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About the guide

This guide provides practical guidance on how to implement computer aided detection (CAD)
technology and ultra-portable digital X-ray systems for TB screening and triage. It includes
advice on how to convert World Health Organization (WHO) policy guidance into a practical
implementation plan, building on initial field experience gained by early implementers. This
experience is presented in several case studies that identify lessons learned and challenges
that arose. This guide offers various technical explanations of the newly added products
available inthe St op TB P a iGbaleDrug Facilityd(6€DF) catalogue and relevant
implementation resources, including a high-level checklist of vital implementation steps and
budgetary considerations, technical specifications for use during procurement, and checklists
for site assessment.

The guide is structured so that:

1 Chapter 1 provides an overview of CAD technology, including the place of CAD in
diagnostic algorithms, international policy on the use of CAD, the technology behind
CAD, an overview of the CAD product landscape, and how to understand the output
of CAD 1 and CAD accuracy.

1 Chapter 2 discusses key implementation considerations when deploying CAD
technologies, including the hardware, software, server and internet requirements. This
chapter describes the selected CAD productsi ncl uded in Stop TB Part
catalog and pricing information.

1 Chapter 3 introduces ultra-portable X-ray systems available through the GDF
procurement mechanism, discussing the core components and accessories, key
implementation considerations including portability, electrical power, console and
radiation safety. This chapter also discuss all the configurations and pricing of
integration of the CAD software with the ultra-portable X-ray systems (with a
comparison of all possibility hardware and software combinations).

1 Chapter 4 describes key programmatic steps and considerations for the
implementation of CAD and ultra-portable X-ray systems, including situation
assessment, stakeholder framework, registration, site preparation and assessment,
data privacy and security, installation, training and capacity building as well as
monitoring and evaluation. The chapter also introduces several resources (provided
below as annexes to this guide) that will help implementers to follow the relevant
recommendations.

1 Chapter 5 provides a closer look at threshold score selection strategies for CAD
software users and details several alternative strategies for consideration.

1 Chapter 6 highlights the experiences of some early implementers of CAD with ultra-
portable X-ray systems.

The guide will be periodically updated to reflect product updates, ongoing experience, and to
include any relatively straightforward techniques and tools that could be more widely adopted.
Please contact the authoring organization to suggest any contributions to this guide.

Target audience

The guide is for use by health officials, programme managers, testing site managers, IT
professionals, radiologists, radiographers, clinicians 7 working nationally, regionally, or at
individual sites i as well as technical partners and donors.
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About Stop TB Partnership

The Stop TB Partnership is a unique United Nations hosted entity based in Geneva,

Switzerland, committed to revolutionizing the tuberculosis (TB) space to end the disease by

2030. The organization aligns more than 2,000 partners worldwide to promote cross-sectoral

coll aboration. The Stop TB Partner s hbutmeassiredv ari ous
risks to identify, fund and support innovative approaches, ideas, and solutions to ensure the

TB community has a voice at the highest political levels and that all TB-affected people have

access to affordable, high quality, and people-centered care. Learn more at www.stoptb.org

and follow us at @StopTB.

The Stop TB PRREAQH eswbilishgdavih an initial award from Global Affairs

Canada in 2010, has funded ground-breaking approaches and technologies to support the

Stop TB Partnershi pds ¢ lhldebhadlogianisugtsas GAD,andiultras | udi ng
portable digital X-ray systems. TB REACH combines fast-track, results-based financing and

rigorous, external monitoring and evaluation, so that other donor agencies and national
governments can scale up successful approaches and maximize their own investments.

The Stop TB Par t n e ihal Hedlth Technology Hub (DHT Hub), a unifying virtual
platform that brings together the organizati oni
technology space to support the achievement of the United Nations High-Level Meeting on

Tuberculosis (UNHLM on TB) commitments and targets.
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Chapter 1 Computer-Aided Detection of TB

There is a large, persistent gap in global TB case detection. In 2019, an estimated 10 million
people fell ill with TB globally, but only 7.1 million of these people were diagnosed and
notified.? Chest X-ray (CXR) is a recommended and commonly used tool for case detection,?
but its effectiveness in resource-constrained settings is hampered by limited specificity,
significant inter- and intra-reader variability and lack of reproducibility, as well as a lack of
access to sufficiently trained radiologists.?

Computer-aided detection (CAD) presents an opportunity to improve the detection of TB by
circumventing inefficiencies in the interpretation of CXR images, automating and standardizing
X-ray interpretation, and supplementing existing human health workers. When used in
combination with ultra-portable X-ray systems, the promise of CAD technology can be
extended to hard-to-reach key populations (see Chapter 3).

This chapter begins by examining global policy on the use and role of CAD in TB diagnostic
algorithms before shedding some light on the artificial intelligence (Al) technology behind CAD
(Section 1.2, which readers may choose to skip). Finally, the chapter introduces CAD products
(their input, output, and integrations), as well as concepts referred to throughout the guide,
before discussing the validation thus far of CAD.

Section 1.1. Global Policy and Use Cases of CAD Software Programmes

In March 2021, the World Health Organization (WHO) recommended for the first time that
CAD software programmes may be used in place of human readers for the interpretation of
digital CXR in screening and triage for TB disease:* AWHO recommends that CAD may be
used for the interpretation of antero-posterior or postero-anterior views of digital plane CXR
for pulmonary TB in individuals aged 15 years or more. This recommendation applies to
software brands that are found by external evaluation to perform at least as well as the
products reviewed by the Guidelines Development Group in 202041

10. Among individuals aged 15 years and older in populations in which TB screening is
recommended, computer-aided detection software programmes may be used in place of
human readers for interpreting digital chest X-rays for screening and triage for TB disease

(new recommendation: conditional recommendation, low certainty of evidence).

However, it must be borne in mind that there is insufficient evidence to support the use of CXR

alone for TB diagnosis. It therefore clearly follows that, although CAD software offers a

valuable tool for the interpretation of CXR, it cannot be relied upon 7 alone i as a diagnostic

tool. All diagnostic decisions should be confirmed by bacteriological testsandap hy si ci ano6s
review of all clinical evidence.

