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ABSTRACT 
Background
Breath tests may diagnose tuberculosis (TB) through detecting specific volatile organic 
compounds produced by Mycobacterium tuberculosis or the infected host. 

Methods
To estimate the diagnostic accuracy of breath test with electronic-nose and other devices 
against culture or other tests for TB, we screened multiple databases until January 6, 2019. 

Results
We included fourteen studies, with 1715 subjects in the analysis. The pooled sensitivity 
and specificity of electronic-nose were 0.93 (95% CI 0.82–0.97) and 0.93 (95% CI 0.82–0.97), 
respectively, and no heterogeneity was found. The sensitivity and specificity of other breath 
test devices ranged from 0.62 to 1.00, and 0.11 to 0.84, respectively. 

Conclusion
The low to moderate evidence of these studies shows that breath tests can diagnose TB 
accurately, however, to give a real-time test result, additional development is needed. 
Research should also focus on sputum smear negative TB, children, and the positioning of 
breath testing in the diagnostic work flow.

INTRODUCTION
Tuberculosis (TB) is the leading infectious cause of morbidity and mortality globally.1 It 
spreads easily by air, with inhalation of infected droplets exhaled, coughed or sneezed 
by individuals affected with contagious forms of pulmonary TB. Approximately 23% of 
the world’s population is infected with TB bacteria, and 5-15% will suffer from TB at some 
point in time.1,2  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.3,4 In 2017, there was a gap of 3·6 million between 
notifications of new cases and the estimated number of incident cases,1 indicating a huge 
underreporting and under-diagnosis of TB cases. In response, the World Health Organization 
(WHO) launched an initiative to detect many more people with TB in the next few years.1

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 (LPAs), 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.5 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.5

CXR implies radiation exposure and has low specificity,6 while SSM lacks sensitivity since 
the threshold of TB detection is high.7 Furthermore, SSM can only detect TB in patients 
in advanced stage; it is less sensitive in Human Immunodeficiency Virus (HIV)-infected 
individuals, and does not differentiate between MTB and non-tuberculosis mycobacterial 
(NTM) infection.8,9 Culture currently is the reference standard.5 It needs only 10-100 MTB 
bacilli to establish a diagnosis, however, the laboratory turn-around time is long (two to 
eight weeks).1 

Other sputum-dependent tests have been developed more recently, i.e. nucleic acid 
amplification techniques which allow for fast identification of MTB as well as rapid assessment 
of rifampicin susceptibility (such as GeneXpert® MTB/RIF (Cepheid, USA) and Truenat MTB 
assays® (Molbio Diagnostics, India)), LPAs (Hain Lifescience, Germany and Nipro, Japan) to 
detect TB and resistance to first and second line anti-TB drugs, and TB LAMP (Eiken, Japan) for 
detection of TB.1 However, LPAs and TB LAMP are not universally available or affordable, and 
even though Xpert MTB/RIF is provided at reduced price for low-middle income countries,1, 
it is not portable and needs stable electricity supply, limiting its use in highly burdened, 
remote settings in low- and middle income countries.

One third of TB suspects have difficulty to collect an adequate quality sputum sample.10 
Therefore, a non-sputum based test would be a tremendous asset. Several non-sputum 
based tests are in development, such as urinary lipoarabinomannan for patients with TB-HIV 
coinfection, computer-aided detection systems,1 pediatric stool processing prior to Xpert,11 
blood host marker, skin patches, and breath tests.12
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Breath tests have several advantages - non-invasive, potentially point-of-care, easy-to-
perform, fast, and convenient.13 Infections change the host metabolism producing distinct 
volatile organic compounds (VOCs),14 and Mycobacterium tuberculosis (MTB) produces several 
VOCs, 15–17  which can be detected from the breath. There are two approaches to analyze 
breath specimens - chemical and physical techniques. Examples of chemical techniques 
are gas chromatography combined with mass spectrometry (GC/MS), immunosensor and 
bio-optical technology, and electronic-nose with sensors that identify chemical interactions 
between VOCs and the sensor surfaces.18–23 Physical techniques measure a physical property 
of the molecule, such as Field Asymmetric Ion Mobility Spectrometry (FAIMS) that measures 
movement of ionised molecules of breath.24 GC/MS requires complex equipment, operation 
skills, and a well-conditioned environment, especially to record concentration differences of 
VOCs specific for TB,15–17,25,26 and different studies report different VOCs.17,25–27 The electronic-
nose has an array of sensors that identifies a pattern of VOCs without considering the specific 
composition of VOCs.

