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Background

Tuberculosis (TB) is a preventable disease caused by Mycobacterium tuberculosis, primarily
affecting the lungs and spreading through the air. Despite being curable, TB was the second
leading cause of death from a single infectious agent worldwide in 2022, after COVID-19,
causing almost twice as many deaths as HIV/AIDS. Southeast Asia accounted for the largest
proportion of TB cases in 2021. Malaysia is categorised as an intermediate TB burden country,
and detection rates are still below WHO estimates, indicating a need for more proactive case
finding, especially among high-risk groups.

Breath test analyse breath specimen in two ways, chemically and physically. Chemical
technique in the analysis which identify chemical interaction between volatile organic
compounds (VOCs) and sensor surface. Physical method quantify a molecule’s physical
characteristics such as size, shape and charge of the breath molecules. There is a need for a
rapid, low-cost, easy-to-use diagnostic method to ensure effective screening and control. There
is growing interest in the use of breath tests as a screening method for TB. This technology
review aims to evaluate the effectiveness, safety of breath test in diagnosing TB following a
request from a Pathologist (Medical Microbiologist) in Hospital Sultan Abdul Halim, Sungai
Petani.

Objective/ aim

The objective of this technology review was to assess the accuracy, effectiveness, safety, and
economic implication of breath test in diagnosing tuberculosis in patients suspected of having
TB.

Results and conclusions:
Search results

A total of 301 records were identified through the Ovid interface, PubMed and other method.
Two hundred and sixty-one duplicate references were found; 41 potentially relevant titles were
screened using the inclusion and exclusion criteria. Of these, 29 relevant abstracts were
retrieved in full text. After reading, appraising and applying the inclusion and exclusion criteria
to the 29 full text articles, seven were included. Eight articles were excluded as those primary
studies were already included in systematic review and meta-analysis (n=8), seven articles
irrelevant study design (n=7) and seven articles found as irrelevant intervention (n=8). All full
text articles finally selected for this review comprised of one systematic review and meta-
analysis and six diagnostic accuracy studies. The studies were conducted mainly in South
America (Paraguay, Venezuela), Africa (South Africa, Cameroon, Mali), Asia (Indonesia, India,
China, Vietnam, Philippines), Bangladesh, Egypt and United Kingdom (UK).
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Efficacy/ effectiveness

There was fair level of retrievable evidence on breath test showing its varying performance in
diagnosing tuberculosis.

Breath test (electronic nose)

Breath test using electronic nose showed good pooled diagnostic accuracy. However, the
performance of electronic nose was varied in four diagnostic accuracy studies included in this
review. Sensitivity and specificity ranging from 52.3% to 90.8% and 36.4% to 99% respectively.
The studies included in this review varies in terms of type of electronic nose used and
population tested.

Breath test (other than electronic nose)

The performance of breath test other than electronic nose was good in diagnosing TB with
sensitivity and specificity ranging from 80.4% to 95.7% and 80.3% to 91.3% respectively, and
AUC performance ranged from 0.867 to 0.935.

Safety

There was limited evidence retrieved on the safety of breath test. Breath tests was not
associated with treatment-related adverse events during the sessions or the follow-up. The
United States Food and Drug Administration (US FDA) has not yet approved breath testing for
tuberculosis. The electronic nos | dc<Vice is claimed as having CE
approval, indicating compliance with European regulatory standards.

Organisational

All the practices regarding the test analysis including the pre-examination, examination, post-
examination, safety and training of staff or operator shall follow international or local guidelines
such as Malaysian Standard, MS ISO 15189:2014, Specific Technical Requirement for
Accreditation of Medical Microbiology Laboratories (STR 2.5) and National Policy and
Guidelines for Point of Care Testing by Ministry of Health Malaysia.

Economic implication

No cost-effectiveness study retrieved on breath test to diagnose Tuberculosis. Nevertheless,
the estimated price for laboratory-based automatic thermal desorption-gas chromatography-

mass spectrometer |IEEEEEEEG—_N— N \/hereas a

more accessible point-of-care device, using a portable gas chromatograph coupled to a surface
acoustic wave detector (ATD-GC-SAW), is priced lower at around I

Conclusion

A fair level of retrieved evidences has demonstrated that point-of-care (POC) breath test has
moderate to good diagnostic accuracy in detecting TB in high incidence setting.

No safety issue has reported with the use of this device. No cost effectiveness study retrieved
on this device.

iv
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Methods

A systematic review was conducted. Following PRISMA, search strategy was developed by the
main author while systematic search was conducted by an Information Specialist who searched
for published articles on breath test to diagnose Tuberculosis. The following electronic databases
were searched through the Ovid interface: MEDLINE(R) and Epub Ahead of Print, In-Process,
In-Data-Review & Other Non-Indexed Citations, Daily and Versions 1946 to January 08, 2024,
HTA Full-text Journals, EBM Reviews - Cochrane Database of Systematic Reviews 2005 to
March 6, 2024, EBM Reviews - ACP Journal Club 1991 to February 2024, EBM Reviews -
Cochrane Clinical Answers February 2024, EBM Reviews - Cochrane Central Register of
Controlled Trials February 2024. Parallel searches were run in MISR (PubMed), US FDA and
INAHTA database while additional articles were retrieved from reviewing the bibliographies of
retrieved articles. The search was limited to articles on human. There was no language limitation
in the search. The last search was conducted on 13" March 2024. Among the tools used to
assess the risk of bias and methodological quality of the articles retrieved is the ROBIS and
Critical Appraisal Skill Programme (CASP) cheklist. All full text articles were then graded based
on guidelines from the US/Canadian Preventive Services Task Force.



MaHTAS Technology Review
TABLE OF CONTENTS

Disclaimer and Disclosure i
Authors i
External reviewers ii
Executive summary il

Abbreviations Vi
1.0 BACKGROUND 1
2.0 OBJECTIVE/AIM 2
3.0 TECHNICAL FEATURES 2
4.0 METHODS 6
5.0 RESULTS 8
5.1 - EFFICACY/ EFFECTIVENESS 10
5.2 - SAFETY 19
5.3 - ORGANISATIONAL ISSUES 19
5.4 - ECONOMIC IMPLICATION 21
5.5 - LIMITATION 21
6.0 CONCLUSION 21
7.0 REFERENCES 22
8.0 APPENDICES 26
Appendix 1 - Literature search strategy 26
Appendix 2 - Hierarchy of evidence for effectiveness studies 27
Appendix 3 - Evidence table 28

vi



AEs
AUC
AFB

BMI
CASP
Cl
COPD
DM
ENose
EPTB
GCMS

HPPI-TOFMS

INAHTA

LTBI
LR
MaHTAS
MD
MOH
Mtb
NPV
NTB
OR
PCR
POC
PPV

PTB
PTBX
QUADAS
RCT
RD

RoB
ROBIS
B

ul

US FDA
VOC
WHO

MaHTAS Technology Review

ABBREVIATION

Adverse events or adverse effects
Area under the ROC curve
Acid Fast Bacilli

Body mass index

Critical Appraisal Skills Programme

Confidence interval

Chronic obstructive pulmonary disease

Diabetes mellitus

Electronic nose

Extra Pulmonary TB

Gas chromatography mass spectrometry
High-pressure photon ionization time-of-flight mass
spectrometry

International Network of Agencies for Health Technology
Assessment

Latent TB Infection

Likelihood ratio

Malaysian Health Technology Assessment Section
Mean difference

Ministry of Health

Mycobacterium tuberculosis

Negative predictive value

Non-PTB

Odds ratio

Polymerase Chain Reaction

Point-of-care

Positive predictive value

Pulmonary TB

Subjects with TB

Quality Assessment of Diagnostic Accuracy Studies
Randomised controlled trial

Risk difference

Cochrane Risk of Bias Tool

National Collaborating Centre for Methods and Tools
Tuberculosis

Uncertainty Interval

United States Food and Drug Administration
Volatile Organic Compound

World Health Organization

vii



MaHTAS Technology Review

1.0 BACKGROUND

According to the World Health Organization (WHO), Tuberculosis (TB) is a preventable and
usually curable disease. Tuberculosis (TB) is caused by bacteria (Mycobacterium
tuberculosis) and it most often affects the lungs. ! It spreads easily by air, with inhalation of
infected droplets exhaled, coughed or sneezed by individuals affected with contagious forms
of pulmonary TB. +23 Globally in 2022, the reported number of people newly diagnosed with
TB was 7.5 million with an estimated 10.6 million (95% uncertainty interval [Ul]: 9.9 to 11.4
million) people fell ill with TB worldwide, of which 5.8 million were men, 3.5 million were
women and 1.3 million were children. There is still a large global gap between the estimated
number of people who fell ill with TB and the number of people newly diagnosed, with
approximately 3.1 million people not diagnosed with the disease, or not officially reported to
national authorities in 2022. 8