Position of CAD in the diagnostic algorithm

The WHO recommends that CAD can replace a human reader in two broad contexts:
for screening, and for triage.*® In both, the end goal is the same, namely, that CAD be used
to establish whether or not an individual should receive confirmatory diagnostic tests.

1 From WHO Consolidated Guidelines on Tuberculosis Screening
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Screening: CAD can be a valuable tool for screening individuals with or without symptoms or
significant risk factors for TB, as in prevalence surveys or active case finding situations.
Screening often involves the search for early disease in populations with a low risk of having
TB and/or poor access to health services.

Triage: Triage tests are used in people with TB symptoms, signs, risk markers and/or test
results, generally among those seeking medical attention in healthcare facilities or referred
through screening or contact investigation.

Other use cases where CAD can work with human readers

Al is commonly described as a way to replace human health workers. Such a view is rather
simplistic, however, and this guide does not endorse it as an ambition. On the contrary, it is
important to acknowledge that there are multiple potential synergies between radiologists and
CAD. For example, CAD can:

help radiologists optimize their workflow,

alert human readers to abnormal images requiring prioritization,
perform pre-reading assistance,

provide reporting assistance, and

provide quality control,

assist teleradiology and telemedicine service.

= =4 =4 -4 -4 -4
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Section 1.2. Basic Artificial Intelligence Principles

This section tackles the basic concepts behind Al, machine learning, and CAD. Inevitably, this
borrows heavily from computer science and statistics, so readers concentrating on the public
health and implementation aspects of this technology may choose to scroll down to Section
1.3.

First, a few basic concepts must be introduced:

Artificial Intelligence (Al)

At its simplest, Al is intelligence demonstrated by machines (whether software or hardware).
It fallsintot wo categori es: Yy@erearad lo, Alor ( dlnsaad rlomvown a
which aims to replicate the complexity of human consciousness, is essentially a philosophical
construct enthusiastically explored in science fiction. By contrast, narrow Al, the type
increasingly applied in practical applications, works on a particular task, such as driving a car.
It attains that kind of capability after flearningd from huge datasets (machine learning, see
below). Narrow Al is increasingly common in transport, finance, education and healthcare.”®
Common uses include self-driving cars, personalizing film and music recommendations, or
the discovery of treatments and drugs. Following approval by the WHO in 2021, narrow Al is
increasingly used in the context of TB context for the detection of abnormalities on chest X-
rays. There are also a number of other Al-based technologies already used in radiology for
applications unrelated to TB (for X-ray, CT or MRI scans).

Machine Learning

Machine learning is a field of computer science that uses statistical techniques to enable
computer systems to Alearnd from training dat a,
specific tasks.®

Deep neural networks

At the heart of much modern CAD software is a type of machine learning technique known as
deep (learning) neural networks. Since 2012, when impressively accurate image recognition
was achieved by a special configuration of deep neural networks known as AlexNet, this
approach has become the default for all tasks involving image processing and analyzing.

Compared to more traditional techniques such as linear and logistic regression, or decision
trees, neural networks are distinguished by multiple layers of calculations and a large number
of dimensions. This complexity increases their opacity: the difficulty of interpretability for
scientists keen to define, and ideally explain, the nuts and bolts of the final decision process.
Any perceived mystery ascribed to Al derives from that opacity.

A detailed explanation of how deep neural networks function can be found in Annex 1.

What can neural networks predict?

In medical imaging, there are three types of tasks to which a deep neural network can be
applied: classification, detection and segmentation (see Box 1).°
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Box 1: Different use categories of Al in medical diagnostics

1) Classification
This is where the Al has a pre-defined set of categories into which it must
classify the image, including the presence or absence of abnormality, or the
type of abnormality, or whether a patient will respond to treatment.

If the prediction is a continuous value, such as when predicting antibody
titres, or laboratory values, this is termed regression.

2) Detection
This is the detection, and prediction, of locations of points of interest on
images, where output is presented in the form of points, regions, or bounding
boxes.

3) Segmentation
This is the delineation (i.e., outlining) of abnormalities in structures of interest
at the level of the pixel. These can be used to map the surface of points of
interest in the body when planning for virtual surgery, for example, or
radiation therapy.

Instance
Segmentation

——— -

Classification Object Detection

CAT, DOG, DUCK CAT, DOG, DUCK

Image taken from the internet
Most commercial CAD products for TB can perform classification (such as whether TB-
related abnormalities are present or absent) and detection (providing a heatmap indicating
location of abnormalities). Please see for Section 1.4 for more detail on understanding CAD
outputs.
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Section 1.3 CAD Product Landscape

A recent landscape review led by the Stop TB Partnership and the Foundation for Innovative
New Diagnostics (FIND) identified a total of 28 CAD developers and 12 TB-specific products
already on the market (as of March 2021).1° The results are published on the www.ai4hlth.org
website, which contains detailed and regularly updated information on available CAD products
for TB. As of publication, the TB-specific CAD products with a CE-mark are: AXIR from
RadiSen (South Korea), CAD4TB from Delft Imaging (Netherlands), InferRead DR Chest from
Infervision (China), JVIEWER-X from JLK (South Korea), Lunit INSIGHTCXR from Lunit
(South Korea), and gXR from Qure.ai (India)!®! (Figure 1).