There has not been a systematic review regarding the accuracy of electronic-nose 
equipment in diagnosing TB from patients’ breath. We also explored other types or devices 
of breath tests, such as GC/MS, because there has been a rapid development in this field 
since the previous review.13 

To examine the accuracy of electronic-nose and other devices in diagnosing TB from 
patients’ breath, we 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. 

METHODS
Protocol and Registration
Methods of the analysis and inclusion criteria were documented in a protocol, and registered 
in PROSPERO (CRD42019132895).

Eligibility Criteria
We included the DTA studies with participants of any age with TB or suspicion of TB. Diagnosis 
of TB was based on the WHO guideline.5 The index test was a breath test, the comparator 
being sputum smear microscopy, chest radiography, culture, Gene Xpert, pleural biopsy, or 
a Composite Reference Standard (CRS). 

Information Sources
Studies were identified by searching electronic databases, i.e. Pubmed (1946-present), 
Embase (1946-present), Web of Science (1946-present), Medline (1946-present), clinicaltrials.
gov, and WHO International Clinical Trials Registry Platform (ICTRP). Cochrane database 
was also reviewed. No limits were applied for language. The last search was run on 6 
January 2019. A.M.S. and D.D.P. conducted the search. We also attempted to acquire any 

missing information on results from the investigator of articles included in this review, i.e.  
Marcel Bruins.22,23

Search strategy and selection criteria
The PRISMA statement was followed for the systematic search.28 The search strategies used 
terms such as “tuberculosis”, “diagnosis, “breath test”, “electronic nose”, and “volatile organic 
compound”. Appendix 1 shows a detailed description of the search strategies. Studies were 
included if the subject was human, and were published from 1946 to present (6 January 
2019). Abstract of conference was included. We excluded unpublished data, duplicate 
studies, reviews, and case reports. In addition, we hand-searched related articles from 
the reference lists, and trials registries, i.e. clinicaltrials.gov and WHO ICTRP.

Study selection
Eligibility assessment of titles and abstracts was performed independently by 2 investigators 
(A.M.S. and D.D.P.) based on the PICOS criteria (Population=patients with TB or suspected 
with TB; Index test=breath test by electronic nose or other devices; Comparator=other tests 
for TB; Outcomes=sensitivity, specificity based on culture or WHO guidelines for TB diagnosis 
if culture result was not available; Study design: diagnostic test accuracy). Disagreements 
between investigators were resolved by consensus, or involving a third investigator (T.S.W.) 
when consensus was not reached. Full-text articles were then reviewed by A.M.S. and D.D.P. 
with a critical appraisal sheet taken from Joanna Briggs Institute Reviewers’ Manual 201529 
which was developed based on the Quality Assessment of Diagnostic Accuracy Studies 
(QUADAS)-2 approach.30 Resolving disagreements was conducted in the same manner. We 
then analysed the outcomes from the remaining relevant research articles.

Data Collection Process
A data extraction sheet was developed based on Joanna Briggs Institute Reviewers’ 
Manual 2015.29 We pilot-tested it on ten randomly-selected included studies, and refined 
it accordingly. The two investigators (A.M.S. and D.D.P.) extracted the data from included 
studies. Disagreements were resolved by discussion between the two investigators; if no 
agreement was reached, a third investigator (T.S.W.) was involved.

