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Introduction
Current issues in tuberculosis detection and the potential of computer-aided chest radiography
interpretation
In 2015, there were an estimated 10.4 million new tuberculosis (TB) cases, but only 6.1 million (59%) were
detected, and notified to national TB programmes (NTPs) [1]. The World Health Organization (WHO)
emphasises that more proactive efforts are needed to close this case detection gap to move towards TB
elimination [2, 3]. Progress has been made in improving laboratory services in recent decades. New tests
for TB diagnosis have become available, and their use is being scaled up [4]. Efforts have been made to
improve the evaluation of people who seek care and have symptoms consistent with TB. However, many
people with TB remain undiagnosed or are diagnosed and treated only after long delays [1].
A large proportion of persons with active TB do not have classical TB symptoms, while TB abnormalities can
be detected early in the disease course with the help of chest radiography (CXR) [5]. However, access to
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FIGURE 1 Chest radiography (CXR) with computer-aided detection (CAD) used as a triage test (a) or for systematic screening (b).

high-quality radiography with expert interpretation is limited in many settings, and high hardware costs as well
as infrastructure requirements make it challenging to decentralise the technology [6]. For this reason, as well as
concerns due to low specificity of CXR-based TB diagnosis and high intra- and inter-reader variability,
previous WHO recommendations for resource-limited settings emphasised CXR to be used primarily when
pulmonary TB cannot be confirmed bacteriologically, thus at the end of diagnostic algorithms.
Recently, however, CXR has been promoted as a useful tool that can be placed early in systematic
screening (i.e. for patients who do not actively seek medical care but are at risk of having TB), and in
triaging algorithms (i.e. among patients who present to care with symptoms) to identify those who need
confirmatory laboratory testing (figure 1) [7]. An important reason for re-evaluating the role of CXR is the
increased availability of digital radiography which presents numerous advantages over conventional
radiography, such as lower running costs, better image quality, and better safety [8].
Radiography access has improved, but human resources for reading radiographs are still limited, especially in
rural areas in resource-limited countries [9]. One potential solution is computer-aided detection (CAD),
which is the use of computer programmes that analyse CXR for the presence of TB-compatible abnormalities.
CAD could aid or replace radiologists or other health care staff reading radiographic films, and thus help
realise the potential of rapidly scaling up digital radiology for TB systematic screening, and triaging [7].

Current landscape of radiography and computer-aided detection
To date, the only commercially available CAD programme evaluating TB on CXR is CAD4TB, a
proprietary software owned by Delft Imaging Systems (Veenendaal, the Netherlands). Image interpretation
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FIGURE 2 a) Inside a mobile tuberculosis screening truck fitted with a digital radiography machine in Karachi,
Pakistan. Image courtesy of Interactive Research and Development, Aamir J. Khan. b) Screenshot of CAD4TB
CXR analysis. Image courtesy of Interactive Research and Development, Arman Majidullah.

with CAD4TB is based on machine-learning methods. The programme analyses radiography image
characteristics, and, using distributions developed from a set of training images, produces an abnormality
score ranging from 0 to 100 (higher scores suggest greater likelihood of TB) (figure 2).
Clinical decision making requires categorical interpretation of radiographic abnormalities; hence, to
operationalise the continuous abnormality score in a clinically meaningful way, a “threshold score” needs
to be chosen: TB is ruled out if a radiograph’s abnormality score is below this threshold, whereas
TB remains possible if the score is equal to or greater than this threshold. Currently, the developer does
not recommend a threshold score, instead users are advised to choose their own based on available
data from the intended use population. The challenges and potential limitations of this approach are
discussed below.
Other CAD solutions in development include CADx (Advenio, India). CADx, similar to CAD4TB, is
hardware neutral. Another group has recently evaluated software programmes that use deep learning
algorithms, GoogleNet and AlexNet, with promising results in a case–control design diagnostic study [10].
All solutions, in their current form, have been developed to assess the likelihood of TB but do not
explicitly offer information about other lung findings and conditions.