Figure 1 Commercial Al products for TB available on www.ai4hlth.org

|
ARTELUS nesér(g[u‘ @ DELF Dr CADx
\ =/ IMAGING
|
= ] e ] [mes ]
Certification: Certification: Certification: Certification:
Pending Pending (expected Q2 CE-marked Pending |expected in 2021)
Development Stage: 2021) Development Stage: Development Stage:
Validation Development Stage: On the market Validation
Intended Age Group: On the markst Intended Age Group: Intended Age Group:
18+ years Intended Age Group: 4+ years 16+ ysars
14+ years
o . b W gt
EPCON £ infervision )5 sET 1 K«é
XrayAME InferRead DR Chest JFCXR1 JID02K (IVIEWERX)
Certification: Certification: Certification: Certification:
Pending (expected Q1 CE-marked Pending (China NMPAier 3 CE-marked, Korea FDA,
2021) Development Stage: expected in mid-2020) Australia FDA
Development Stage: On the markst Development Stage: Development Stage:
On the market Intended Age Group: On the market On the market
Intended Age Group: 15+ years [opproved), 12- Intended Age Group: Intended Age Group:
18+ years 18 years 15+ years 10+ years
. " : .
«”Lunit qure.al RadiSen
woros ——
Certification: Certification: Certification:
CE-marked CE-marked CE-marked
Development Stage: Development Stage: Development Stage:
On the market On the market On the market
Intended Age Group: Intended Age Group: Intended Age Group:
14+ years &+ years [approved), 2+ 16+ years
years
M AN AN S

The landscape of CAD products for TB is rapidly growing, and innovative new products are
expected to either reach the market or receive certification later in 2021. The www.ai4hlth.org
website will continue to be the most up-to-date resource.

Common Product Characteristics
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As the CAD market for TB expands, it is possible to identify some characteristics common to
all products. Together, these offer a snapshot of how CAD is operationalized (see Figure 2).

Input

Aall products read either antero-posterior or postero-anterior CXRs.

Aviost products have flexibility with regard to file input type, parsing a
combination of DICOM, PNG and JPEG, usually all three.

Output

ROutput varies slightly between products, but always includes a
classification (TB-abnormalities present or no TB-abnormalities
present) and a numerical abnormality score, as well as a heatmap or
a similar format.

AProducts also provide abnormality scores for a number of
recognized abnormalities.

AOutputs are commonly presented in a structured 'radiologist-style'
report.

Integrations

AVlost products can integrate with X-ray platforms of any brand or
model, but some may require validation with the equipment.

AViost products can integrate with health facility picture archiving and
communications systems (PACS) and radiological information
systems (RIS).

Deployment

Aall products are designed for online deployment.
£Offline products are increasingly common.

Figure 2 Common characteristics of CAD products.
Input

Once properly installed, input X-ray images pass automatically from the X-ray system to the
computer where the CAD product is installed. CAD products are designed to read CXR images
in common image file formats, including DICOM (Digital Imaging and Communications in
Medicine), JPEG, and PNG. Almost all products can read either antero-posterior (AP) or
postero-anterior (PA) CXRs.

Output

CAD software analyzes input images to produce a series of interpretable outputs. As a
minimum, CAD output consists of an abnormality heatmap, a number (the abnormality score)
and/or dichotomous decision: i T-Bel at ed abnor mal it i &mtnpmbesent
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conveys the likelihood that the image being analyzed contains abnormalities associated with
TB. Output may be structured in formats familiar to clinicians, such as radiology-style reports,
and can be customized to suit the diagnostic processes at the implementation site.

CAD output is discussed in more detail in Section 1.4.
Integrations

Most CAD products are X-ray system vendor neutral. The CAD may also be integrated with
an archiving system for the automatic storage of CAD outputs. In fact, most CAD products
support integration with a picture archiving and communications system (PACS) and a
radiological information system (RIS).

Deployment

Online (cloud-based) CAD products are the most common. With these, the user needs the
internet for the transmission of a digital CXR to a dedicated server, where the Al performs the
analysisbef ore sending t he rcengputdr.tThelsavericantea cloud er
physical server that may or may not be located in the same country as the user. CAD products
can also be deployed as an offline product, and this mode is increasingly becoming available
for settings with an unreliable or absent internet connection.

For a summary of the specifications of the current available products, please refer to Table 1
(for those already CE-marked), and Table 2 (for those pending certification), both derived from
www.ai4hlth.org.
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Table 1. Summary of product characteristics for CAD software on the market with CE mark

Developer Delft Imaging | Infervision JLK Lunit Qure.ai RadiSen

Systems
Product CAD4TB InferRead DR Chest | JLD-02K (JVIEWER- | Lunit INSIGHT CXR | gXR AXIR

X)

Version 7 1.0 1.0 3.1.0.0 3.0 1.1.2.2
Based in The Netherlands China South Korea South Korea India South Korea
CE Mark? n (for version 6) n n n n n
Target population | 4+ 16+ 10+ 14+ 6+ 16+
(age range) 3
Input PA CXR AP/PA CXR AP/PA AP/PA AP/PA PA CXR
DICOM n n n n n n
JPEG n n n n
PNG n n n n
Output
Score for TB n n n n n n
Heatmap n n n n n n
Binary O0TBn n n n n n
Deployment Online and offline Online and offline Online and offline Online and offline Online and offline Offline
options
Developer- n X n n n n
recommended

threshold score?

Note: AP = antero-posterior, PA = postero-anterior, PACS = picture archiving and communication system, CXR = chest X-ray

Data extracted from www.ai4hlth.org on 14 April 2021. At time of publication this data was correct, regular updates are provided, and updated information

is available first on ai4hlth.org.

2 CE mark (Conformité Européenne)i ndi cati ng a
3 Manufacturer-designated age range. The World Health Organization only approves the use of CAD software for individuals aged 15+.

product 6s

c o n f o rdirectiveg orstantdalhds. Eur op e an

Economi c

Ar ea
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Table 2. Summary of product characteristics for CAD software on the market awaiting CE mark

Developer Deeptek Epcon JF Healthcare
Product GENKI Xray AME JF-CXR-1
Version 2.0 1.0 3.0

Based in India Belgium China

CE Mark? Pending Pending Pending
Target population and | 14+ 18+ 15+

setting

Input AP/PA CXR AP/PA CXR PA CXR
DICOM n n n

JPEG X n X

PNG n n X

Output

Score for TB n n n

Heatmap n n n

Binary 6TB/ Nofinp n X
Deployment options Online and offline Online and offline Online and offline
Developer-recommended X n n

threshold score? ) )

Note: AP = antero-posterior, PA = postero-anterior, PACS = Picture archiving and communication system, CXR = chest X-ray

Data extracted from www.ai4hlth.org on 14 April 2021. At time of publication this data was correct, regular updates are provided, and updated information
is available first on ai4hlth.org.
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Add-on Features

In response to end-user feedback, manufacturers adapted their CAD products to improve
performance and expand functionality.