Data Items
Information was extracted from each included study on: (1) characteristics of study 
participants (demographic description, i.e. age, sex, inclusion and exclusion criteria; 
participant groups); (2) type of intervention (breath test with electronic nose or other 
devices versus other tests for TB); (3) type of outcome measures (sensitivity, specificity); (4) 
funding sources.
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Risk of Bias in Individual Studies
An assessment of risk of bias was conducted with the modified version of the QUADAS tool 
for Cochrane reviews 31 in a blind manner. Assessments were completed independently by 
two investigators (A.M.S. and D.D.P.), and disagreements were resolved by consensus, or 
involving a third investigator (T.S.W.) when consensus was not reached.

Summary Measures and Data Analysis
The primary outcome measures were sensitivity and specificity of breath test to diagnose 
TB using culture, or the WHO guideline for TB diagnosis if culture result was not available, 
as the reference.5 The secondary outcome measures were Positive Likelihood Ratio (PLR), 
Negative Likelihood Ratio (NLR), and Diagnostic Odds Ratio (DOR). Sensitivity was defined 
as probability that a test result would be positive when the disease is present (true positive 
rate), specificity was the probability that a test result would be negative when the disease 
was absent (true negative rate). PLR described how many times positive index test results 
were more likely in the diseased group compared to control, NLR described how many times 
negative index test results were less likely in the diseased group compared to control, and 
DOR described how many times the odds were higher of obtaining a test positive result 
in a diseased compared to control.32 We calculated pooled sensitivity, specificity, PLR, NLR, 
and DOR with 95% confidence intervals. We assessed heterogeneity and inconsistency for 
the pooled estimates by the Cochrane Q and I2 statistic,33 and if there was heterogeneity, 
we conducted subgroup analysis to find the sources.32 We used bivariate hierarchical 
random effects logistic regression models methods for meta-analysis of DTA to generate 
the Summary Receiving Operator Characteristics (SROC) curve with point estimates and 
their 95% confidence region from all study sources. All analyses were performed with STATA 
(version 15 SE; Stata Corporation, College Station, TX, USA). Stata commands of “metandi” 
and “metandiplot” are used to facilitate calculating the summary of the fitted point and 
the curve with 95% prediction region.34

Risk of Bias Across Studies 
Risk of bias was assessed according to QUADAS items.35 We had earlier planned to make 
a funnel plot to assess the publication bias within studies, but we decided not to, as it 
was not recommended by the Cochrane Handbook considering that it might mislead 
the interpretation of the publication bias assessment.32 We also looked for missing data from 
the included studies that could produce selective reporting bias.

RESULTS
Study Selection
A total of 14 studies were identified for inclusion in the review. The search of Pubmed, 
Embase, Web of Science, Medline, clinicaltrials.gov, ICTRP, and Cochrane databases provided 
a total of 391 studies. After adjusting for duplicates, 239 remained. Of these, 225 studies 

were discarded because these papers did not meet the criteria. The full text of the remaining 
20 studies was examined in more detail. Fourteen studies met the inclusion criteria and 
were included in the systematic review. By checking the references, relevant papers and 
searching for studies that have cited these papers, no additional studies that met the criteria 
for inclusion was identified. 

Study Characteristics
All fourteen studies finally selected for the review were published in English. Table 1 shows 
characteristics of the studies. Number of subjects analysed ranged from 40 to 251 subjects 
per study. Only three studies included children (aged ≥13 years); the others included only 
adults. All studies were carried out prospectively, 9 out of 14 studies (64·3%) employed 
a case-control study design (for studies that consisted of training and validation phases, 
we only assessed the study design in the validation phase as it reflected the performance 
of the device). Most of them were conducted in hospitals and lung clinics; six studies were 
conducted in Africa, two in Asia, two in South America, one in Europe, two in transcontinental 
countries (Egypt and Russia), and one in both Asia and Europe.