Evidence on currently available computer-aided detection solutions
To inform WHO guidance on CXR in TB detection, we recently conducted two systematic reviews of the
evidence base as of July 2016 addressing the diagnostic accuracy of CAD4TB for microbiologically
confirmed pulmonary TB, with the second review also including unpublished studies [7, 11]. No published
studies are available for CADx from Advenio to date. We identified nine studies that provided data on
diagnostic accuracy compared to a microbiological reference standard of culture or nucleic acid
amplification test (NAAT). CXR was used to evaluate persons seeking care with symptoms of presumptive
TB, i.e. a triage use-case, in six studies, and for systematic screening regardless of symptoms (e.g. in active
case finding or prevalence surveys) in three studies. Hereafter, we will use the terms triage versus
systematic screening to separate these two main use cases.
The review suggested the CAD4TB software is capable of achieving a high sensitivity but at the cost of a
low specificity for the triage use-case, i.e. sensitivities of >85% were associated with specificities ranging
from 23% to 69%; and that there were too few screening use-case studies to confidently estimate diagnostic
accuracy in that scenario. Importantly, the review identified a number of limitations that could have
resulted in a biased assessment of diagnostic accuracy, and limited the generalisability of the findings
(table 1). One overarching concern was that several versions of CAD4TB exist, and that the evidence base
for recent versions, in particular, consists only of a small number of studies. Another broad concern is that
most studies have not evaluated the performance of CAD4TB when it is operationalised the way it will
most likely to be used in the field. For example, in two out of the three systematic screening studies, the
accuracy of CAD4TB was retrospectively evaluated only on a subset of individuals who were symptomatic
or in whom human readers had identified radiographs as abnormal; hence, these studies are not applicable
to situations where the software will be applied for systematic screening.
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TABLE 1 Limitations observed in CAD4TB evidence-base
QUADAS-2
Domain

Limitations observed in CAD4TB evidence
base

Published and unpublished studies
affected by limitation (number of
studies with major concern/total)

Patient
selection

Exclusion of participants
Potential biased assessment of
diagnostic accuracy
Limited generalisability to how software
will be used in the field
CXR for training, and evaluation of accuracy
originate from same dataset
Potential biased assessment of
diagnostic accuracy
Limited generalisability to how software
will be used in the field
Threshold score not pre-specified
Potential biased assessment of
diagnostic accuracy
Limited generalisability to how software
will be used in the field
Composite reference standard
Potential biased assessment of
diagnostic accuracy
Use of NAAT as reference standard
Potential biased assessment of
diagnostic accuracy due to limited
sensitivity for smear-negative TB

Systematic screening (2/3)
Triage (1/6)

Index test
(CAD4TB)

Reference
standard for
TB

Systematic screening (1/3)
Triage (2/6)

Systematic screening (2/3)
Triage (4/6)

Systematic screening (0/3)#
Triage (1/6)
Systematic screening (0/3)#
Triage (3/6)

TB: tuberculosis; CXR: chest radiography; NAAT: nucleic acid amplification test. #: microbiological tests
were used to diagnose TB in all persons with symptoms or human-reader identified radiographic
abnormalities; asymptomatic persons with radiographs interpreted as “normal” were assumed to not have
TB, and did not undergo microbiological testing.

A strength of the evidence base is that most triage studies used either culture or NAAT as the reference
standard to diagnose pulmonary TB. In one triage study, a composite of microbiological tests and clinical
follow-up data was used as the reference standard for ruling out TB, this was identified as an important
source of potential bias as it resulted in a large proportion of persons being excluded from analyses of
diagnostic accuracy because they did not present for follow-up [12]. In systematic screening studies,
microbiological tests were used to diagnose TB in all persons with symptoms or human-reader identified
radiographic abnormalities, but asymptomatic persons with radiographs interpreted as “normal” were
assumed to not have TB without undergoing microbiological tests. We did not consider this to be an
important source of bias as the likelihood of false-negative classification of the untested subset was
considered quite low in the context of screening.
There has been substantial variability in how threshold scores were selected. In the majority of systematic
screening, and triage studies, investigators either reported the diagnostic accuracy across a range of
threshold scores, or retrospectively selected a score that matched the performance of a human reader.
Other studies chose to define the threshold using a training set of CXRs from the larger validation set. For
research use, such approaches are valid, however, for a diagnostic test, pre-specified thresholds are needed.
The requirement that each CAD4TB user identify an adequate threshold using a training set of local
radiographs prior to use of the software will be difficult to operationalise while avoiding potential biases
arising from the selection of radiographs for the training set, choice and use of reference standards, and
insufficient power to ensure precision of estimates of diagnostic accuracy measures.
Pre-specified threshold scores for the different use cases will need to be determined on sets of CXRs that
adequately represent the patient populations, chest pathology and differential diagnoses found, and that
have not been used for training of the software. The currently published and unpublished evidence does
not meet these criteria as shown by the high prevalence of TB (i.e. 15–60% in triage studies and in
systematic screening studies 2–4%), and of HIV (e.g. in four of the six triage studies 33–68%), thus results
cannot be generalised across populations. Finally, little data are available on whether patient characteristics
modify the software’s accuracy, most notably, age, gender, HIV status, previous history of active TB,
co-morbidities and smear status.
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Based on the limited number of studies, and the methodological issues outlined above, the WHO has not
yet started a process to develop guidelines on CAD for TB detection. The 2016 document summarising
current WHO recommendations on CXR suggested for CAD to be used for research, ideally following a
protocol that contributes to the required evidence base for guideline development [7].