In 2021, the largest proportion of individuals who were affected by TB were concentrated in
Southeast Asia, accounting for 45% of the cases based on geographical distribution. The
number of TB cases in Malaysia has remained high for the past 30 years despite high cure
rates that are achievable with a timely diagnosis and an appropriate antibiotic treatment.
Malaysia falls into the intermediate category, with an estimated total TB incidence of 97
(range from 79 to 106) per 100,000 population in the year 2021 and this figure has increased
to 113 cases per 100, 000 population in 2022. 3 Throughout the past few decades, the
containment of TB has been an integral component of the strategic agenda outlined by the
MOH Malaysia. The detection of TB cases in Malaysia is still below the estimated cases by
the World Health Organization (WHO). Estimated incidence rate for Malaysia (2014) was
103 per 100,000 population, whilst actual achievement was 81 per 100,000 population,
hence about 6000 cases were still undetected. Using predicted data between 1990-2010
and notification data between 1990-2014, the annual mean difference or
underrepresentation is 13.5% (95% CI: 10.4 to 15.8). Therefore, more pro- active intensified
case finding activities need to be planned. Attention should be given to ensure an effective

systematic screening of high-risk group of getting TB and early diagnosis are implemented.
14

Diagnostic delay is a major concern in TB control. There is an average loss of one to three
months delay between the first day that patients present to the health care system, and the
moment of diagnosis. #°

The WHO criteria for pulmonary TB (PTB) diagnosis include clinical symptoms and isolation
of M. tuberculosis from sputum by culture or by molecular assays as the line probe assays
(LPASs), or detection of acid-fast bacilli by sputum smear microscopy (SSM) if culture or
LPAs is unavailable, or for smear-negative PTB patients, with chest radiography (CXR)
showing abnormalities consistent with active PTB.® Meanwhile, for extra-pulmonary TB
(EPTB), the diagnosis is based on at least one specimen with confirmed M. tuberculosis or
histological, or clinical evidence consistent with active EPTB, followed by a clinician's
decision to treat with TB chemotherapy. Culture currently is the reference standard but the
laboratory turn-around time is long (two to eight weeks). 1617 The existing tests have high
sensitivity, such as culture and PCR, or very high specificity, such as Gene Xpert, or
moderate sensitivity, such as sputum smear microscopy. %1718 However, these tests are
not point-of-care, requiring sputum collection, trained staff and prone to laboratory error.
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In this regard, it is imperative to create quick, affordable, and user-friendly techniques for
diagnosing tuberculosis (TB) that can guarantee efficient field screening, prompt isolation of
infected individuals, and management of treatment efficacy. Given its high sensitivity, ease
of use, portable, point-of-care design, and portability, the breath test has gained interest to
be employed as a screening for TB. 19

Hence, this Technology review (TR) was requested by a Pathologist (Medical Microbiology),
Hospital Sultan Abdul Halim, Sungai Petani to assess the feasibility and evidence on its
accuracy to be used as one of the modalities in diagnosing Tuberculosis in Ministry of Health
facilities.

2.0 OBJECTIVE / AIM

The objective of this technology review was to assess the accuracy, effectiveness, safety,
and economic implication of breath test in diagnosing tuberculosis in patients suspected of
having TB.

3.0 TECHNICAL FEATURE

Breath analysis provides potentially point-of-care, non-invasive sampling with minimal
biosecurity risk, easy-to-perform, fast and broad applicability across various global contexts,
including resource-constrained settings like community or primary care settings.

27 Certain volatile organic compounds (VOCs) are produced by infections that alter the host
metabolism, and Mycobacterium tuberculosis (MTB) generates many VOCs that are
detectable by breath. 22-31 Breath specimen analysis can be done in two ways, chemically
and physically. Chemical approaches include, for example, gas chromatography coupled
with mass spectrometry (GC/MS), immunosensor and bio-optical technologies, and
electronic-nose with sensors that detect chemical reactions between volatile organic
compounds (VOCs) and the sensor surfaces. 36-37 Physical methods quantify a molecule's
physical characteristics. For example, Field Asymmetric lon Mobility Spectrometry (FAIMS)
tracks the movement of breath's ionized molecules. 3 However, GC/MS requires complex
equipment, operation skills, and a well-conditioned environment, especially to record
concentration differences of VOCs specific for TB and different studies report different
VOCs. 29-31, 39-41

Volatile organic compounds (VOCSs) are gaseous organic compounds that can arise from
infections, host-pathogen interactions, and host metabolism. Both laboratory-based and
real-time methods are available for detecting them. In the former case, the exhaled air is

gathered, preserved, and pre-processed before being brought into the measurement device.
42
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Figure 1: Overview of sample collection and analysis
Analysers for exhaled breath can be separated in two groups:

Systems for detecting and measuring a set of specific VOCs (laboratory-based). Usually,
these systems comprise of a mobile unit for collecting the gas sample and another (fixed)
unit (analyser) for analysing it and separating the individual components. Separation
techniques typically include GC-MS or IMS.

MASS SPECTROMETRY TECHNIQUES (Chemical technique)

Gas chromatography mass spectrometry (GC-MS) is considered the gold standard in breath
research and uses preconcentrated breath samples for offline analysis. GC-MS is one type
of breath analysis that use chemical technique in the analysis which identify chemical
interactions between VOCs and the sensor surfaces. * GC-MS can be used for an
untargeted approach, to provide chemical identification of the exhaled VOCs.4?>43 Other MS
techniques, for example, selected ion flow tube MS, can perform online untargeted or
targeted analysis of VOCs, following chemical ionization. They have the potential to be
developed into point-of-care tests. 42 Unfortunately, its clinical use is not feasible since it is
not real-time, needs a long time for sample processing, relies on non-portable devices, and
needs constant calibration for specific analytes. Other MS-hybrid methodologies were also
proved to be useful. 56:57

Figure 2:

ION MOBILITY SPECTROMETRY (IMS) (Physical Technique)
The IMS is a type of breath test that apply physical technique in the analysis. This technique
measures the physical property of the breath’s molecule which is it separates and identifies
ionised molecules of breath based on their size, shape and charge and works by measuring
the time it takes for ions to travel through a gas-filled chamber when pulled by an electric
field.1942 Figure 3 lillustrates a breath test that utilizes IMS technology, namely the
_Breath Analyser. This device uses a dual polarity ion mobility
spectrometer.