Risk of Bias
Figure 2 summarizes the risks of bias and applicability concerns of studies. Only five studies 
specified that they involved consecutive series of patients; the other studies did not describe 
the process of sampling and used case-control study design. However, due to the nature 
of these pilot studies, case-control is commonly used, thus we assessed the risk of bias in 
terms of ‘patient selection’ as medium. All studies reported a clear definition of a positive 
test using a reference diagnostic test, but only six ensured adequate blinding, six did not 
mention concealment, and the subjects in the validation group in two studies overlapped 
with the training group (medium to high risk of bias concerning ‘index test’). In terms of 
‘flow and timing’, only six out of fourteen studies mentioned the exact time interval between 
the index test and reference test, but the sputum sample could be collected anytime even 
on the same day of the assessment using the index test (low risk of bias). All of included 
studies had complete verification for positive reference test, however not all subjects in one 
study used the same reference test. Eight studies used the gold standard, which is culture, 
while other 6 studies also used other examinations beside culture (low to medium risk of 
bias for reference standard). In summary, 12 studies were considered having a medium risk 
of bias or raised applicability concerns for at least one item of the QUADAS-2 tool. 

Test accuracy
The total number of subjects included in the analysis of sensitivity and specificity of 
breath tests (validation phase) amounted to 1715 subjects (Table 1). The sensitivity and 
specificity of each test is shown in Table 1. As the number of breath test devices other than 
electronic-nose was insufficient for grouping, the statistical analysis was only calculated for 
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the electronic-nose. The Q and I2 of electronic-nose in diagnosing TB were p=0·23 and 0 (95% 
uncertainty intervals:0-100), respectively. The pooled sensitivity and specificity of electronic-
nose in diagnosing TB were 0·92 (95% CI:0·82-0·97) and 0·93 (95% CI:0·88-0·96), respectively  
(Figure 3). The PLR, NLR, and DOR were 13·4 (95% CI:7·2-24·9), 0·08 (95% CI:0·03-0·20), 
and 162 (95% CI:41-634), respectively. Figure 4 shows the summary receiving operating 
characteristics for these studies. The area under the curve (AUC) of electronic-nose was 0·97 
(95% CI:0·19-1·00). 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.

DISCUSSION
The pooled sensitivity and specificity of electronic-nose in diagnosing TB, either pulmonary 
or extrapulmonary, were high. There is no heterogeneity, indicating that the variability 
among studies that diagnose TB with electronic-nose was due to chance. Other devices 
had moderate to high sensitivity and low to moderate specificity. The strength of evidence 
within all 14 studies was low to moderate. 

Five studies only included subjects representing two extreme sides of the clinical 
spectrum of TB disease (healthy controls without any TB symptoms, and symptomatic, 
treatment-naïve, smear positive pulmonary TB cases).18,21,36–38 Meanwhile, different stages 
of TB disease are characterized by dynamic metabolic changes within pathogen and host 
and their interactions, thus different stages of TB disease may generate different breath 
test results.21 In addition, around 20-25% of the world population have latent TB,39 and 
the event of relapsed TB in the high-TB burden countries is not uncommon. Therefore, 
these studies had limited generalisability and clinical applicability, and might also produce 
bias as the results might be over-estimated, thus these assumptions might be not valid for 
our review. Ideally, besides being able to identify the VOCs produced by either the host or 
the bacteria, the breath test’s sensors should ideally be also able to identify different signals 
in different stages of TB disease. Only seven studies included other pulmonary infections as 
controls,19,20,22,24,40–42 while a diagnostic test is typically needed in this population, to identify 
the TB afflicted among the suspects. 

Breath prints are influenced by various factors, which are divided into physiological 
factors (age, sex, food, beverages), pathological and disease-related conditions 
(smoking, comorbidities, medication), and sampling-related issues (bias with VOCs in  
the environment) 43. Older age changed breath prints in patients with lung cancer 44, males 
had higher level of isoprene than females 45, several beverages and poultry meat could be 
identified with an electronic-nose 46–50, and patients with high body mass index (BMI) had 
more false-positive test results than patients with normal or low BMI 23. Smoking increased 
the levels of several VOCs, i.e. benzene and pentane 51, while these two VOC markers were 
observed in the culture and breath of TB patients.17 Apart from those mentioned factors, 
VOCs might be also influenced by genetic profiles.23 Thus, in the analysis of the breath test, 
confounding or modifying effects from these factors should always be considered. In only 