The ideal computer-aided detection solution
The characteristics of an ideal CAD solution have been identified with input from experts in the field. The
ideal CAD solution should not only indicate possible TB but also identify other abnormalities that require
further clinical workup (e.g. cardiomegaly, lung nodule, interstitial patterns). A categorisation of
“abnormal – likely TB” versus “abnormal – unlikely TB” versus “normal” should be possible at a
minimum. This would overcome ethical concerns of the use of CAD4TB instead of a human reader, in
patients who present with symptoms, and are identified not to have TB on CAD4TB systematic screening,
but require further assessment for pathologies present on radiography. Furthermore, thresholds of CAD
should be predefined to optimise performance across the two use cases.
A CAD solution should be easy to use, ideally by a minimally trained healthcare worker (with less than
1 day of training). Performance characteristics for the detection of pulmonary TB (TB) in adults and
children should be similar to those currently reported with human readers across the two use cases [13].
The CAD solution should be able to interpret images from different CXR devices, and different
populations without changes in accuracy. The software should either be able to identify quality issues with
the CXR, and indicate them to the user or at a minimum the developer should offer an assessment of
radiograph quality, and suitability for use with the CAD solution prior to use for clinical care. The CAD
solution should be able to transmit images for telemedicine consultations with experts if the need arises,
and do so through secure means that protect patient confidentiality.
The throughput should be at least one radiograph per minute, and optimally faster. The interpretation
should be less than 1 USD per image, which would amount to a monthly cost of around 480USD if the
software were utilised to evaluate, on average, 20 patients per day, 6 days per week.

Research questions to be addressed for policy guidance
Several key questions need to be addressed for CAD to be used as a clinical aid.
In order for CAD programmes that produce continuous abnormality scores, such as CAD4TB, to be used
as a diagnostic test, and not for research only, a threshold needs to be predefined. Thresholds might differ
across use cases as it is expected that in the context of systematic screening, CXRs would have minimal
pathology, while in the context of triage testing, more substantial lung findings would be present.
Thresholds can be specified on sets of CXRs that adequately represent the populations for the different use
cases. The sets of CXRs need to contain key populations as characterised by HIV status, age, gender, prior
TB, co-morbidities (e.g. obstructive lung disease, silicosis), and smear status in order to guarantee
generalisability of the data within these groups.
The performance of CAD against human readers is important for implementation decisions, even though
it is challenging to measure due to variability in the characteristics of human readers. Ideally, a
comparison is done against well-trained radiologists; however, implementation decisions need to consider
that availability of radiologists is limited, and often much less trained providers end up reading a CXR.
Depending on the use case, one can also expect different performance of readers (in the field for
systematic screening versus in the hospital for a triage use case). A comparison to human readers therefore
should specify the training level of the reader, and ideally include both well-, and less trained readers.
With predefined thresholds, CAD will be able to mimic a binary or categorical interpretation of results,
similar to what human readers use in clinical settings.
As a software solution, version updates need to be expected more frequently than is the case for in vitro
diagnostics, and a rapid review of comparative performance needs to be feasible to make recommendations
on the suitability of a new version. Regulatory bodies such as the Food and Drug Administration have
provided guidance on this topic, and allow for reporting of performance on a predefined CXR image bank
that is housed with the manufacturer [14]. In order to allow for comparability of data across different
CAD solutions, and different versions of one solution, a predefined CXR image bank that allows for the
assessment across key populations would better be housed with an independent, neutral organisation (such
as WHO or a WHO collaborating centre).
Crucially important for the implementation of CAD is the recognition that CXRs are used for non-TB
lung diseases. Thus, the clinical impact of a solution that is TB focused needs to be considered. In the
context of the systematic screening use case, a CXR that identifies TB early can help prevent transmission
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FIGURE 3 Strategies to inform guidance development and implementation of computer-aided detection for pulmonary tuberculosis.