Examples of some additional features include:

1.

3.

4.

Generating results in standard radiology report formats: Updates create a more
user-friendly and interpretable output for radiologists. Reports may be generated using
customizable output fields.

Providing real-time data dashboards: Software packages that accompany CADs
increasingly provide a user-friendly visual overview of people who have been
screened, showing demographic and clinical data.

Ability to digitize analogue CXRs: Some solutions on the market can digitize CXRs
for optimal reading. Radiology technicians follow a step-by-step guide to place the
analogue CXR on a light box, and then position the image correctly within the margins
indicated on the app. As soon as the photo is taken, the application digitizes the
analogue CXR and links it to the CAD system.

Ability to detect an expanded range of diseases and abnormalities: Increasingly,
products can function far more like a human radiologist than did the simple TB-
detecting tools from which they have evolved. Some TB-CAD software products can
classify common CXR abnormalities, such as calcification, cardiomegaly, mass,
nodule, and pleural effusion, as well as bone and heart abnormalities. Although this
guide primarily considers CAD tools for TB, multi-disease CADs are also available.
This kind of development was exemplified by the adaptation in 2020 of some CADs to
enable them to detect COVID-19 infections. However, there is a lack of independent
evaluation data on the performance of CAD for differential diagnosis and how
accurately it localizes abnormalities. Which other non-TB abnormalities can be
reported on i according to the manufacturers of various CAD products i is outlined in
Table 3 (from data at www.ai4hlth.org accessed 14 April, 2021).

Pagel8of 115


http://www.ai4hlth.org/

Table 3. TB and non-TB abnormalities that current CAD software products report on, independent of score for TB.

Calcifica | Cardiom | Cavity Consolid | Fibrosis | Lympha | Mass Nodule | Opacity | Pleural Pneumo
tion egaly ation denopat effusion | thorax
hy
AXIR n n n n
CADA4TB*
Chest Eye n n n n n n n n n
GENKI n n n n n n n n n n
InferRead DR | n n ) ) n n n n n n
Chest ] . . . i i ] ] ] ]
JF-CXR n
JLD-02K n n n n n n n
Lunit INSIGHT CXR | n n n n n n n
aXR n n n n n n n n n
Xray AME*

*CADA4TB and Xray AMtay also consider some of the listed abnormalities in their score for TB but do not give a separate score for each ghnormalit

For the full list of abnormalities each TB CAD software can report on, please see www.ai4hlth.org

Disclaimer: there is a lack of independent evaluation data on the performance of CAD for differential diagnosis and how accurately it localizes
abnormalities.
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Section 1.4. CAD Output and How to Understand It

As discussed previously, most CAD software can perform classification (such as
abnormalities suggestive of TB being present or not) and detection (displaying a heatmap).
It is important to understand what an output generated by CAD software means i and what it
does not mean i when using it to inform important medical decision-making. This section
presents an overview of the TB-CAD software prediction, and how to understand it.

CAD Output
Output reports and interfaces differ from one CAD software product to another, but all will

generally provide:

1) A heatmap indicating the area of the chest where an abnormality is present
(Adetecti ono)

2) a numerical abnormality score, ranging from zero to one (or 0-100), for the
abnormalities or diseases it can detect, including TB and other lung abnormalities
( diiassification0;)

3) adichotomized (binary) classification of the abnormalities a CAD software can detect
(abnormalities suggestive of TB being present or not) based on the abnormality score
described above, which is modifiable;

4) An automatically generated standard radiology report (some software only).

® Q¢+ 0w B

Figure 3 Example Outputs from commercial TB-CAD software s according to www.ai4hlth.org.
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How to Interpret an Abnormality Score

TB-CADs are image classification algorithms because they read a CXR for abnormalities to
assign a classification of TB-suggestive abnormalities being present or not. This classification
is based on a score of between zero and one (or 0-100) that represents the likelihood of TB
being present in a particular CXR. The output of CAD is therefore continuous: the higher the
score, the higher the likelihood that the model assigns the image t o t h-suggésiivd®
abnormalities presentdo c at.egor y

The abnormality score should not be considered a probability. It is important to note that
abnormality scores are not necessarily linearly related to the objective probability of
the CXR containing signs of TB; nor are these scores standardized in the same way across
different CAD software products. TB likelihood is also independent of disease prevalence.
Thus, for example:

1 An image with a score of 0.4 is not necessarily twice as likely to contain TB as an
image with a score of 0.2.

1 Ascore of 0.5 from one CAD algorithm does not necessarily mean the same as a score
of 0.5 from another CAD algorithm.

Dichotomization

The abnormality score, described above, is a continuous numerical output that can be
translated into a binary classification by selecting a cut-off point on the abnormality score
(between zero and one), above which the fabnormalities suggestive of TB are presento
classification is assigned. A CXR with an abnormality score below the cut-off would be

assigned the fAabnor mal i t i elassifatighgTaisscorevseariausly T B
referred to asthet hr eshol d score, aupofd abri n @ c p Becausej n fi o

different commercial CAD software products have been developed independently, the
underlying neural networks are constructed differently and hence the distributions of
abnormality scores are not the same. Similarly, different versions of the same software can
be constructed differently, and this too will result in different distributions of abnormalities
scores. As a result, there is no universal threshold score across CAD software and
across software versions from the same supplier.

CAD abnormality score distribution also differs in different populations, depending on disease
prevalence, intervention setting and use case. This means that even for a given software
product, different populations may warrant different thresholds. For example, a comparison of
CAD4TB performance in a study in Nepal and a study in Cameroon showed that a threshold
of 0.63 in the Nepal study yielded a sensitivity of 95%, whereas in the Cameroon study a lower
threshold of 0.48 was required to achieve the same sensitivity.'? The selection of the operating
point is thus in part dictated by the local TB prevalence, and even within a single country this
might vary from region to region, or from urban to rural setting, and so forth.