	
Records identified through database 

searching  
(n=391) 

Excluded duplicates (n=152) 

Abstract review 
(n=239) 

Excluded irrelevant (n=219) 
 
Reason for exclusion: 
Review article 
Case study 
Cases other than TB 
Subject was not human 
Not a diagnostic test accuracy 
study 

Full-text review 
(n=20) 

Excluded irrelevant (n=6) 
 
Reason for exclusion: 
Not a diagnostic test accuracy 
study 

Included 
(n=14) 

Figure 1. Process of studies selection throughout the review
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Table 1. Study characteristics and sensitivity-specificity for TB diagnosis by breath test

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Bruins et 
al., 201322

PoP phase: 
30 (15 PTB, 15 
healthy);

VS phase: 
194 (34 TB, 
114 non-TB, 
46 healthy 
controls) 

PTB patients, PTB 
suspects, and 
healthy controls; 
Children and adults 
(≥15 years)

Hospital and 
chest clinics, 
Bangladesh

PoP: case-
control, 
retrospective; 
VS: cross-
sectional, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Culture Separate 
bags

12 metal-oxide 
sensors

Invalid 
measurement, 
outliers data

Artificial Neural 
Networks (ANN), 
participants for training 
and validation were 
overlap.

Leave-one-out cross 
validation (LOO-CV) 
approach.

Partially funded 
by BD

75 (59-89) 87 (81-92)

Nakhleh et 
al., 201419

198 

(64 TB, 67 
non-TB, 
67 healthy 
controls)

PTB patients, 
control: 1) healthy 
volunteers, and 
2) TB-negative 
subjects; Adults.

Three sites in 
Cape Town, 
South Africa

Case-control, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Culture Separate 
tubes

12 nanomaterial-
based sensors

Not mentioned Principal Component 
Analysis (PCA); 
independent subjects 
in the validation phase.

Orgenics Ltd 90 (68-99) 93 (80-98)

Mohamed 
et al., 
201735

123 

(67 PTB, 
56 healthy 
controls)

Newly diagnosed, 
treatment-naive 
PTB patients vs 
healthy controls; 
Adults (≥18 years)

Chest 
hospitals, 
Egypt

Case-control, 
prospective

Consecutive 
enrolment: yes.

Electronic nose SSM

and liquid culture 
on modified LJ 
medium

Separate 
bag/sacks

10 metal-oxide 
sensors

Previous history 
of TB, coexisting 
medical 
or surgical 
illnesses, 
chronic 
bronchitis, 
bronchiectasis, 
lung abscess, 
default TB, 
relapse TB, 
latent TB

PCA and ANN, different 
participants for training 
(60%), testing (25%), 
and validation (15%). 

Science and

Technology 
Development 
Fund, Egyptian 
Ministry of Higher

Education and 
Scientific Research, 
Cairo, Egypt

100 
(95-100)

98 (90-100)

Zetola et 
al., 201721

71 

(51 PTB, 
20 healthy 
controls)

Newly diagnosed 
PTB patients and 
healthy controls; 
Adults (≥21 years)

Hospital, 
Botswana

Case-control, 
prospective. 
Consecutive 
enrolment:yes.

Electronic nose MGIT culture Separate 
bag/sacks

8 
metalloporphyrins 
coated quartz 
microbalance 
(QMB) gas sensors

Smokers PCA and k-Nearest 
Neighbours, 
participants for training 
and validation were 
overlap.

LOO-CV approach.

NIH/NIAID grants 94 (84-99) 90 (68-99)

Teixeira et 
al., 201723

106

(41 TB, 19 
non-TB, 
46 healthy 
controls)

PTB suspects, 
asthma or COPD 
patients and 
healthy controls; 
Adults (>18 years)

National 
Reference 
Centre for 
pulmonary 
diseases, 
Paraguay

Case-control, 
prospective. 
Consecutive 
enrolment: 
unclear.