The procedure that the technology works is as follows: %0

i.  Breath samples are collected by seven to ten forced expirations onto a sample card
ii. The sample card is inserted into the desorber of Tuberculosis Breath Analyzer for
data analysis.
iii. Results are displayed within 20 s as a Green Screen (TB negative subjects) or a
Red Screen (TB positive subjects) on the display panel.
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Electronic noses (real-time method and pattern-based technique), used for online breath
analysis, often small, portable, potentially rapid diagnostic ‘point-of-care’ device which
comprises an array of electronic chemical sensors and an appropriate pattern-recognition
system, capable of recognizing simple or complex odors or gases in human breath. 222> This
technology was designed to detect tuberculosis (TB) works by mimicking the human sense
of smell to detect specific odor profiles or volatile organic compounds (VOCSs) produced by
Mycobacterium tuberculosis. Usually, electronic nose will come with nose clip and
mouthpiece with filter and will connect to a laptop or computer with installed software for
data analysis and result. The exhaled breath will be collected either in bags or tube or direct
to the device lik N IIEEEEC>° Electronic nose can identify different complex odors
by comparing the incoming odor with previously learnt patterns by creating so called
breathprints. 2! Readings occur when VOCs react at the surfaces of the eNose sensors,
causing a change in conductivity of the sensors. 22 These are then detected by transducers
and converted into electrical signals that create specific VOC signatures or in other word,
eNose will compares vectors derived from VOCs from exhaled breath samples (breath data)
to a machine learning algorithm to diagnose a patient with TB. 2% 25 For example, after
measuring the breath using

I hec sensors are regenerated for 10 minutes and breath data are downloaded
into a laptop or ipad with installed software, and uploaded onto the website of eNose for
analysis. 2 The e-nose could provide results in just 15 min after the patient starts exhaling
through the device and if the device is connected to an internet network. >* Example of result
showed were “TB yes” or “TB No” or “sick” or “healthy”. 1912 Several distinct eNose
technologies have been developed such as the Aeonose, which uses micro hotplate metal-
oxide sensors, the Common Invent eNose using metal oxide semiconductor sensors and
the |HIIIEEEE S g cross-reactive metal-oxide semiconductor sensors. 22-24

The simplified explanation of the mechanism was:

i.  Sampling: The e-nose starts with sampling the air or breath of a person. In the case
of TB detection, breath samples are commonly used because the bacteria can affect
lung tissue and release specific VOCs into the breath.

ii. Sensor Array: The core of the e-nose is its sensor array, which consists of various
sensors, each slightly different in its chemical sensitivity. These sensors react with
the VOCs present in the sample. The reaction is usually a change in electrical
properties (resistance, capacitance, or potential) that the sensor can detect. The
sensors are designed to be broadly responsive to a range of compounds rather than
highly specific to one molecule.

iii.  Detection and Signal Processing: When the VOCs from the sample interact with the
sensor array, they cause a change in the electrical properties of the sensors. This
change is measured and converted into a digital signal for processing. The pattern of
reactions across the sensor array creates a "fingerprint" of the sample.

4
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iv.  Pattern Recognition and Analysis: The digital signal is then analyzed using pattern
recognition algorithms. These algorithms compare the fingerprint against a database
of known profiles associated with TB infection. Machine learning techniques can be
employed to improve the accuracy and reliability of detection over time, as the e-nose
is exposed to more samples.
v. Output: Finally, the e-nose provides an output, often indicating whether the VOC
profile matches that of a TB infection. This information can be used as a preliminary
screening tool, suggesting further clinical testing if TB is indicated.

The electronic nese as a rule-out test for
tuberculasis In an indigenous population
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Figure 5: Schematic diagram of the noninvasive breath detection via the eNose system “°
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40 METHODS

A systematic review was conducted. Search strategy was developed by the main author and an Information
Specialis.

4.1 SEARCHING

The following electronic databases were searched through the Ovid interface:

®  MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-
Indexed Citations, Daily and Versions <1946 to January 08, 2024>

® HTA Full-Text Journals

" EBM Reviews - Cochrane Database of Systematic Reviews <2005 to March 6,
2024>

" EBM Reviews - ACP Journal Club <1991 to February 2024>
" EBM Reviews - Cochrane Clinical Answers <February 2024>
® EBM Reviews - Cochrane Central Register of Controlled Trials <February 2024>

Other databases: PubMed, US FDA, INAHTA

General databases such as Google were used to search for additional web-based materials
and information. Additional articles retrieved from reviewing the bibliographies of retrieved
articles. The search was limited to articles on human. Appendix 1 showed the detailed
search strategies. The last search was conducted on 15t March 2024.

4.2 SELECTION

A reviewer screened the titles and abstracts against the inclusion and exclusion criteria.
Relevant articles were then critically appraised depending on the type of the study design.
Studies were graded according to US/ Canadian Preventive Services Task Force
(Appendix 2). All data were extracted and summarised in evidence table as in Appendix
3.

The inclusion and exclusion criteria were:

Inclusion criteria;

a. Population Patients suspected of having TB

b. Intervention Breath test for TB

1- Culture
2- Line probe assays LPAs
3- Detection of acid-fast bacilli by sputum smear
c. Comparator microscopy
4- Chest radiography (CXR)
5- Rapid diagnostic test for TB — for example: Xpert MTB,
RIF
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Diagnostic accuracy: Sensitivity, specificity, accuracy
Effectiveness: easy-to-perform, fast, feasible, convenient
Safety: Adverse events (AEs) related to breath testing

d. Outcomes Organisational issues: procedural time, training
Economic implications: Cost, cost-effectiveness, cost-utility
analysis

HTA reports, systematic review with/out meta-analysis, randomised
e. Study design controlled trial (RCT), cohort, diagnostic, case-control, economic
evaluation studies

f.  Full text articles published in English

Exclusion criteria:

Case report, case series, animal study, laboratory study, narrative

a. Study design review

b. Non-English full text articles
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5.0 RESULTS

Search results

An overview of the search is illustrated in Figure 10. A total of 301 records were identified
through the Ovid interface, PubMed and other method. Two hundred and sixty-one duplicates
references were found; 41 potentially relevant titles were screened using the inclusion and
exclusion criteria. Of these, 29 relevant abstracts were retrieved in full text. After reading,
appraising and applying the inclusion and exclusion criteria to the 29 full text articles, seven
were included. Eight articles were excluded as those primary studies were already included
in systematic review and meta-analysis (n=8), seven articles irrelevant study design (n=7) and
seven articles found as irrelevant intervention (n=8). All full text articles finally selected for this
review comprised of one systematic review and meta-analysis and six diagnostic accuracy
studies. The studies were conducted mainly in mainly in South America (Paraguay,
Venezuela), Africa (South Africa, Cameroon, Mali), Asia (Indonesia, India, China, Vietham,
Philippines), Bangladesh, Egypt and United Kingdom (UK).

Identification of studies via databases and registers Identification of studies via other methods

Records remaved before screening: i o %
Recards identified from: Duplicate records (n= 261) R“;‘,g;;ﬂ‘::’;x{dg;"m'
Databases (n = 301) — Records marked as ineligible by automation Organisations ('n =0)

Registers (n = 0) tools (n=0) ) x =
Records removed for other reasons (n = 0) Citation searching (n = 9)

Identification

Records screened Records excluded
(n=40) (n=11)

? Reports sought for retrieval Reports not retrieved Reparts sought for retrieval Reports not retrieved
§ (n=29) (n=0) (n=1) > (h=0)
&
)
Reports excluded: Reports excluded:
Reports assessed for eligibility Inc in SR&MA (n = 8) Reports assessed for eligibility Reasonl (n = NA)
(n=29) Irrelevant Intervention (n = 8) n=1) > Reason2 (n = NA)
TIrrelevant study design (n=7) Reason3 (n = NA)
'
Studies included in review
ki (n=7)
= Reports of included studies
T N
£ (n=0)

Figure 7: Flow chart of retrieval of articles used in the results

Quality assessment of the studies

The risk of bias or quality assessment (methodology quality) of all retrieved literatures was
assessed depending on the type of the study design. These assessments involved answering
a pre-specified question of those criteria assessed and assigning a judgement relating to the
risk of bias: using the relevant checklist of National Collaborating Centre for Methods and Tools
(ROBIS) for systematic review and meta-analysis and Critical Appraisal Skill Programme
(CASP) checklist for diagnostic test study. 5% The risk of bias of the included studies was
assessed independently by two reviewers, NHK and RS. Any disagreements were resolved
through discussion until consensus was reached. All full text articles were graded based on
guidelines from the U.S. / Canadian Preventive Services Task Force. %1

8
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Risk of bias assessment for included systematic review and meta-analysis

One study was included in this assessment and was judged to have an overall low risk of bias
following uncertainty in the data collection or risk of bias assessment process. (Figure 7.1).

