approaches to combine clinical and
radiological characteristics into one probability score may eventually yield a more accu-
rate screening and triage test that can fully meet the WHO’s high-priority target product
profile requirements (WHO 2014c).

The accuracy of CAD4TB to detect pulmonary tuberculosis has been validated in dif-
ferent sub-Saharan settings. Prospective evaluation studies of targeted active case find-
ing strategies with CADA4TB as initial test should follow. Particular interest lies in the
influence of CADATB on case detection rates, operational aspects and cost-

effectiveness.

An evaluation of CAD4TB on public datasets should be pursued. Ideally, these datasets

stem from well-characterised patients and include at least microbiological results, better
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yet, clinical and radiological data, too. Already existing datasets that have been used for
derivation and validation of automated reading solutions should be published.

Future research should focus on the compilation of a reference image set and universal

consensus on reading terminology.

The TXS needs to be simplified to benefit non-expert readers. Statistically remodelling
of the TXS by uni- and multivariate analysis may reveal non-predictive features that can
be omitted. After training for the recognition of the remaining features, the performance

of non-experts using the remodelled TXS should be reassessed.
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6  Conclusion

We evaluated two efforts, the CAD4TB and TXS, to enhance the reproducibility and

accuracy of chest radiograph interpretation for the presence of pulmonary tuberculosis.

The computer-aided diagnosis system CADATB proved as an accurate and reproducible
test for the detection of culture-positive PTB on radiographs of symptomatic patients
without the need for trained reading personnel. It detected PTB significantly better in
smear-positive over smear-negative patients and in HIV-negative compared to HIV-
positive patients. CAD4TB was as accurate as two expert readers and one clinical of-
ficer for the question of ‘any abnormality’ on the chest radiograph. The software signif-
icantly outperformed the clinical officer, but did not reach the accuracy of both expert
readers for tuberculosis specific reading thresholds. Its very condensed output suggests

its use as a triage or screening test.

The TXS, a standardized reporting and scoring form to assist human readers, yielded
less conclusive results. Its descriptive part together with a simple four-point categorical
conclusion code proved valuable as reporting standard for expert readers. Via an accu-
rate tabulation of features seen, assignment of scores and their translation into conclu-
sion categories, the TXS unveiled the decision making process of expert readers. To-
gether with a reference set of images, the TXS may prove effective in the training of
non-expert readers. However, the scoring function did enhance neither the diagnostic
accuracy nor the reproducibility of expert readings and was detrimental to our clinical
officer’s diagnostic performance. This finding prompts additional research on its im-

provement and let us discourage less experienced readers from its use.

In conclusion, our study provides evidence on the performance of different CXR inter-
pretation modalities to facilitate the effective utilisation of chest radiography as a triage,
screening and diagnostic test for PTB. While “fully automating the chest exam”
(Conners et al. 1982) might be possible eventually, in its current state, CADATB can
provide an efficient alternative to select individuals at highest risk for PTB in screening
and triage situations. However, it cannot interpret a chest radiograph on par with an ex-

perienced human reader. Until automated reading of CXRs advances considerably and
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in view of the anticipated scale-up of digital radiography in resource-constrained high-
burden settings thanks to innovative technology, skilled readers are needed more than
ever. The TXS as reporting standard and teaching tool may facilitate quality assurance

of CXR interpretation and the training of human readers.

Effective treatment for most patients with tuberculosis is available, nevertheless 1.5
million people died from the disease in 2014 (WHO 2015a). A major bottleneck in TB
control is the lack of access to accurate and rapid diagnosis. In the absence of a rapid
point-of-care test that can detect all forms of tuberculosis, we are well advised to make
the most of existing diagnostic methods to reach, treat and cure an estimated 3.6 million

people living with undiagnosed TB.
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Appendix

A

Inclusion criteria for the CAD4TB and TXS validation
study, the TB Cohort and TB CHILD study

CAD4TB and TXS validation study:
Inclusion criteria:

patients with persistent cough for > 2 weeks and at least one of the following TB
associated findings:

haemoptysis, chest pain, fever, night sweats, constant fatigue, recent unex-
plained weight loss, loss of appetite, malaise, contact with TB case

> 18yrs

signed informed consent / witnessed oral consent to participate in TB CHILD
/TB Cohort Study