Electronic nose Culture, or other 
strong supporting 
evidence when 
the culture result 
is negative

Inside 
the device

3 metal-oxide 
sensors

TB suspects 
not able to 
expectorate 
sputum, with 
respiratory 
failure or having 
received TB 
treatment 
in the past 6 
months.

ANN, participants for 
training and validation 
were overlap.

Sonnevanck 
Suppletiefonds,

Harderwijk, 
The Netherlands

88 (74-96) 92 (83-97)
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Table 1. (continued)

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Poli et al., 
201839

84 

(34 TPE/TB 
Pleural Effusion, 
50 non-TPE)

TPE suspects, HIV-
negative; Children 
and adults (≥15 
years)

Venezuela Cross-sectional, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Histopathology 
of the

pleural biopsy

Inside 
the device

3 metal-oxide 
sensors

Poor general 
condition, 
difficulty to 
breath, no 
follow-up.

ANN, participants for 
training and validation 
were overlap.

Servicio 
Autónomo 
Instituto de 
Biomedicina “Dr. 
Jacinto

Convit”, Venezuela

88 (73-97) 94 (83-99)

McNerney 
et al., 
201020

60

(31 PTB, 29 
non-TB)

Patients with 
respiratory 
complaints; Adults 
(≥17 years)

Outpatient 
clinic of 
a hospital, 
Ethiopia

Cross-sectional, 
prospective. 
Consecutive 
enrolment: 
unclear.

RBS Breathalyzer 
(immunosensor 
and bio-optical 
technology)

Combination 
of clinical 
assessment, SSM, 
and CXR

Separate 
plastic 
tubes

Immunosensor 
(coated prism 

with TB antibodies 

labeled with 
a fluorescent dye)

Not mentioned Evanescent

wave fluorimetry

TARGETS 
Communicable 
Diseases

Research 
Consortium 
funded by 
Department for 
International 
Development,

UK

74 (55-88) 79 (60-92)

van Beek et 
al., 201136

226

(90 TB, 136 
healthy 
controls)

Culture-confirmed 
TB patients and 
healthy controls; 
Adults (≥ 18 years)

Lung 
Hospital and 
construction 
company, 
Vietnam

Case-control, 
prospective.

Consecutive 
enrolment: yes.

eNO (Nitric Oxide) 
analyser

LJ Culture Inside 
the device

N.A. Negative 
culture, 
difficulty to 
breath, no CXR, 
HIV(+), current 
TB treatment.

The concentration

of NO was noted in 
ppb.

Not mentioned 78 (68-86) 62 (47-75)

Phillips et 
al., 201218

251

(130 PTB, 
121 healthy 
controls)

PTB patients and 
healthy controls; 
Children and adults 
(≥13 years)

Hospitals 
and Health 
Sciences 
Institute in 
Phillipines, 
United 
Kingdom, and 
India

Case-control, 
prospective.

Consecutive 
enrolment: 
unclear.

The BreathLink 
system 
(portable gas 
chromatograph 
coupled to 
a surface acoustic 
wave detector)

Culture and/or 
SSM and/or CXR

Inside 
the device

N.A. On anti-TB 
therapy, 
received 

anti-TB therapy 
in the last 
six months, 
technically 
unsatisfactory 
breath test 
samples

Multiple Monte Carlo 
simulations; Weighted 
Digital Analysis (WDA) 
multivariate predictive 
algorithm.

Menssana 
Research, Inc., 
United States Air 
Force

72 (63-79) 72 (63-80)

Kolk et al., 
201240

Training: 100 
(50 culture-
proven TB, 
50 culture-
negative 
non-TB);

Validation: 71 
(21 PTB, 50 
non-TB)

PTB suspects; 
Adults (> 18 years)

TB clinics, 
South Africa

Cross-sectional, 
prospective.

Consecutive 
enrolment: yes.