Risk of bias domains

20191

Review 2-IDENTIFICATION | 3-DATA COLLECTION
é-|§|TTL|I-:?z\|(AEUGIBILITY AND SELECTION OF | AND STUDY :I-EIYD:‘IJGHSESIS AND E:—:S\}(IEV(V)F BIAS IN THE
STUDIES APPRAISAL
Saktiawati AMI et al. © © © © ©

Figure 7.1: Risk of bias assessment for systematic review and meta-analysis using ROBIS

Risk of bias assessment for included diagnostic accuracy study using CASP

Based on the CASP checklist, two studies had low risk of bias, two studies had unclear risk
which is the studies did not clearly mention the blinding and the study protocol followed and
other two studies had high risk of bias because of the studies did not involve all participants in
index test and reference test analysis (Figure 7.2).

Risk of bias domains
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Comparison with | All patients get Protocol
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YC et al. 2023 " © 8 © ©
Coronel Teixeira R et
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Fuletal 20036 ) ? © © ? ©

Figure 7.2: Risk of bias assessment for diagnostic accuracy study using CASP
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51 EFFICACY/ EFFECTIVENESS

5.1.1 Diagnostic performance of breath test (electronic nose) to diagnose TB

A systematic review of the evidence and meta-analysis regarding breath test to diagnose TB
was undertaken by Saktiawati AMI et al. (2019) to examine the accuracy of electronic-nose
and other devices in diagnosing TB from patients' breath. The authors reviewed the diagnostic
test accuracy (DTA) studies that assessed the sensitivity and specificity of electronic-nose and
other devices in diagnosing TB in patients with TB or suspected of having TB. A total of 14
articles included in this SR and with that, six articles were based on electronic nose, eight
articles use other than electronic nose as breath test to diagnose TB with a total of 1715
patients were included. Number of subjects analysed ranged from 40 to 251 per study. A total
of four studies used PTB patients, PTB suspects and healthy controls as study subjects, three
studies included newly diagnosed PTB patients, other studies involved asthma or chronic
obstructive pulmonary disease (COPD) patients, tuberculous pleural effusion (TPE) suspects,
human immunodeficiency virus (HIV) patients, patients with respiratory complaints and patients
suspected to have EPTB. Only three studies included children (aged = 13 years). These studies
were performed by different medical centres in different countries. As the number of studies
using breath test devices other than electronic- nose was insufficient for grouping, the statistical
analysis was only calculated for the electronic-nose. The overall meta-analysis of the data
revealed that the pooled sensitivity and specificity of electronic-nose in diagnosing TB were
high and there was no heterogeneity among studies that diagnose TB with electronic nose.
The pooled sensitivity and specificity of electronic-nose in diagnosing TB were 0-92 (95%
Cl: 0-82 to 0-97) and 0-93 (95% CI: 0-88 to 0-96). Respectively, the positive likelihood ratio
(PLR), negative likelihood ratio (NLR), and diagnostic odd ratio (DOR) were 13-4 (95% CI:7-2
to 24-9), 0-08 (95% CI: 0-03 to 0-20), and 162 (95% CI: 41 to 634) respectively. The area under
the curve (AUC) of electronic-nose was 0-97 (95% CI: 0-19 to 1-00). Meanwhile, the sensitivity
and specificity of breath test devices other than electronic nose ranged from 0-62 to 1-00, and
0-11 to 0-84, respectively. The Q of electronic-nose in diagnosing TB were p = 0-23 indicating
no statistically significant heterogeneity among the studies and 1%, 0 (95% uncertainty intervals:
0 to 100) suggesting no observed heterogeneity with a 95% uncertainty interval from 0% to
1009%. 19 level 11-2

In a diagnostic study conducted by Saktiawati AMI et al. (2019), the author investigated the
diagnostic potential of electronic nose (Aeonose) to identify PTB among patients with
suspected PTB and factors associated with the sensitivity and specificity of the breath test. A
cohort of 327 patients (=18 years old) with suspected tuberculosis from the public Lung Clinics
and Dr. Sardjito Hospital, Yogyakarta, Indonesia and healthy controls recruited from the
neighboring area of subjects who were diagnosed with PTB were included. The study was
conducted between October 2013 and December 2015. All patients were characterised by
clinical symptoms, three sputum smear microscopic examinations, CXR and sputum culture
and follow-up for 1.5 to 2.5 years after diagnosis. Participants were classified into active PTB,
probably active PTB, no PTB or Healthy controls and probably no PTB. Demographic data
were recorded. Participants breathed normally through the Aeonose for five minutes and
measured by the device. Then, the sensors were regenerated for 10 minutes and the breath
data were downloaded into a laptop and uploaded onto the website of eNose for analysis. The
author started with a calibration phase to build breath model, involving participants in “active
PTB” (n=85), “no PTB” (n=57), and “Healthy controls” (n=40)
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groups. Since the electronic nose can only classify unknown patients correctly if the patient
characteristics are similar to the ones in the calibration set to have fair classification, the author
kept blinded the participants from the “Probably active PTB” (n=43) and “Probably no PTB”
(n=102) groups during breath samples collection for validation purposes. The results of the
calibration phase showed that the diagnostic accuracy was 82% (95% CI: 75 to 88), with
sensitivity and specificity of 85% (95% CI. 75 to 92) and 55% (95% CI: 44 to 65), respectively.
The result obtained in validation phase were, sensitivity of 78% (95% CI: 70 to 85), specificity
of 42% (95% CI: 34 to 50), PPV of 52% (95% CI: 48 to 56), NPV of 71% (95% CI: 62 to 78)
and AUC of 72% (95% CI: 66 to 78). This study revealed that the sensitivity was modest and
specificity was low for Aeonose to diagnose TB among patients with suspected TB in
Yogyakarta, Indonesia. The author also evaluated several factors that may associate with the
breath prints, such as the physiological factors (age, sex, food, beverages) or pathological and
disease-related conditions and found that the sensitivity and specificity of the breath test were
lower in men (AUC=0.76) compared to women (AUC=0.93). The diagnoses for patients who
turned out to have no PTB included asthma, pneumonia, bronchiectasis, chronic bronchitis,
COPD, Obstructive Syndrome Post TB, lung fibrosis, lung abscess, empyema, and polycystic
lung disease also reported in this study. 12 'evel !I-3

Another diagnostic study by Coronel Teixeira R et al. (2023) assess the accuracy of the eNose
to classify individuals with signs and symptoms compatible with TB (in and outpatient clinic)
referred to the Paraguayan National Reference Center for respiratory diseases and TB
(INERAM). The study included a total of 107 participants aged =15 years, presenting with
respiratory symptoms (cough, fever, dyspnoea, night sweat, lymphadenopathy and/or
haemoptysis) for more than 15 days or having started anti-TB treatment already (<3 days
before inclusion). Patients demographic and clinical data were recorded. Every participant
underwent a physical examination, a CXR, a microbiological examination of their sputum or
biopsies, and an eNose breath sample. Breath tests and microbiological examinations carried
out on the same day. The gold standard for establishing a PTB diagnosis was a positive culture
of the MTB complex. When a culture test yielded a negative result, the diagnosis was
established by further compelling evidence (such as ZN positivity or GeneXpert detection of
MTB). A diagnosis was referred to as a "clinical diagnosis"” if no bacteriological evidence was
discovered. In the last category, the first two months of anti-TB medication were used to assess
how well clinical symptoms had improved. Patients with extra-pulmonary tuberculosis (EPTB)
were identified either by histological or chemical evidence of tuberculosis (TB) in biopsies, or
by microbiological confirmation (positive culture of MTB). The analysis of the breath samples
was done by The eNose company using machine learning classifier, artificial neural network
(ANN) or Neural Network (NN) and the result produced as “TB yes” or “TB no”. Univariate and
multivariate logistic regression analyses were performed to assess potential risk factors for
erroneous classification results by the eNose. The study found that TB was diagnosed in
91/107 (85%) of the participants which was 74% from that was established by gold standard,
mycobacterial culture and another 26% was diagnosed by other microbiological examination
and clinical diagnosis. The most common TB characteristic was cough (87.9%), fever (77.6%),
dyspnoea (73.8%) and night sweat (72.0%). The ‘blind data set’ (n=76 participants), analysis
resulted in low accuracy (50%), with sensitivity of 52.3% (CI 95%: 39.6 to 64.7%) and a
specificity of 36.4% (CI 95%: 12.4 to 68.4%). The result obtained for PPV of 83.0% (CI
95%: 67.4 to