TB Cohort study:
Inclusion criteria:

patients who have clinical signs and symptoms suggestive of pulmonary TB

for pulmonary TB: persistent cough for > 2 weeks and at least one of the follow-
ing TB associated findings: haemoptysis, chest pain, fever, night sweats, con-
stant fatigue, recent unexplained weight loss, loss of appetite

for extrapulmonary TB: suspected tuberculosis of organs other than the lungs,
such as lymph nodes, abdomen, genitourinary tract, skin, joints and bones, me-
ninges, or others

patients older than 4 weeks of age

any patient attending the NTLP clinic who gives informed consent to participate
in the IHI TB epidemiology study

patients residing within the study areas and who are not planning to move from
the study area within the 18 month period following their inclusion into the
study

Exclusion criteria;

patients who do not agree to participate in the study or whose legal guardian
does not agree that they participate

patients who are non-residents of the study areas

severely sick patients

TB CHILD study:

Inclusion criteria:

- signed informed consent form / witnessed oral consent
- >18yrs
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- persistent cough for > 2 weeks and at least one of the following conditions:
haemoptysis, chest pain, fever, night sweats, malaise, unexplained weight loss with-
in the last 3 months, loss of appetite, contact with TB case

Exclusion criterion:
- TB treatment in the past year
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B Tanzanian Chest X-ray Score

furay
Cough 22 weeks: Click to view
1000 1— 13 Coughing Blood: Mame of the reader: |Z|
Fever:
History of TB: Weight loss: Date of X-ray reading:
Sex: year: nghtSweatsE Radiographic guality: IZ|
Age: 40 Currently on TB Treatment: TB Contact:
HIV positive:
Right Left Right Left
PARENCHYMA No u M L u L PLEURA No
CORSOIATTON oo ] ] ] ] ] B Pleural effusion ..o, Minor B B B
CAVITATION crvrerrrererereresesesnsnsms s ssseseeesssssesesssssmsmanasasasas m | B & B B e Extensive [ [
Isolated nodule(s) OF tUMOUIS) ceeeceeeeeeesereeesenemeneen B & B & & & Pleural thickening ..o [ (] [
Multiple nodules or patchy infiltrate .o, Bl Bl (& ] & | Pleural GalGifiCation v ] [ [
MIlIary PATEEIN oo E H B B E |:| MEDIASTINUM
Interstitial changes (other than nodules or miliary) ... B . B B B i Hilar/mediastinal adenopathy ...ccocvnceneiinnns | ] ] |
FIbrotic Changes ..o ] ] B [ [ B Extensive pericardial effusion (suspected) ...... O O O
Cystic change(s] cooorn Bl Bl ] Bl ] ] T
Solitary calcified nodule(s) or fibrotic scar(s) ...c.ccveeenne |:| | m | | " Vertebral collapse, para-vertebral mass .. O 0 0
Musculoskeletal abnormality .ooceeenieniiennnns
Atelectasis or collapse ([segment/Iobe) ...ccvveccvverecennnns Bl Bl ] Bl ] ] v O | 0
Cardiovascular abnormality ..ooccooviiicmieicnnnne B ] ]
Comments on abnormal findings/considered differential diagnoses: Diaphragmatic abnOrmMality w.v..ee...ses e ] & [
Other (please specify):
Conclusion of report:
1 Radiograph normal
2 Radiograph abnormal, findings not suggestive for active TB (TB sequel possible)
3 Radiograph abnormal, findings consistent with active TB (TB sequel or other lung path. possible)
Save changesand Undo changes and 4 Radiograph abnormal, findings highly suggestive for active TB
close the form close the form

Figure 16 Screenshot of the user interface of the digitalised Tanzanian Chest X-ray Score (TXS)



Appendix

66

C Agreement tables

expert 1 TS total expert 2 TS total
1 2 4 1 2
1 |39% 21 422 1 |325 33 358
S 2| 3 68 26 22| 119 S 2|0 78 26 13| 117
§ 3 1 11 62 85 | 159 é 3 1 32 76 98 | 207
4 |0 2 21 138 161 4 | 4 4 10 161 | 179
total 400 102 111 248 | 861 total 330 147 112 272 | 861
clinical TXS total
officer 1 2 3 4
1177 6 3 86
T 2| 3 45 220 70 | 338
é 3 2 29 58 311 | 400
4 | 2 0 0 3| 37
total 84 80 281 416 | 861
Table 13 Agreement between manual and TXS conclusion
expert2 clinical officer
manual total manual total
1 2 3 4 1 2 3 4
1 |326 42 49 422 1 | 82 223 108 9 | 422
T 2|2 3 51 119 2 4 71 119
£ 3|8 26 8 44| 159 £ 3 51 95 11 | 159
4 | 0 10 26 125| 161 4 | 0 23 126 12 | 161
total 358 117 207 179 | 861 total 86 338 400 37 | 861
clinical officer
manual total
1 2 3 4
1 |76 193 84 5 | 358
T 2 37 69 6 | 117
£ 3 83 110 9 | 207
4 25 137 17 | 179
total 86 338 400 37 | 861