GC-TOF-MS MGIT Culture Separate 
bags

N.A. On anti-TB 
therapy

Support vector 
machine; LOO-CV 
approach;  
independent subjects 
in the validation phase.

UBS (Union Bank 
of Switzerland) 
Optimus 
Foundation and 
the Foundation for 
Innovative

New Diagnostics 
(FIND)

62 (38-82) 84 (71-93)
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Table 1. (continued)

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Maiga et 
al., 201637

56

(20 PTB, 
36 healthy 
controls)

Newly diagnosed 
PTB patients and 
healthy controls; 
Adults (≥18 years)

Health centers 
and Hospital, 
Mali

Case-control, 
prospective.

Consecutive 
enrolment: yes.

BreathTek™ urease 
breath test

MGIT and 7H11 
culture

Inside 
the device

N.A. Use of any 
antibiotic, 
proton pump 
inhibitors 
or bismuth 
containing 
preparations 
<15 days 
before study; 
HIV positivity; 
pregnancy

Measurement of 
the ratio of 13CO2 to 
12CO2

in a breath sample. 

NIH/NIAID grants, 
the Howard 
Hughes Medical 
Institute, 
the University 
of Sciences, 
Techniques, 
Bamako

70 (46-88) 11 (3-26)

Sahota et 
al., 201624

40 

(21 PTB/EPTB, 
2 non-TB, 
17 healthy 
controls)

Suspect PTB and 
EPTB, TB patients 
within 1 week of TB 
treatment; Adults 
(≥ 18 years)

TB clinics or 
in-patient 
admission in 
a teaching 
hospital, 
United 
Kingdom

Case-control, 
prospective.

Consecutive: 
unclear.

FAIMS (Field 
Asymmetric 
Ion Mobility 
Spectrometry)

Culture, histology 
or radiology

Separate 
bags

N.A. Not mentioned Gaussian Process 
Classifier; LOO-CV 
method.

Medical Research

Council, UK

81 (58-95) 79 (54-94)

Beccaria et 
al., 201841

50 

(32 PTB, 18 
non-TB)

PTB suspects, 
including smokers 
and patients with 
HIV (+);Adults (≥18 
years)

Wits 
Reproductive 
Health and 
HIV Institute, 
South Africa

Cross-sectional, 
prospective.

Consecutive: 
unclear.

GC-TOF-MS Gene Xpert and 
MGIT culture

Separate 
bags

N.A. Not mentioned Random Forest, 
linear Support Vector 
Machines, 

Partial Least-Squares 
Discriminant Analysis; 
Data was divided 
into training (60%) 
and validation (40%) 
phases; LOO-CV 
method.

Burroughs 
Wellcome Fund

100 
(89-100)

61 (36-83)

Morozov et 
al., 201858

55

(42 PTB, 
13 healthy 
controls)

Recent and chronic 
TB; Adults (≥ 18 
years)

Russia Case-control, 
prospective.

Consecutive: 
unclear.

Rapid 
ultrasensitive 
immunochemistry 
method

Clinical and CXR, 
culture and/or 
PCR or positive 
responses to 
anti-TB therapy

Separate 
bags

N.A. Not mentioned Immunoassay Russian Science 
Foundation

72 (53-86) 58 (28-85)

N.A.: Not Applicable

four of the reviewed studies, at least one of these factors were taken into account.18,21,23,37 
Furthermore, there were only three studies including children in their study population, 
and children were also not exclusively enrolled,18,22,40 while age may influence the breath  
test result44. 

In several electronic-nose studies, the exhaled breath was collected into a bag/tube 
with the specimen investigated later.19,21,22,36 Using bags for collection may be more useful in 
the flow of healthcare in a clinic, however, it might change the composition of the sample 
because the VOCs bind with the sample-bag material, and the bag material releases several 
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Figure 2. Summary of QUADAS-2 assessments of included studies. Patient selection: describes methods 
of patient selection; index text: describes the index test and how it was conducted and interpreted; 
reference standard: describes the reference standard (gold standard test) and how it was conducted 
and interpreted; flow and timing: describes any patients who did not receive the index tests or reference 
standard or who were excluded from the 2x2 table, and describes the interval and any interventions 
between index tests and the reference standard 30.