92.3%) with NPV of 11.4% (CI 95%: 3.7 to 27.7%). Risk factors for erroneous classifications
by the eNose were older age (multivariate analysis: OR 1.55; 95% CI:1.10 to 2.18, p=0.012)
and antibiotic use (multivariate analysis: OR 3.19; 95% CI: 1.06 to 9.66, p=0.040). The author
reported that analysing larger cohorts will increase the accuracy of the eNose by
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establishing a more robust neural network algorithm and the gold standard to establish TB
diagnosis was not accomplished in all patients (mainly patients with EPTB) and it is possible
that these patients in fact do not have active TB and the eNose classification was correctly
made' 62, level 11-3

Ketchanji Mougang YC et al. (2023) conducted an interventional case control diagnostic study
in the Center of Respiratory Disease of the public Laquintinie Hospital in Douala (Cameroon)
involving 46 participants with diagnosed TB, 16 suspected TB but affected by different
diseases and 38 healthy controls and all of them were over 18 years old. The author evaluated
the use of an electronic nose made of porphyrinoid-functionalized quartz microbalance
sensors. The study involved diagnosed TB patients, patients suspected to have TB but affected
by different diseases, and a group of healthy controls. Using a sputum test with TB-LAMP and
further clinical studies such chest X-rays and SMEAR, all suspected TB patients were identified
as non-PTB (had TB symptoms but negative TB- LAMP results) or subjects with TB
(PTBX) (in spite of negative TB-LAMP results, the TB was confirmed by symptoms, chest
X-ray, and physician outcome). After breath test analysis, the study participants were
followed-up in time to confirm TB diagnosis. Measurements were collected in a period of two
months. The healthy and TB subjects were assesed in a random sequence to avoid any effect
of a possible drift of sensor signals. For each participant, demographic and clinical data and
blood or urine laboratory tests were also collected. The non-parametric Kruskal-Wallis rank
sum test was used to assess the statistical significance of sensor signals. Principal component
analysis (PCA) and linear discrimination analysis (LDA), supervised algorithms that need to be
trained and tested, were used in multivariate analysis. To allocate each measured sample to
the TB and non-TB group in the machine learning model, classification performance metrics
for LDA were obtained, including sensitivity, specificity, accuracy, and area under the ROC
curve (AUC). The study found that from 100 breath samples were measured, there were 46
patients proven to be positive for pulmonary TB (PTB) with TB-LAMP and 38 healthy
controls (HC). Additional groups of 10 non-PTB (NTB) subjects and six subjects with TB
(PTBX) were measured to test the predictivity of EN on uncertain cases. Based on
demographic and clinical data collected, all subjects of the PTB group presented cough
symptoms (more than two weeks) and an average low BMI (19.5). Among the PTB group,
41.5% were patients who relapsed to PTB and who had been treated for six months with
healing confirmation. All the recruited subjects were negative for antigenic COVID-19 tests.
Based on distribution of the sensor signals in the two classes of PTB and HC, all sensors
showed the mean of the frequency shift for the group of the PTB group is larger than that for
the HC subjects. Hence, for all sensors the two classes are statistically different. The results
from machine learning analysis show that the tested EN can detect all positive TB patients with
respect to healthy controls with an accuracy result as in the table 1.

Table 1: Performance of the classification of PTB with respect to HC

Accuracy Sensitivity Specificity AUC
Training 89.8% 92.6 + 10% 87.5+11% 0.90
Test 88.0% 90.8+17% 85.7+18% 0.88

The model generated with the data collected from TB cases and healthy controls was applied
to those patients who showed symptoms but had a negative TB-LAMP test and the
performance achieved by the classifier between PTB and HC is confirmed with the cases for
which the current diagnostic tools provided contradictory results.
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Table 2: Results of the application of the LDA classifier to the negative TB-LAMP of
symptomatic patients

PTBX NTB
Predicted as PTB 5 2
Predicted as HC 1 8

Based on sensitivities shown by all diagnostic tools utilised in the study, sensitivity of this
electronic nose made of porphyrinoid-functionalized quartz microbalance sensors is
comparable to TB-LAMP and chest-Xray, and largely outperforms SMEAR. 11, levelll-3

Another study conducted by Coronel Teixiera R et al. (2021) determined the electronic nose
utility and accuracy as a screening tool to detect TB in an indigenous population in a
remote area. This study has been conducted from November 2015 to February 2016 to identify
TB in an isolated indigenous population in Livio Farina, Department of Alto Paraguay and a
total of 131 of isolated indigenous population refer to Maskoy ethnic group adults (>15 years)
were included. After signing informed consent, clinical data, medication, smoking habits and
the last meal/drink schedule were recorded and then all included participants had a physical
examination, CXR and five-minute breath sampling with electronic nose (Aeonose).
Participants with anamnesis and/or abnormal CXR were asked to provide sputum samples for
microbiological examinations. The analysis of the VOCs of individual breath using artificial
neural network (ANN) was done by eNose company. The eNose analysis was performed in
two stages: first, the training with a combination of a previous study population plus 47
participants from the new cohort (total n=153), and second, the ‘blind prediction’ of 84
participants. The results reported was the mean of age was 37.3 with 45.8% was male. Twenty-
seven participants (21%) had symptoms and/or CXR abnormalities. All sputum samples from
these participants were examined with ZN, GeneXpert MTB/RIF and culture- negative. One
person was currently receiving TB treatment (pulmonary TB, third month). Three subjects were
on antibiotic treatment (two with amoxicillin and one with azithromycin). Six subjects had just
finished antibiotics from the penicillin group (ended > 24 hours before participating in the study).
In the 12 months after the study was completed, no cases of active TB were diagnosed. The
new ANN ‘training model’ yielded an area under the curve (AUC) of 0.90, a sensitivity of 87%
(95% CI: 71 to 95) and a specificity of 92% (95% CI: 85 to 96). After training, the ANN was fixed
and the remaining 84 blind ‘smell prints’ were then classified (blind prediction model). The
specificity of the eNose was 99% (95% CI: 93 to 99) and the NPV was 100%, as only one
participant was falsely classified as positive; this participant had no respiratory symptoms or
CXR abnormalities. As not a single community member in the blind prediction group had
active TB, the sensitivity and positive predictive value of the eNose could not be
calculated from this cohort. 10. level -3

5.1.2 Diagnostic performance of breath test (other than electronic nose) to diagnose
B

Badola M et al. (2023) conducted a quasi-experimental pilot study in Pulmonology OPD of the
Government Doon Medical College, India. This study assessed the diagnostic accuracy of a
VOC-identification-based TB screening tool (Breath Analyzer TSI-3000 (l), Technoscan,
Vaughan, Canada) against the gold standard of PCR-based TRUENAT/CBNAAT in terms of
sensitivity, specificity, as well as positive and negative predictive values and examine the
potential socio behavioral and epidemiological correlates that influenced the test results. The
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study was conducted between July to December 2022 with 334 TB suspects (=10 years)
included. All TB suspects identified were recruited and were offered the index test after
obtaining informed consent. All participants were further subjected to a diagnostic test, PCR-
based TrueNat/CBNAAT procedure. The clients whose samples were PCR-based TrueNat
positive were considered as reference positive subjects (gold standard), and those who
were PCR-based TrueNat negative were considered healthy subjects. Breath samples were
collected by seven to ten forced expirations onto the sample card, and then the sample card
was inserted into the desorber of Tuberculosis Breath Analyzer for data analysis and results
were displayed within 20 seconds as a Green Screen (TB negative subjects) or a Red Screen
(TB positive subjects) on the display panel. The author reported the mean age of the study
subjects was 35.8 years, 187 (55.9%) among them were males and 147 (44%) were females;
total number of eligible participants was 334 and 139 (41.6%) of them were disease positive;
103 (30.83%) of the study subjects had some lesion present on chest Xray, 21 (6.28%) each
were HIV positive and diabetics and 34 (10.1%) were currently smoking. The breath test result
showed that 133 study subjects found as disease positive out of a total of

139 study subjects. These disease positives were determined by the gold standard;
furthermore, the breath test identified 178 study subjects as disease negative out of the 195
disease negative subjects that were determined by the gold standard. The Tuberculosis Breath
Analyzer identified active pulmonary TB with a sensitivity of 95.7% (95% CI: 90.8 to 94.8), the
specificity was 91.3% (95% CI: 86.45 to 94.8), the positive predictive value was 88.7%,
the negative predictive value was 96.7%, and the ROC area was 0.935. The area under
curve (AUC) in the study findings was 0.935. The sub-analysis data of diagnostic accuracy test
(Table 3) showed that the tests showed considerable uniformity in terms of accuracy indicators
(sensitivity, specificity, and predictive values) across the different age groups. However, the
study analysis showed a relatively low indicator status in the age group of 30 to 44 years, and
as much as 67.2% of the age group of 45 to 59 were negative for TB. The diagnostic accuracy
of the Tuberculosis Breath Analyzer was found to be high for TB getection. 49. leve! I1-3

Table 3: Result of Diagnostic accuracy Tests.