Table 14 Inter-reader agreement for the manual conclusion
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expert2 clinical officer
TXS total TXS total
1 2 3 4 1 2 3 4
1 |294 68 29 400 1 | 77 43 154 126 | 400
E 2|20 42 2 1910 E 2|4 138 30 55|10
£ 3|6 13 27 65| 111 £ 3|0 5 40 66| 111
4 | 10 24 35 179 | 248 4 | 3 19 57 169 | 248
total 330 147 112 272 | 861 total 84 80 281 416 | 861
clinical officer
TXS total
1 2 3 4
1 |73 33 128 96 | 330
N
t 2 16 46 78 | 147
£ 3 10 39 60 | 112
4 21 68 182 | 272
total 84 80 281 416 | 861
Table 15 Inter-reader agreement for the TXS conclusion
expertl clinical officer
manual total manual total
1 2 3 4 1 2 3 4
1 172 8 4 1 85 1 3 10 0 0 13
g G
2 14 9 0 31 Sg 2 2 5 24 0 81
)
£ 3 21 8 | 43 =% 3 |2 3 6 1 | 93
4 15 24 | 40 4 |1 o0 2 10 0 12
total 87 30 49 33 | 199 total 7 97 94 1 | 199
expertl clinical officer
TXS total TXS total
1 2 3 4 1 2 3 4
1 |66 12 3 0 81 113 3 2 6 14
g &R
£ 2 2 3 2 23 8g 2|0 2 4 11| 17
28
< 3 14 8 | 3 =% 33 3 21 39/ 66
4 13 42 | 64 4 |2 4 18 78 | 102
total 81 33 33 52 | 199 total 8 12 45 134 199

Table 16 Intra-reader agreement for the manual and TXS conclusion
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D Overview CADA4TB studies

author setting, study population human refer- CADATB performance human additional findings
year readers ence  accuracy readers vs. CADATB
software & reading
version methodology
Steiner n=511, 7 health care  radio. Az=0.75 2 * worse, 2 * better than, CADA4TB without diagnostic delay
2015 asymptomatic prisoners, professionals 3 comparable to CAD4ATB (>99%) vs. 12.2% delay >24h with
v3.07 Tanzania [4 cat.] conventional reading
1% real world

screening setting evaluation
Philipsen n=388, 2 CRRS- bact.  Az=0.79 Az=0.76-0.81 a CADA4TB score > 85 as triage test
2015 presumptive TB patients certified increases Xpert throughput from 45
v3.07 (33% HIV+), “B”-reader, specialist readers to 113 per day, reduces costs per

South Africa 1 specialist comparable to CADATB  screened subject from $13.09 to

reader $6.72 and costs per notified TB case
[0-100] from $90.70 to $54.34 with a com-
ACR as triage for Xpert promise in sensitivity from 78.9%
(Xpert alone) to 67.6%

Breuninger |n=566, 1 expert reader bact.  Az=0.81 comparable for CADA4TB * less accurate in smear-
2014 presumptive TB patients & 1CO ‘any abnormality’, and HIV+ patients
v3.07 (43% HIV+), [4 cat.] for TB specific thresholds:

Tanzania. CO * worse,

clinical validation expert * better

Muyoyeta | n=350, - Xpert  Az=0.71 -
2014 presumptive TB patients
v1.08 (54% HIV+),

Zambia
1% prospective
clinical setting evaluation
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Khan n=186, 2 radiologists radio. sens.78% - a CADA4TB score > 80 detected high
2014 presumptive TB patients, and 1 CO spec.79% proportion of non-TB abnormalities
v3.07 Pakistan according to review by humans
active case finding
at health care facilities
Zaidi n=324, - Xpert - - prediction model incl. CAD4TB,
2014 presumptive TB patients, cough>2weeks, age & gender:
v3.07 Pakistan Az=0.87
CADATB + variables
Maduskar |n=161, (specimen bank of) 4 CO bact./ Az=0.73/ Az=0.65-0.75/
2013 presumptive TB patients [0-100] radio. 0.91 0.89-0.94
v1.08 (68% HIV+), comparable
Zambia (except 1 CO * worse for
validation bact.reference)
Ginneken  |n=100, 7 inexperi- bact.  Az=0.82 expert Az=0.84, independent combination (averag-
2012 presumptive TB patients,  enced & non-experts: Az=0.69- ing) of human and CAD4TB score
v1.08 sub-Saharan Africa. 1 experienced 0.86 increased performance of all readers:
observer expert=0.85, non-experts=0.73-0.87
[0-100] (in 4/7 non-experts *)
Hogeweg |n=95, bact. Az=0.86 at sens 95% -> spec 60%
2011 CXRs from screening of
CADx high risk group,
UK
screening
(preselected image set)