Some manufacturers recommend a default threshold score based on their general experience
with the software, but this may not be the most appropriate for a given context or the goals of
a given programme. One way to select a threshold score is by conducting on-site calibration
studies. Chapter 5 explains how to calibrate and select a threshold score.
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Section 1.5. Validation of Commercial CAD Software for TB Screening and Triage
Since the inner workings of CAD software are challenging to understand for both general
audiences and developers, confidence in the ability of CAD software to detect TB should be
earned by comprehensive and unbiased software evaluations that measure different
performance indicators on real-world datasets. This section discusses what has been done to
validate CAD so far, including the populations and use cases in which validation studies have
been performed and the recorded performance of CAD thus far. We conclude by discussing
the gaps in the CAD literature, particularly around key populations.

Box 2 Evaluation of CAD performance by WHO

WHO reviewed the accuracy of three CAD software programmes in order to generate its
guidelines on screening and triage of TB. These were CADA4TB (version 6), from Delft
Imaging; Lunit Insight CXR, from Lunit; and gXR (version 2), from Qure.ai. Each was
assessed independently by three different groups, using CXR libraries unavailable for CAD
software development or training. The three evaluations were conducted without the
involvement of the manufacturers. The diagnostic accuracy and the overall performance of
the CAD software were found to be similar to interpretation of digital CXR by a human
reader in their ability to identify bacteriologically confirmed TB, in both the screening and
triage contexts.

Below is the range of sensitivity and specificity of the three CAD software products, and
human readers, interpreting digital chest radiographs for detection of bacteriologically
confirmed TB in a range of population and settings.* (The CAD technologies were set to a
threshold that achieved a 90% sensitivity as per the WHO target product profile for triage
test, and the matching specificities were evaluated and compared.)

[ [ Accuracy estimate range ‘

‘ Type of case and type of reader ‘ Sensitivity Specificity ‘
WHO target product profile > 0.90 > 0.70

‘ Screening use case |
CAD software 0.90-0.92 0.23-0.66
CXR with human reader 0.82-0.93 0.14-0.63

‘ Triage use case |
CAD software 0.90-0.91 0.25-0.79
CXR with human reader 0.89-0.96 0.36-0.63

CAD: computer-aided detection; CXR: chest X-ray.

Unlike traditional diagnostic tests, which take years to produce and update, the performance
of Al improves extremely rapidly. New software is set to emerge in the near future and updated
software versions are launched almost annually. The CAD software evaluated by WHO for the
guideline update (Box 2) only included three commercial software products and all have been
already replaced by new software versions.* Two additional commercial CAD software
products, InferRead DR Chest and JF-CXR, are also featured in independent journal
publications on diagnostic performance®:.

4 Taken from 2021 update on WHO consolidated guidelines on Tuberculosis screening.
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CADATB is the most extensively evaluated software, but most of the published evidence
involves authors linked to the manufacturer,® and are therefore omitted from the summary
below. There is a lack of data on the accuracy of CAD when classifying non-TB abnormalities
and on the accuracy of CAD at locating abnormalities.

The performance of a CAD software product can be measured: 1) globally, using the
continuous output, and 2) at a specific operating point, using the binary output. This document
focuses on summarizing the published performance data on classifying the presence or
absence of TB-related abnormalities using both measures, with microbiological evidence as
the reference standard.

Box 3 Software version

When reading CAD software evaluations, it is essential to take note of the software version.
Though the name of the software is unchanged, the underlying Al model and its
performance can differ between versions, with newer versions reportedly improving
significantly on older ones.'* Publications reporting on older versions of CAD software are
therefore of no relevance for decision making, because newer versions have improved
performance.

Receiver Operating Characteristic (ROC) Curves

The overall accuracy of a CAD software product is measured over the complete range of
abnormality scores (0-1 for most software, 0-100 for CAD4TB). ROC cur ves pl
true positive rate (sensitivity) against the false positive rate (1-specificity). The area under the
ROC curve (AUC), between zero and one, is directly related to the overall accuracy of a CAD
software, with 0.5 representing the accuracy of a random guess.

Table 4 is a summary of AUCs reported in papers identified as of March 2021 on PubMed
(previous software versions are marked in grey), excluding those with authors linked to the
CAD developers or suppliers. Due to the limitations of radiological assessment (inter-and intra-
reader variability), we also only included papers using bacteriological evidence as the
reference standard though this is not without limitation.

The reported AUCs of the latest versions of the 5 commercial CAD software are between 0.82
and 0.91. In general, accuracy is therefore high since an AUC of 1 would represent a perfect
diagnostic test.

5 CAD4TB is developed by Radboud University, Thirona and Delft Imaging
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Table 4. Reported AUCs in the published research evaluating CAD performance against a microbiological reference standard

InferRead DR
Chest

Software Version | Publication | Study Study Population AUC
Country (years old)
7 Qin 2021*® | Bangladesh 15+ years old, triage 0.90 (0.90-
use case, symptomatic | 0.91
CADATB
3 Qin 2021 | Bangladesh 15+ years old, triage 0.91 (0.90-
use case, symptomatic | 0.91
gXR
Lunit INSIGHT
CXR

5 Qin 2021 | Bangladesh 15+ years old, triage 0.85 (0.84-
use case, symptomatic | 0.86)

> Qin 2021 Bangladesh 15+ years old, triage 0.85 (0.84-
use case, symptomatic | 0.85)

Studies using versions of software that are now out-dated are marked in grey.
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Precision Recall Curve (PRC)

Another analysis that can help implementers to review the performance of different software
is the precision recall curve (PRC). The PRC plots precision, known as positive predictive
value (PPV), against sensitivity over the continuous range of threshold scores of a software
product. The higher the area under the PRC (PRAUC), the more accurately the CAD software
identifies TB in the study setting and population. Implementers may use the PRC to compare
between CAD products and inform product selection. Research shows that PRC curves offer
a better measure of product accuracy thanthe ROCinfi u n b a | datasets bopopulations),
such as in TB target populations where the number of people with and without TB is not
equal.l’

Intervention populations invariably produce an unbalanced TB dataset. Given that in almost
all real settings TB prevalence is well below 50%, PRC is the better measure to use when
comparing the performance of different CAD software products. With unbalanced datasets, it
is often easier to use PRC to visualize differences between the performance of different Al
software products. Figure 4 shows an example ROC and PRC curve where TB prevalence is
15.4%?2. The different curves largely overlap in the ROC plot and it is therefore difficult to
identify the difference in performance of the CAD software. But in the PRC plot (right), the
difference in the performance of the CAD software is more salient.