Total n Sensitivity Specificity PPV NPV ROC Area
(95% CI) (95% CI)

TP=133 334 95.7% 91.3% 88.7% 96.7% 0.935

FP =17 (90.8-98.4) (86.4-94.8)

Age group 148 97.1% 89.7% 89.5% 97.2% 0.934

(15-29) (90.1-99.7) (80.8-95.5)

TP=68FP =8

FN=2TN =70

Age group 95 89.2% 89.7% 84.6% 92.9% 0.894

(30-44) (74.6-97) (78.8-96.1)

TP=33FP=6

FN=4TN =52

Age group 58 100% 89.5% 100% 0.976

(45-59) (80.5-100) 95.1%

TP=17FP=2 (83.5-99.4)

FN=0TN =39

Fu L et al. (2023) conducted a diagnostic cross-sectional study to explore a novel, rapid, and
simple LTBI detection method via breath test on high pressure photon ionization time-of-
flight mass spectrometry (HPPI-TOFMS). The study was conducted at the Third People's
Hospital of Shenzhen in Shenzhen, China, between March 2020 and November 2022 and
435 participants with inform consent signed involved. The LTBI group included the
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participants who were contacts of ATB patients and had a positive IGRA result, with
normal chest imaging and no evidence of ATB (n=185). The control group consisted of
two main subcategories: 1) ATB group (n=121): ATB subjects in whom M.tb culture or
GeneXpert TB-DNA was positive, and chest imaging was suggestive of ATB; 2) healthy
control (HC) group (n=129): healthy subjects who came for physical examination and had no
known contacts with ATB patients, with a negative IGRA result and a normal chest imaging. All
participants were enrolled in the queue. The median age was significantly different (p<0.001)
between the case and control groups; 41 and 28, respectively. There was no significant
difference (p=0.397) in gender between the case and control groups. Breath samples were
collected from 435 participants using a predefined protocol and sampling apparatus comprised
a disposable gas nipple and a sampling bag made of polyether-ether- ketone (PEEK) then
tested in developed High-pressure photon ionization time-of-flight mass spectrometry (HPPI-
TOFMS) within twenty-four hours. All the enrolled participants were randomly split into three
groups, 50% of them for model construction, 20% for internal validation and 30% for model
blinded testing. A total of 92 LTBI patients and 123 controls were randomly selected as the
discovery data set for Random Forest (RF) based LTBI detection model training, which was
evaluated on internal validation dataset (37 LTBI patients and 51 controls) and blinded test
dataset (56 LTBI patients and 76 controls). From the mass spectrum data produced by HPPI-
TOFMS, the model-based feature selection was executed based on training and validation
datasets, and the top ten VOC ions were selected according to the ranked feature importance.
The study found that, in internal validation data set, with cut-off value of 0.5 (over 0.5 is
considered LTBI), the LTBI detection model achieved good discrimination performance with
sensitivity and specificity of 78.4% (95% CI. 63.4 to 94.3)

and 84.3% (95% CI: 74.3 to 94.3), AUC (0.91). While in the test dataset (model blinded
testing), the model performance slightly dropped, with the AUC decreasing from 0.91 (95% CI:
0.85t0 0.97) to 0.87 (95% CI: 0.81 to 0.93). The sensitivity and specificity achieved were
80.4% (95% CI: 69 to 92) and 80.3% (95% CI: 71 to 89) respectively. Since there were two
subgroups in the controls, the author also evaluated the performances in discriminating LTBI
with ATB and HC, respectively. The LTBI model performed better in discriminating LTBI and
HC with an AUC of 0.95 (95% CI: 0.91 to 0.99) than in discriminating LTBI and ATB with an
AUC of 0.78 (95% CI: 0.69 to 0.86). Besides, to evaluate the selected VOC ions in LTBI
detection, the author trained the LTBI detection model on each single VOC ion and evaluated
it in the test dataset. The discrimination of a single VOC ion was also good but limited (0.64 <
AUC < 0.80), which is much inferior to the performance (AUC=0.87) of the combination of all
ten VOCs. The study found that there were significant differences (p<0.001) among LTBI, HC,
and ATB groups for almost all ten VOC ions, except for the VOC with mass-to-charge ratio
(m/z) of 129 between LTBI and ATB (p=0.589). Figure 8 illustrates the patterns of these ten
VOC ions that were visually different in ATB, LTBI, and HC groups. 6. level ll-3

15



MaHTAS Technology Review

1.0

|

08

0.6

- 04 ——

~ 02 —

=00

Ao dH AN N A D H A
NS 97 LY N AT (W0
SIS G I SF I
N VY B

'Figure 8: The heatmap of peak area distribution in all HC, LTBI, and ATB samples. ©
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Summary of studies related to the efficacy/ effectiveness of breath test to diagnose TB are
shown in Table 4.

Table 4: Efficacy/ effectiveness of breath test to diaghose Tuberculosis reported by the
included studies

Study

Saktiawati
AMI et al.
2019

SR & MA
Bangladesh,
South Africa,
Egypt,
Paraguay,
Venezuela,
Ethiopia,
Vietnam,
Philippines,
United
Kingdom,
India, Mali

Saktiawati
AMI et al.
2019
Diagnostic
Study
Yogyakarta,
Indonesia

Coronel
Teixeira R et
al. 2023
Diagnostic
Study
Paraguay,
South
America

Patient
characteristic/
disease

1715
PTB  patients,
PTB  suspects
and  healthy
controls, newly
diagnosed PTB
patients, involve
asthma or COPD
patients, TPE
suspects, HIV
patients,
patients
respiratory
complaints and
suspect  EPTB
patients

with

327
Suspected PTB,
Healthy controls

107
aged
years,
presenting with
respiratory
symptoms  (
cough, fever,
dyspnoea, night
sweat,
lymphadenopat
hy and/or
haemoptysis)
for more than
15 days or
having started
anti-TB
treatment
already (< 3
days  before
inclusion)

215

Follow-up
duration

1.5-25
years

Two months
after anti-
TB
treatment
(only for
the cases
which
diagnosed
by clinical
diagnosis)

Intervention
Treatment  Comparison
Breath tests by Culture
electronic SSM
nose or other Histopathology
devices of the pleural
biopsy
R
Gene Expert
PCR
Histology
Electronic  Clinical diagnosis
Nose sputum smear
(Aeonose ™) CXR and sputum
Sensor: metal culture
oxide
Electronic Culture of MTB
Nose complex
(Aeonose ™) IN staining
Sensor: metal GeneXpert
oxide MTB/RIF
Histopathological
or chemical
evidence
(biopsies, pus or
pleural fluid)

Clinical diagnosis

17

Findings

There is no heterogeneity among studies that diagnose TB with
electronic nose (Q= p=0.23, I2= 0; 95% uncertainty intervals: 0-100)
The pooled sensitivity and specificity of electronic-nose in diagnosing
TB were high (Sen= 92%, Spec= 93%, PLR= 13.4, NLR= 0.08, DOR=
162, AUC= 0.97)

The sensitivity and specificity of breath test devices other than
electronic nose ranged from 62% to 100% and 11% to 84%. (no pooled
statistical data because of insufficient number for grouping)

The sensitivity was modest and specificity was low for Aenose to
diagnose TB among patients with suspected TB in Yogyakarta,
Indonesia. (Sen=78%, Spec= 42%, PPV= 52%, NPV=71%, AUC=
72%)

The sensitivity and specificity of the breath test were lower in men
(AUC: 0.76) than women (AUC: 0.93)

Safety: There were no adverse events associated with the study
intervention.