CO =clinical officer, * = significantly

Table 17 Overview of CADA4TB validation studies



Appendix

70

E Overview reproducibility and diagnostic accuracy of different CXR reading methodologies
author setting sam- refer- sens spec  HIV type of readers abnor-  reading
year ple ence [96] [9%6] cases mality  method
size stand- inter intra only type
n ard

Waitt tertiary referral 60 bact. - 61 53 no 2 clinical officers TB -
2013 hospital, 69 50 before ITIRS

Malawi 75 63 & after CRRS-course ICRRS
Pinto university hospital, 473 bact 0.52 93 28 no 2 experts TB CRRS
2013 ZA /- 86 64 (specialist />2 /score

physicians)
Story high-risk group 47510 bact. - 82 99 no radiographers B 5 cat.
2012 screening, UK
van’t Hoog |prevalence survey, 20566 bact. - 94 73 no clinical officers any -
2012 Kenya
van’t Hoog |prevalence survey, 1143 bact. 77,74* 87,92* no 2 experts* B CRRS*
2011 Kenya 0.52/0.40 (any/TB)* (radio+pulm),
83, 81* 72, 80* any -#
0.82/0.74 (any/TB)*
o5# 73# 3 clinical officers#
#any 0.57-0.63 #any
0.43-0.60
Dawson ART service, 203 bact. 0.63 68 53 yes 2 experts TB CRRS
2010 ZA (resp+infec)
(CRRS-certified)

Lewis 2009 |Miners screening, 1955 bact. - 26 99 no experts (radio) any -

ZA
Shah HIV clinic, 438 bact. 0.61 59 83 yes  experts (radio) B standard
2009 Ethiopia form,

5 cat.
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Day HIV clinic for min- 899  bact. - 66
2006 ers, ZA &clin/ 73

rad.
den Boon, |prevalence survey, 1170 bact. - 90
2006 ZA (s/c) 97
Zellweger |[Immigrant 377 radio. all 3readers: 0.56  0.76, 0.90, -
2006 screening, experts only: 0.85  0.39
Switzerland
den Boon |prevalence survey, 810 - 0.69 0.90 -
2005 ZA 0.47 0.85
Balabanova |general clinic, 50 radio. 0.39 0.49 -
2005 Russia 0.38° 0.48°
0.45" 0.53"
0.39° 0.48’
van Cleef |Chest clinic, 998 bact. 0.55 (overall), 0.75 (TB) 91
2005 Kenya 92
Graham immigrant 973 radio. 0.45 0.59 -
2002 screening, 0.56 0.72
Canada

Table 18 Overview CXR performance for TB detection: reproducibility and diagnostic accuracy, table modified after Maduskar et al. 2013b

86
79

83
67

67
63

yes

no

no

no

no

no

no

doctor

expert (pulm)

2 experts (chest),
1 junior doctor

expert (pulm) ,
grade ‘A’ reader
(UICC/ILO)

101 physicians:
-61 TB specialists®
-25 radiologists”®

-15 resp. specialists’

radiologists

radiologists

B
any

B
any

B

B
any

B

B
any

B
any

CRRS

4 cat.

CRRS

struc-
tured
ques-
tionnaire

4 cat.

S cat.
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F Comparison of study results and literature findings
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Figure 17 Diagnostic accuracy values of CXR for PTB detection as reported in the
literature
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Figure 18 CADATB performance in this study vs. literature findings
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Figure 19 Human reading results (TXS conclusion & manual conclusion) in this study
vs. literature findings
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Figure 20 Human reading results (TXS conclusion + continuous output & manual
conclusion) in this study vs. literature findings
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Figure 21 Diagnostic accuracy of CAD4TB and human reading in this study

100
|

60

Sensitivity (%)
40

20

I [ I [ | I
100 80 60 40 20 0

Specificity (%)

Figure 22 CAD4TB and human reading (TXS conclusion + continuous output &
manual conclusion) in this study vs. literature findings
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2. To add an objective: to validate the reproducibility ( inter-and intra- reader agreement) and

diagnostic accuracy (sensitivity, specificity) of an X-ray reporting methodology and the
automated reading and analyzing system (CAD4TB), as per changes in protocol page 46.
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Approval of the study protocol is up to 22™ February 2015.
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