1.0 1.00 E CAD4TE
0 9 |E| InferReadDR
. |E| JF CXRA1
0.8 E Lunit INSIGHT CXR
0.7 EO]S
-3
= o
g 0.6 o
=05 5
0 @ 50
0.4 o Y
)
o
0.3 &
0.2
0.1 0.25
0.0
00 01 02 0.3 0.4 0506 0.7 0.8 0.9 1.0 0.00 0.25 05 075 1.00
1-Specificity Recall (Sensitivity)

Figure 4 ROC curve (left) and PRC curve (right) from a site where TB prevalence is 15.4%.%3

Neither ROC or PRC should be used for threshold score selection as neither can give
indications of sensitivity and specificity for specific threshold scores.

Sidebar: ROC and PRC: why are they useful and why use both?

The sensitivity and specificity of CAD tools are completely elastic and dependent on the
threshold selected. Therefore, in CAD literature, Receiver Operating Characteristic (ROC)
are Precision Recall Curve (PRC) are commonly used to measure the overall performance
of CAD products across the entire range of threshold scores.
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The area under each curve (AUC) provides a gateway for harnessing the existing CAD
literature to learn:
1 How overall performance varies between CAD products;
1 How different versions of the same CAD product compare;
1 How the performance of a given CAD product will vary in key populations, such as
persons living with HIV (PLHIV); and
1 If CAD performance differs depending on patient source (active case finding, self-
referral, referral from facility).
ROC: each point on an ROC gr aph r specifieity & n
particular threshold score. The graph itself is not easily interpretable, but the AUC provides
an understandable metric of CAD performance (AUC of 1 indicates perfect performance,
though this has yet to be seen).
PRC: is similar to ROC but is often seen in studies using data with low TB prevalence. PRC
can magnify the differences in CAD performance (as described in the main text).
A CAD product or version with a higher AUC will generally outperform those with lower
AUCs.

Comparison against the Target Product Profile of a Triage Tool

Both ROC and PRC curves measure the overall performance of the CAD software; however,
depending on the needs and aims of the programme, certain parts of the curves will be of
much greater relevance than the entire curve. For example, when trying to maximize case
detection, high sensitivity is more important than high specificity. When trying to maximize the
efficiency of the algorithm and preserve costly confirmatory test cartridges, specificity may be
prioritized even during screening or triage.

In 2014, WHO released a report summarizing the desirable characteristics, or target product
profiles (TPPs), of triage tests for detecting TB disease.'® The report highlighted that the
minimum requirements for a triage test to detect pulmonary TB disease i or rule it out T would
be an overall sensitivity of 90% and a specificity of 70%. One paper shows that three CAD
software packages (gXR, CAD4TB, and Lunit INSIGHT CXR) came close to those targets
(Table 5).

Table 5. Comparing CAD performance against the WHO Target Product Profile (TPP) using
a microbiological reference standard

Publication, | CAD Thres [ Sensitivity Specificity
Country software hold
(version) Score
Threshold score selected closest to 90% sensitivity
CADATB (v7) | 62 90.0% (89.0-91.0%) 72.9% (72.3-73.5%)
'C”rf]ee"SFf‘z\f‘g) PR10.34 | 90.3% (89.3-91.3%) | 62.1% (61.4-62.7%)
Qin 2021, e ey R (v2) [0.92 | 90.4% (89.4-91.3%) | 61.1% (60.4-61.8%)
Bangladesh Lanit
13
INSIGHT CXR | 0.6 90.1% (89.0-91.0%) 67.2% (66.6-67.9%)
(v4.9.0)
gXxR (v3) 0.6 90.2% (89.2-91.1%) 74.3% (73.3-74.9%)
Nash 2020, Exact value not
India'® PREZ) provided 2 (E0Tth)

Threshold score selected closest to 70% specificity

| CADATB (v7) | 69

| 91.5% (90.5-92.4%

| 70.0% (69.4-70.6%)
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InferRead DR
Chest (v2) 0.47 84.0% (82.8-85.2%) 70.6% (69.9-71.2%)

Qin 2021, [ JF CXR-1 (v2) | 0.98 | 85.0% (83.8-86.2%) | 68.8% (68.2-69.5%)
Bangladesh® | Lunit
8 INSIGHT CXR | 0.67 88.8% (87.7-89.8%) 70.1% (69.4-70.7%)

(v4.9.0)
gXR (v3) 0.51 92.6% (91.7-93.4%) 70.3% (69.6-70.9%)
Nash 2020, gXR (v2) 77% (72-82%) Exact value not

India'® provided

Performance in Key Populations

Though many of the above studies conclude that CAD software products perform well in the
general population, their performance in TB key populations needs more evaluation to ensure
CAD will help close, not widen, healthcare disparities. This is particularly relevant where the
group of interest is unable to produce a quality sputum sample for microbiological confirmation
of TB as the reference standard. Sub-analyses in key populations are notably absent in CAD
literature. There is a lack of independent evaluation data on children, people with a co-
morbidity such as diabetes, and pregnant women. There is also a lack of data on the ability
of CAD to differentiate latent TB from active TB. Three papers on earlier versions of CAD4TB
demonstrated that the CAD product performs worse in HIV positive individuals.t®2°
Implementers could consider monitoring and reporting the performance of CAD in their target
population, especially in key sub-populations, to contribute to this growing global body of
literature.