TB was diagnosed in 91/107 (85%) of the participants which is 74%
from that was established by gold standard, mycobacterial culture

The most common TB characteristic was cough (87.9%), fever (77.6%),
dyspnoea (73.8%) and night sweat (72.0%).

The accuracy (AUC) of breath test was 50%, sensitivity was 52.3%,
specificity was 36.4%, PPV and NPV was 83% and 11.4% respectively
Older age and the use of antibiotics are significant risk factors for an
incorrect prediction by the eNose with a very high OR for antibiotics use
before TB diagnosis. (OR for older age; univariate= 1.50,
multivariate= 1.55; OR for the use of antibiotics (other than anti- TB
treatment) for more than 24 hours; univariate= 2.89,multivariate=
3.19)

Safety: all false positive participants were admitted to the in patient
clinic and later discharged with a final diagnosis of pneumonia
Safety:The breath test measurements were done in the morning,
always in the same place, in a room free of odours of gasses and
alcohol and without dust. Cleaning of the eNose device on the outside
was not performed unless it was needed because of stains on the
device from a previous user. After every breath sampling a clean burn
(approximately 10 minutes) was performed inside the device by
heating of the metal sensors to 280 degrees Celsius, as part of the
complete cycle process. Without this clean burn the eNose device cannot
be used for another participant



Ketchanji
Mougang YC
etal.

2023
Diagnostic
Study
Cameroon,
Central of
Africa

Coronel
Teixeira R et
al. 2021
Diagnostic
Study
Paraguay,
South
America

Badola M et
al. 2023
Diagnostic
Study

India

Ful et al
2023
Diagnostic
Study
Shenzhen,
China

100

TB patients,
suspected  TB
(NTB & PTBX) and
healthy controls,
all over 18
years old

131

Isolated
indigenous
population refer
to Maskoy ethnic
group adults.

334
TB suspects

435

LTBI  suspects
and  Controls
group (ATB and
healthy controls)

Two months

1 year

Electronic Nose
(EN)
Sensor:
porphyrinoid-
functionalized
quartz
microbalance
sensors with
corrole-based
sensors along
with a mass
flow controller

Electronic
Nose
(Aeonose ™)
Sensor: metal
oxide

Breath test
(Breath
Analyzer TSI-
3000 (1) (IMS
method))

Breath test
(High-
pressure
photon
ionization
time-of-flight
mass
spectrometry
(HPPI-TOFMS))

TB-LAMP
CXR
SMEA

Ziehl-Neelsen
(IN) stain,
GeneXpert
MTB/RIF
(Cepheid)

Mycobacterial
Culture

PCR-based
TRUENAT/CBNAAT

Interferon-
gamma release
assays (IGRAs)

CR
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Suspected TB
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46 patients proven to be positive for pulmonary TB (PTB) with TB-LAMP
and 38 healthy controls (HC). Additional groups of 10 non-PTB (NTB)
subjects and 6 subjects with TB (PTBX) were measured to test the
predictivity of EN on uncertain cases

For all sensors, the mean of the frequency shift for the group of the PTB
is larger than that for HC subjects. All sensors show a p-value lower
than 0.001. Hence, for all sensors, the two classes are statistically
different

The results show that the tested EN can detect all positive TB patients
with respect to healthy controls with an accuracy of 88%, specificity
and sensitivity of 85.7% and 90.8% and AUROC 0.88 respectively.

Twenty-seven participants (21%) had symptoms and/or CXR
abnormalities. All sputum samples from these participants were IN,
GeneXpert MTB/RIF and culture-negative. One person was currently
receiving TB treatment (pulmonary TB, third month). Three subjects
were on antibiotic treatment (2 with amoxicillin/1 azithromycin). Six
subjects had just finished antibiotics from the penicillin group (ended >
24 hours before participating in the study). In the 12 months after the
study was completed, no cases of active TB were diagnosed

As not a single community member in the blind prediction group had
active TB, the sensitivity and positive predictive value of the eNose
could not be calculated from this cohort. (Specificity= 99%, NPV=
100%)

The diagnostic accuracy of the Tuberculosis Breath Analyzer was found
to be high for TB detection ( Sensitivity=95.7%, Specificity=91.3%,
PPV=88.7%, NPV=96.7%, ROCAUC=0.935)

The sub-analysis of the data showed that the tests showed
considerable uniformity in terms of accuracy indicators (sensitivity,
specificity, and predictive values) across the different age groups.
However, the study analysis shows a relatively low indicator status in
the age group of 30-44 years, and as much as 67.2% of the age group
of 45-59 were negative for TB.

The age is significantly (p<0.001) different between the case and
control groups (median= 41 and 28)

In the internal validation dataset, the LTBI detection model achieved
good discrimination performance with SEN and SPE of 78.4 (95% Cl:
63.4%, 94.3%) and 84.3% (95% Cl: 74.3%, 94.3%) , AUC (0.913).

In blinded test dataset, the AUC decreasing from 0.913 (95% CI: 0.854,
0.972) to 0.867 (95% CI: 0.809, 0.925). The SEN and SPE achieved were
80.4% (95% CI: 68.7%, 92.0%) and 80.3% (95% Cl: 71.3%, 89.2%)

The LTBI model performed better in discriminating LTBI and HC with an
AUC of 0.952 (95% Cl: 0.909, 0.995) than in discriminating LTBI and ATB
with an AUC of 0.777 (95% CI: 0.692, 0.861)

For evaluation of selected VOC ions (ten ions) in LTBI detection, the box
plot of peak area in all LTBI, HC and ATB samples show that the
patterns of ten VOC ions were visually different in ATB, LTBI, and HC
groups and there were significant differences (p < 0.001) among LTBI,
HC, and ATB groups for almost all ten VOC ions, except for the VOC with
m/z of 129 between LTBI and ATB (p = 0.589)
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5.2 SAFETY

A study by Saktiawati AMI et al. (2019) reported that breath tests was not associated with
treatment-related adverse events (e.g.breathless, infection, or bleeding) during the sessions
or the follow-up. 12

In a study conducted by Coronel Teixeira et al. (2021), participants with false-positive (n=9)
and false-negative results (n=5) were analysed in depth. Two false positives had respiratory
symptoms < 15 days: one of them with CXR with infiltrates and cavities and the other
presented with overweight. The remaining seven false positives showed comorbidities
varying from asthma, arterial hypertension and overweight. False negatives included two
with culture-negative pleural TB (both used ceftriaxone before TB diagnosis was
established) and two others had microbiologically proven pulmonary TB, also treated with
antibiotics (penicillin group) for < 3 days. The last one was obese. 1°

Several studies which using electronic nose as index test were use the disposable
mouthpiece equipped with an antibacterial or antiviral filter such as HEPA filter during breath
sampling to protect the electronic nose from getting contaminated by bacteria and viruses.
10,1237 saktiawati AMI et al (2019) in a diagnostic study reported that to prevent interference
by VOCs in the environment such as ethanol and isopropanol, the Aeonose was equipped
with a valve and carbon filter, thus the breath prints were not biased by the room air and
inaccurate measurement can be avoided. *?