prior to presentation to care. One can argue that missing other diseases in this context is not as harmful
as the patient has not been seeking care. Nevertheless, a solution that does not pick up, for example, a
bone mass or a lung cancer nodule, might miss an opportunity for early intervention and give a patient
false reassurance. For patients who seek care because of symptoms (i.e. triage use case) the limitation of
only identifying TB versus non-TB could weigh more heavily. It would be paramount for a CAD solution
to trigger further workup by identifying an abnormality even if it is unlikely to be TB. In the absence of
the ability to make the call “abnormal – unlikely TB”, all CXRs would have to be read by a radiologist in
addition to CAD. This could have implications on cost-effectiveness. Similarly, because some CXRs lesions
that are compatible with pulmonary TB could in fact be due to cancers or infections other than TB (e.g.
cavities, nodules, pleural effusions), guidance will be needed about what clinicians should do for patients
flagged by CAD4TB to have a CXR that is “abnormal – likely TB” but in whom microbiological tests do
not identify pulmonary TB. Hence, safety, and ethical concerns need to be considered if issuing
recommendations about use of TB-centric CAD if results are not verified by of human readers.
A number of implementation, and economic issues will also need to be considered to ensure acceptability,
as well as equitable, and sustainable usage: these include costs of the software, updates, and different
payment models.

Different strategies to address the research questions
We propose two strategies that could be used to generate the necessary evidence to answer the above
research questions (figure 3).
Strategy 1: assessment in a standard panel
As in the case of standard sample panels that are available for test validation, we propose to assemble a
bank of digital CXR files that has 1) representative spectrum of TB pathology [15]; 2) representative
pathology of differential diagnoses [16]; 3) representative distribution of patients according to gender,
HIV-status, age, and geographic origin; and 4) representative patient groups for the two different use cases
of triage and systematic screening. This “standard panel” will be housed independent of CAD
manufacturers/developers at WHO or a WHO collaborating centre. It will serve the purpose of evaluating
available CAD solutions, and future versions of the same software, as well as allow for comparative
assessments of novel CAD programmes. This assessment on a standard panel will be complimentary to an
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TABLE 2 Study designs to evaluate diagnostic accuracy of computer-aided detection (CAD) programmes
Study characteristic

Ideal

Acceptable

Study population

Broad eligibility criteria to enhance generalisability.
Sufficient sample size to permit stratified analyses by
key characteristics.
Should not have contributed CXR for developing/training
CAD software that is under study.
Prevalence of TB in study population should reflect that
expected in similar use-case settings.
Minimise exclusion of participants.
Report number of persons screened for eligibility,
ineligible for enrolment, and enrolled.
Report reasons for ineligibility.
Prospective or retrospective study of diagnostic accuracy.
CAD programme should be used how it will be used in
the clinical context (including additional procedures,
e.g. verification procedure prior to use of the software).

Limited to specific high-risk groups, or key populations.

Participant selection

Design

Reference standard

Comparison to human
readers

Index test

Test performance and
interpretation

Microbiological reference standard of solid, and/or liquid
cultures performed on all participants regardless of
CXR result.#
A combined clinical and microbiological reference
standard can be considered. Here it is important that
the final classification of patients should be well
standardised or performed by an expert group that is
blind to the CAD result. A microbiological reference
standard should always be reported in addition.
A comparison to a human reader should be reported.
Human readers should:
Be blind to results of CAD, and microbiological tests
when interpreting CXR;
Use simple two or three category readings [15].
Study should report training, and years of experience
with radiographic reading of the human readers.
For each category of experience, there should be more
than one human reader (e.g. at least two experts, at
least two non-experts).
Inter-reader reliability should be reported.
CAD solution should not have been developed/trained
with CXRs from population being studied.

Evaluate a pre-specified threshold score that is
recommended for use in similar settings.
Explore diagnostic heterogeneity arising from age,
gender, HIV-infection and CD4 count, and smear
status.

Minimise exclusion of participants.
Report number of persons screened for eligibility,
ineligible for enrolment, and enrolled.
Cross-sectional study of diagnostic accuracy.
If data from other studies are retrospectively used to
study a CAD solution, investigators should report how
data were collected in the original study, the criteria
for selecting data for the CAD evaluation, and the
number of participants from the original study whose
data were excluded.
CAD programme should be used how it will be used in
the clinical context (including additional procedures,
e.g. verification procedure prior to use of the software).
Microbiological reference standard of NAAT performed
on all participants regardless of CXR result.
For systematic screening use-case only: liquid culture or
NAAT performed on participants with a CXR classified
as abnormal by a human reader, whereas pulmonary
TB is assumed absent in CXRs classified as normal by
a human reader.¶

A comparison to a human reader should be reported.
Human readers should:
Be blind to results of CAD, and microbiological tests
when interpreting CXR;
Use simple two or three category readings [15].
Study should report training, and years of experience
with radiographic reading of the human readers.
Inter-reader reliability should be reported.