Future development

The current literature is of mixed quality. Perhaps unsurprisingly, it includes somewhat
contradictory assessments with notable conflicts of interest. New software, and new software
versions, are being developed at pace, that are yet to be evaluated independently. One of the
primary goals of the Digital Health Technology Hub of the Stop TB Partnership is to develop
an independent online platform for semi-automated evaluation of CAD software, using the
Stop TB archive of CXR images, which are all linked to a bacteriological reference standard.
This will help implementers understand the performance of the latest versions of CAD
software.
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Chapter 2 CAD Software and Implementation Considerations

When selecting a CAD supplier (Section 1.5), performance and price are fundamental criteria,
but there are other vital considerations, including the availability of internet connectivity, the
portability (of hardware), compatibility with X-ray systems, and integration with any existing
RIS or PACS system. This chapter begins by introducing the CAD tools in Stop TB
Partnershi pbos GI| ob acataloD inudegns Bfanteindt conngctivityGdofiware
and hardware requirements, server and storage, integration with CXR systems and PACS,
and price. The following chapter looks in more detail at integration of the CAD products with
the ultra-portable X-ray systems in the GDF catalog (Chapter 3). That chapter then runs
through several crucial topics relevant to selection of CAD software, accompanied by Annex
2, which is a template of specifications for a procurement tender (this should be customized
to meet the needs of a specific programme).

Sidebar: The performance of CAD4TB and InferRead DR Chest

Recap Section 1.5: The WHO recommendation on the use of CAD technology is agnostic
to the brand but is based purely on available performance data of three CAD products that
had received a CE mark by January 2020 (Box 2). CAD4TB was included in the WHO
evidence review, but not InferRead DR Chest, for which no peer-reviewed manuscripts were
available at the time. Only one publication evaluates CAD4TB alongside InferRead DR
Chest (on 23,954 chest X-rays from Bangladesh). In this population, with relatively high TB
prevalence (15.3%), both products significantly outperformed the Bangladeshi radiologists
hired through the project and could save significant numbers of confirmatory tests while
maintaining high sensitivity. CAD4TB (AUC = 0.9 [0.90-0.91]) showed a slightly better
overall performance than InferRead DR Chest (AUC = 0.85 [0.84-0.86]). However, in view
of the paucity of independent data on performance, further research is awaited, using
different populations and in a variety of settings.

CADATB by Delft Imaging (the Netherlands)

Supplier Delft Imaging
Supplier HQ 0 -slertogenbosch, The Netherlands
Version 7

Picture of the software R——
interface / output

Certification CE 0344

Population Adults & Children: Regulatory approval for adults and children
Group/Appropriate aged 4 years and above.

Population
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Target Setting

Outreach and mobile health services, primary healthcare
facilities, general hospitals (above primary level), occupational
health programmes, teleradiology companies,
government/public sector, e.g. national TB programme, private
sector.

Current Market

CADATB is in use in over 40 countries worldwide. A complete list
can be found on the website: https://www.delft.care

Input

Can be used to read images from any kind of digital CXR
machine.

Chest X-ray image format: DICOM, PNG, JPEG.
By using an app (SNAP4CAD), analogue X-ray images can be
used as well.

Chest X-ray type: PA (Posterior-Anterior) CXR (from stationary,
portable, and ultra-portable X-ray systems).

Output

The CADA4TB results consist of:

0 abnormality score for TB and
0 heat map
nary classification 0ATBG(

(@]
| O

Qb 00w BE

The output format is configurable, making it fully compatible with
existing infrastructure, such as PACS systems.

With the new CADATB platform, a full report with screening
results is available, alongside an advanced management
dashboard to monitor screening progress.
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CADATB Score 29

101000000007

Patient Symptom Tnformation

HIV Negatve
History of T8 No
Housvlsald T8 [

GaneXpert Aczeszment

GeneXpert

----------

CAD4TB GeneXpert

CADSTB +: 1238

Deployment

Online and offline.

Hardware

CADATB comes as a complete product and is installed on a mini-
computer called CADATBbox.

X-ray system validation

Because of the variety of X-ray systems (more than 30 different
machines), and populations, in which the software has been
validated (validation is not mandatory but may be performed if
desired).

Software CADATB 7 runs on Linux. Currently, Ubuntu LTS 16.04 or newer
is preferred.
Server All leading cloud computing providers are supported. In-country

or on-premise servers are available upon request.

Processing Time

Less than 20 seconds for the CAD4TBbox. Cloud results
processing time dependent on internet connectivity.

Data Sharing &
Privacy
Server location (for | All leading cloud computing providers are supported i having

online mode)

multiple data centers around the world. In country or on-premise
servers are also available upon request.

Data shared with

manufacturer?

No. As a company headquartered in the Netherlands, the
developer follows the General Data Protection Regulation
(GDPR) of the European Union. Each customer therefore
receives a Data Processing Agreement that clearly explains how
their data is processed and used. The developer does not use
the data for any other purpose than to provide the CAD4TB result
for the customer, unless given explicit written permission. Any
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data processed by CADA4ATB remains the property of the
customer.

De-identification (option
to de-identify?)

Yes. Data is de-identified before it is sent to the server in order
to make sure no personal information is sent over the internet
compliance with privacy regulations is secured.

Software Updates

Frequency Annual

Software

Development

Method (used to | Supervised deep learning (CNN, RNN) plus manual feature

develop software )

engineering.

Training

The software was trained on 1,000,000 X-rays from several
countries and continents.

InferRead DR Chest by InferVision (China)

Supplier Infervision Medical Technology Co., Ltd.
Supplier HQ Beijing, China

Version 1.0.0.0

User manual Click here to access.

Picture of the software
interface / output

Certification

CE 2797

Intended Age Group

16+ years (CE approved); manufacturer recommends use in 12+
years.

Target Setting

Primary health centers, general hospital (above primary level),
teleradiology companies, government/public sector e.g. national
TB programme, private sector.

Current Market

As of May 2021, Infervision has service-sites covering many parts
of China, and has expanded its global reach across the Asia-
Pacific region, North America and Europe, with a presence in 20+
countries worldwide.