Despite the clinical research and the science behind this simple, rapid, and point-of-care
breath test that has been supported by several studies that have turned up with encouraging
results, the FDA has not yet approved a breath test to diagnose TB, this means it is presently
still seen as an investigational or experimental technology. Since TB has been recognized
as one of the important infectious occupational disease affecting health care workers
(HCWs), the safety procedure for healthcare worker during handling specimen and analysis
should be included in study conducted. However, for Aeonose brand, the company claim
that it was CE approved (IVDD 98/79/EC and MDD 93/42/EEC). 5358

5.3 ORGANISATIONAL ISSUES

5.3.1 Treatment protocol
Turn around time

In a diagnostic accuracy study conducted by Badola M et al. (2023), which use VOC-
identification-based TB screening tool (Breath Analyzer TSI-3000 (I) against the gold
standard of PCR-based TRUENAT/CBNAAT, the author reported that once the data were
analysed by the Tuberculosis breath analyzer the results were displayed within 20 s on the
display panel. In another study by Phillips M et al. (2012) which evaluate breath VOC
biomarkers in subjects with active pulmonary TB in Philipines, UK and India, using an
internet-linked rapid point-of-care breath test (ATD-GC-MS), the breath test was completed
in six minutes. Besides, in several studies of electronic nose such as study conducted by
Saktiawati AMI et al. (2019) and Coronel Teixeira R et al. (2021,2023) using the electronic
nose (Aeonose) as breath test to diagnose TB found that the measurement of electronic
nose takes, in total about 15 minutes which include five minutes spent on
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respiration procedure and 10 minutes are used for sensor regeneration and detecting
possible low-concentrated VOCs. 10125463 These studies showed that the breath tests took
less time for analysis than the current test practices such as culture’s lab turnaround time
(LTAT) which is one to eight weeks and PCR test’'s LTAT is one week. 1962

5.3.2 Training

No reagent needed for breath test electronic nose and breath test analyser TSI 3000(]) as
compared to gold standard test like culture or PCR and chemical-analytical method. °0.63
However, the operation and handling of analysis software such as the solution model, graph
and Atrtificial Intelligence programme in machine learning algorithm by breath analysis
especially electronic nose may need access of internet and special training to the gperator.
9,10,12,32,37,62

According to the diagnostic study conducted by Saktiawati AMI et al. (2019), the author
revealed that the electronic nose (Aeonose) was user-friendly and required no extensive
training to provide non-invasive diagnosis in just a few of minutes. However, to operate and
make sure more accurate result provided by an electronic nose, more participants are
needed in the calibration phase to get comparable performance between calibration and
validation phase. When an artificial neural network should predict a breath profile it hasn’t
‘seen’ during the calibration phase, a false prediction is more likely. A larger calibration
group would improve the blind predictions. Once the VOC-markers for TB are adequately
determined, the use of highly selective sensors that target these VOC-markers may also
add the sensitivity and specificity. 12

Saktiawati AMI et al. (2019) compared the enose with chemical-analytical method (mass
spectrometry). Although the enose offers less detailed information compared to
spectroscopic or chemical-analytical method (mass spectrometry) in identifying volatile
organic compounds (VOCSs), it is still feasible to classify the data. Furthermore, there are a
number of drawbacks to the chemical-analytical or spectroscopic techniques including the
requirement of a well-conditioned environment, particularly when recording concentration
differences of biomarkers, larger analyzer size prevents this method from being utilised as
a point-of-care diagnostic test and operating the devices requires staff with the necessary
training. '° Moreover, Oliveira LF et al (2022) in a pilot study of breath analysis using
electronic nose and gas chromatography-mass spectrometry on bronchial infections in
bronchiectasis stated that the signal processing pipeline for GC-MS data is more complex
than that of e-nose data. The large number of peaks, sometimes with strong coelution,
baseline instabilities, and slight shifts in retention time leading to alignment problems, makes
the whole data processing workflow a real challenge, particularly if in addition we have a
limited supply of examples for the machine learning step. The GC-MS results obtained in
this study revealed that, even though the use of experimental design and good analytical
chemistry practices are essential, good validations techniques in the development of the
models are key to avoid false discoveries in complex data. %°

5.3.3 Guidelines

There were several studies on the use of national guidelines in their procedure. Zetola et al.
(2017) reported that all cases included in the study were started on first-line anti-TB
treatment (rifampicin, isoniazid, ethambutol and pyrazinamide) on the day of enrolment, in
accordance to Botswana national TB guidelines. 35%* According to study conducted by
Coronel Teixeira R et al. (2023), the TB patients included in the study received anti-TB
treatment according national guideline, National Guide for The Management of
Tuberculosis: Health Services Local, District, Regional Health and Family Health Units:
Asuncion: Ministry of Health Public and Social Welfare, Paraguay. Besides, Badola M et
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al. (2023) also reported that all cases included in the study were treated in accordance with

India national TB guidelines, on a first-line anti-TB treatment on the day of enrolment.
49,62

All the practices regarding the test analysis including the pre-examination, examination,
post-examination, safety and training of staff or operator shall follow international or local
guidelines such as Malaysian Standard, MS ISO 15189:2014, Specific Technical
Requirement for Accreditation of Medical Microbiology Laboratories (STR 2.5) and National
Policy and Guidelines for Point of Care Testing by Ministry of Health Malaysia.

5.4 ECONOMIC IMPLICATION

There was no retrievable evidence on the cost-effectiveness or other economic analysis
related to breath tests to diagnose Tuberculosis. However, based on the study conducted
by Phillips M et al. (2012) which evaluated breath VOC biomarkers in subjects with active
pulmonary TB, using an internet-linked rapid point-of-care breath test (portable gas
chromatograph coupled to a surface acoustic wave (SAW) detector (ATD-GC-SAW)),
reported that a laboratory-based automatic thermal desorption-gas chromatography- mass
spectrometer (ATD-GC-MS) fully equipped for breath VOC analysis costs nearly

9

I

508 LIMITATIONS

We acknowledge some limitations in our review and these should be considered when
interpreting the results. The selection of the studies was done by one reviewer. Although
there was no restriction in language during the search, only the full text articles in English
published in peer-reviewed journals were included in the report, which may have excluded
some relevant articles and further limited our study numbers. Most of the studies included
small sample sizes and the follow-up was relatively short, limited to approximately one year,
which does not allow drawing any conclusions for a longer period of time.

6.0 CONCLUSION

A fair level of retrieved evidences has demonstrated that point-of-care (POC) breath test
has moderate to good diagnostic accuracy in detecting TB in high incidence setting.

No safety issue has reported with the use of this device. No cost effectiveness study
retrieved on this device.
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8.0 APPENDIX

APPENDIX 1: LITERATURE SEARCH STRATEGY

Ovid MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-
Indexed Citations, Daily and Versions <1946 to January 08, 2024>

1. TUBERCULOSIS/(114993)
2. (mycobacterium tuberculosis adj2 infection*).tw. (5449)
3. Koch* disease.tw. (11)
4. tuberculos?s.tw. (215870)

5. 1or2or3or4(248204)

6. BREATH TESTS/ (16427)

7. (breath adjl test*).tw. (8438)

8. (breathalyzer adjl test*).tw. (48)
9. 6or7or8(20258)

10.10 5and9 (81)

Other Databases

EBM Reviews - Cochrane Database of Systematic
Reviews <2005 to March 6, 2024> Similar MeSH, keywords, limits
used as per MEDLINE search

EBM Reviews - Database of Abstracts of Reviews
of Effects <1st Quarter 2016>

EBM Reviews - Cochrane Central Register of
Controlled Trials <February 2024>

PubMed Similar MeSH, keywords, limits
INAHTA used as per MEDLINE search
US FDA
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APPENDIX 2: HHERARCHY OF EVIDENCE FOR EFFECTIVENESS

DESIGNATION OF LEVELS OF EVIDENCE

I Evidence obtained from at least one properly designed randomized controlled trial.

-1 Evidence obtained from well-designed controlled trials without randomization.

Evidence obtained from well-designed cohort or case-control analytic studies, preferably
-2 from more than one centre or research group.

Evidence obtained from multiple time series with or without the intervention. Dramatic
-3 results in uncontrolled experiments (such as the results of the introduction of penicillin
treatment in the 1940s) could also be regarded as this type of evidence.

Opinions or respected authorities, based on clinical experience; descriptive studies and

i .
case reports; or reports of expert committees.

SOURCE: US/CANADIAN PREVENTIVE SERVICES TASK FORCE (Harris 2001)
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APPENDIX 3: EVIDENCE TABLE

Only available upon request.
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