Report if study site contributed CXRs for developing or
training CAD programme, the number of CXR used,
and whether this could affect generalisability of study
results to sites where CXR have not contributed to
software development or training.
Report accuracy measures across a range of
pre-specified threshold scores.
Explore diagnostic heterogeneity arising from
HIV-infection and smear status.
Continued

analysis of existing published data in a systematic review (ideally an individual patient data meta-analysis
utilising the latest version of the CAD software).
The digital CXR files for this standard panel could be sourced from: 1) completed or ongoing studies that
utilise digital CXR either in a triage or systematic screening use-case, and perform the required reference
standard as defined below (but are not utilising an existing CAD software to avoid that developers access
the files for software training), 2) TB prevalence surveys or 3) an imaging bank of existing digital CXR
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TABLE 2 Continued
Study characteristic

Ideal

Acceptable

Detection of important
non-TB
abnormalities

Include an assessment of the sensitivity of the CAD
solution (compared to human readers) for identifying
important non-TB abnormalities, defined as a
radiological finding that could require treatment (e.g.
bacterial pneumonia) or further clinical, and
radiological follow-up (e.g. lung nodule/mass, pleural
effusion).
The reference standard for important non-TB
abnormalities should be a panel composed of at least
a radiologist and a clinician blinded to CAD results.

Include an assessment of the sensitivity of the CAD
solution (compared to human readers) for identifying
important non-TB abnormalities, defined as a
radiological finding that could require treatment (e.g.
bacterial pneumonia) or further clinical, and
radiological follow-up (e.g. lung nodule/mass,
unfolded aorta, pleural effusion).
The reference standard for important non-TB
abnormalities is a single specialist physician.

CXR: chest radiography; TB: tuberculosis; NAAT: nucleic acid amplification test. #: a microbiological reference standard is preferred over
human-interpretation because the role of CXR in TB diagnosis is to select persons to undergo microbiological testing. Studies assessing the
accuracy of CAD for detecting microbiologically confirmed TB provide evidence that is directly applicable to its role in the field, whereas studies
using human reading as a reference standard provide evidence that is indirect, and less generalisable. ¶: due to large sample sizes of
systematic screening studies, it may be unfeasible to perform a microbiological test on all participants; hence it would be reasonable to use a
human-reader interpretation of a CXR as normal as the reference standard for absence of pulmonary TB. In such studies, the human reader
should have been instructed to “over read” CXR to lower the false-negative rate.

files with appropriate pathology of TB, and differential diagnoses (e.g. International Organization for
Migration database).
Strategy 2: assessment in appropriately designed, and representative prospective studies
The second strategy would involve identification of planned or ongoing trials to integrate an evaluation of
CAD, or undertaking new studies. The design considerations should follow those suggested below. The
second strategy could be complimented by an analysis of a standard panel.
An expert group commissioned by the WHO is currently in the process of evaluating the feasibility, and
timeline of these strategies. While the first strategy is conceivable possible within months, the second
would require at least 1.5 years (figure 3).

Suggested design elements for studies evaluating computer-aided detection
For all future studies of CAD solutions, investigators should consider certain design characteristics
that we have enumerated in table 2, that will help to ensure that data generated are most informative
for implementation purposes. We have focused on features that will minimise potential for bias, and
increase the generalisability of the evidence-base. Reporting should follow guidelines for reporting
diagnostic accuracy studies [17]. Table 2 is limited to studies of diagnostic accuracy; however, additional
studies, and modelling are needed to inform guidance for best scale-up. Implementation studies and
transmission modelling should inform best strategies to ensure maximal impact, for example, in the
context of systematic screening within high-risk groups or infection control in the hospital setting through
early triage of high-risk patients. Furthermore, studies should assess the cost-effectiveness of CAD in
isolation but also within implementation strategies [18, 19]. Ideally, implementation studies would
compare CAD against alternative solutions (e.g. tele-radiology), and against the status quo in different
contexts [20].

Conclusions
CAD solutions might offer an opportunity to expand the use of CXR to improve case finding, infection
control, and reduce the cost of case detection within triage algorithms. Further evidence is needed to guide
the use of CAD in clinical care to assess its performance, ensure it meets ethical standards, and ensure the
highest impact.
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