Input

Can be used to read images from any kind of chest X-ray system.
Chest X-ray image format: JPEG, PNG, DICOM.

Chest X-ray type: Posterior-anterior chest X-ray, anterior-
posterior chest X-ray.
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Other requirements: shall be specified according to local
circumstances.

Output

Structured report includes:

1 Heat map / Region of Interest,

9 Dichotomous output indicating the presence or absence
of the following abnormalities:

o TB,

o Nodule, fracture, pneumothorax, pleural effusion,
infection (pneumonia) and aortic calcification (can
be turned off upon request),

Probability score for TB,
Probability score for each abnormality, location of each
abnormality.

= =

@) InferVision

Image exam report:

Patient ID number: 253691 Examination number: Examination date: 20131206
Name: Gender: Age:
Modality: DX

Examination type: Chest X-ray

Medical image feedback:

12
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Findings

Cardiothoracic ratio: 0.422

Possible tuberculosis of the left lung field.
Possible tuberculosis of the right lung field.
TB score: 0.83

Report date: Exam physician:

Auditing physician:

{Provided by InferRead DR Chest)

Deployment Online & Offline

Hardware online mode:

CPU: Intel Core i3 and above; Memory: Above 4GB RAM

Offline mode:

CPU = Intel i7 6,850K processor and above; GPU = NVIDIA
GeForce 1,080 and above or V100 and above; RAM = DDRA4 is
recommended with a capacity of at least 16GB; solid state system
hard disks with capacity of at least 120GB; high-speed
mechanical hard disk with a capacity of at least 1TB and storage
disk rotation speed of 7,200 rpm.

X-ray system Validation is recommended if the software is installed on the X-
Validation ray system for the first time. The data transmission needs to be

tested to ensure that the workflow can operate appropriately.
Software Computer requirements:

1. Operating system: Windows XP and above.

2. Browseryx Chrome 49.0 and above.

Server requirements:

1. Operating Systemy Ubuntu 18.04 LTS and above.

2. Browseryx Chrome 49.0 and above.

Server Requirements for server hardware:
1. CPUy 4-core processor and above (such as Intel i7 6850K).

2. GPUyx NVIDIA GeForce 1080 and above, or V100 and above.

3. Memoryx DDR4 is recommended, with a capacity of at least

16GB.

4. Hard disk: For system disk, choose solid state hard disks with
capacity of at least 120GB; a high-speed mechanical hard disk
(rotation speed of 7200 rpm) with a capacity of at least 3TB.

Page330f 115



5. Network cardx 1000M PCI-E network card.

Integration

It is possible to integrate the software wi t h  t he c |

Picture Archiving and Communication System (PACS).

Processing Time

Using the minimum client configuration, and under gigabit
broadband, it takes less than 5 seconds to process 1 DICOM
image.

Data  Sharing &
Privacy
Server location (for | Located worldwide (google cloud) and/or a local or national server

online mode)

can be set up if required.

Data shared with

manufacturer?

No.

De-identification
(option to de-identify?)

De-identification option can be provided if required by customer.

Software
Development

Method

Supervised deep learning (CNN, RNN).

Training

Not disclosed.

Reference Standard

Culture, smear, and human reader.
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Section 2.1 Internet Connectivity and Hardware Requirement

We begin by discussing the internet connectivity of CAD, because whether CAD software is used
online, offline, or in a hybrid of the two plays a fundamental role in determining the hardware and
software requirements of CAD in the field. Understanding the configurations of CAD in each mode
therefore paves the way for a seamless integration of CAD with existing systems.

Online (Cloud) mode

Cloud processing is the most common method of deployment and is offered by both CAD software
suppliers (Delft Imaging Systems and InferVision). The X-ray system workstation / console (which
can be a laptop) is programmed to connect with the cloud platform so that images from the X-ray
system can be uploaded to the cloud for processing and storage. The CAD software installed in
the cloud server can Ar eado tshribed D $éttion h2, wswalyh t he
extremely rapidly. The CAD output will then be transmitted to a laptop for review (Figure 5). In
most cases, this laptop can also be the X-ray workstation. However, some X-ray system suppliers
restrict any installation of third-party software, and thus require the use of a second device (laptop
or tablet) for the CAD software. It is therefore crucial for implementers to involve the
manufacturers of the existing digital X-ray system when selecting CAD software, to gain a correct
understanding of the hardware requirement. The Stop TB Partnership is currently working with
the manufacturers featured in the GDF catalog to refine options for integration.

A)

Console computer (viewer) CAD

- L) > ------------------- i

s

CAD results
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CAD4TB
cloud

5

CAD results

Figure 5. CAD operation in cloud mode. A) Viewing CAD results on the console computer. B)
Viewing CAD results on a tablet computer.

Because X-ray files are rather large (roughly 10-30MB) a strong internet connection is needed for
online (cloud) mode analysis by CAD. To compress the size of the DICOM before sending it to
the cloud, DICOM lossless compression software, such as DCMTK (https://support.dcmtk.org/) i
which is open-source and free T may be installed by the CAD suppliers on the X-ray console to
significantly reduce internet traffic (bringing 15-20MB down to 4-5MB). However, some X-ray
consoles do not allow for the installation of third-party software on their system; before installation,
the X-ray system manufacturer should be consulted.

In settings with high-speed internet and a low-cost and unlimited data plan, the cloud mode is a
good option which does not require high-performance equipment or large physical storage space,
as required in the totally offline mode.

Offline mode

An offline mode is required in settings that either lack network access or have an unreliable
internet connection, or where a data plan is limited or costly, or in areas where internet access is
restricted, such as prisons. CAD4TB and InferRead DR Chest, the two systems available in the
GDF catalog, can both be used offline. In offline deployment, CAD software installed locally on a
dedicated processing box or laptop can receive CXR from the console laptop through a wired or
wireless connection. The CAD laptop or box can freado the CXR through
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described in Section 1.2. The CAD output will then be displayed directly on the CAD laptop or
console laptop for review (Figure 6).

A)
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