	

Figure 3. Paired forest plots of pooled sensitivity and specificity of electronic nose in  
diagnosing tuberculosis

background emission of pollutants.52 Samples should be also examined in six hours from 
the collection time,52 thus it adds a burden and complicates the diagnostic process. As far 
as the portable sensing technology is not yet specific enough for VOCs associated with TB, 
we recommend to avoid using bag for collection. In addition, although the sensors in an 
electronic-nose can capture abundant amounts of information, most of them do not have 
sensitivity as high as other techniques,53  thus to improve the sensitivity, pre-concentration 
techniques, such as absorption of breath samples onto a solid phase, needs to be performed. 
Several studies in this review used micro-extraction (SPME) or Tenax as the pre-concentration 
technique,19,23,40 while other studies did not mention it in their Methods section. 

To develop a robust algorithm to enable real-time measurements, an electronic-nose 
needs a prior knowledge of the data (training phase). Ideally, to avoid a fallacy in breath test 
analysis due to confounding variables, artefacts, and statistical errors, a training phase should 
include a large number of study subjects, so that the number of subjects will be bigger than 
the number of breath test variables/features, and the data can be divided into a training 
and validation set.54 However, if the population is small, a leave-one-out cross validation 
is usually used in the training phase, i.e. only one subject is used for validation purposes, 
while the others are used for training.54 The device performance can be assessed more 
objectively if the next stage (validation phase) is carried out in subjects who are not involved 
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in the training phase. In only three out of six studies with electronic-nose, the validation 
phase used independent subjects from the training phase.19,21,36 In addition, a large number 
of subjects in the training phase is of great importance to expose the device with large 
diversity in breath patterns from true-positive study subjects. Only then, the device can 
recognize breath samples in the validation phase with high accuracy. For an electronic-nose 
device, to match a pattern correctly, the pattern must be known before. 

The diagnostic accuracy of an electronic-nose can only be determined reliably if the TB 
status can be classified with high certainty since the analysis of breath test completely 
depends on the correct classification of the study samples in the training phase. Therefore, 
a reference test should be as ‘gold’ as possible, approaching the highest sensitivity and 
specificity. When the gold standard is imperfect, the positive test results from an investigated 
diagnostic tool may be considered as false-positives, thus the accuracy of this diagnostic tool 
will be underestimated. In this review, eight studies used only culture as the reference test 
for diagnosing pulmonary TB, while the other six studies used culture or other supporting 

data when the culture result was negative. In our opinion, the use of other supporting data 
to improve the accuracy of culture is justifiable because culture is also prone to laboratory 
error. In addition, follow-up should be employed to ensure that the diagnosis made was 
correct. A previous study has shown that follow-up could help to cover the weakness of 
culture and improve its accuracy.55

For other breath test devices, the selected ion flow tube-mass spectrometry (SIFT-MS) 
becomes the preferable option as it is faster and has higher sensitivity than GC-MS.56 Ideally, 
the chemical platform for chemical breath analysis would have online identification of 
specific analytes without the need for pre-concentration and should be able to analyse 
small volatiles (in the ppt–ppq range).53 Currently with GC-MS, samples still need to be pre-
processed before testing. To validate the biomarkers that were found through GC-MS or 
other spectrometries, a large cohort study is needed. The use of oral urea administration 
in diagnosing TB may not be ideal because of low lung concentration, and is confounded 
by the presence of H. pylori in the gut.38 However, the administration of urea by inhalation 
for diagnosing TB warrants investigation. Detection of antigen in cough was shown to have 
moderate sensitivity and specificity that was suspected as a result from the variation of 
antigen level in cough during the day, thus it was suggested to conduct the breathalyzer test 
several times in a day.20 However, repeating a test several times in one day takes time and 
is therefore impractical. Furthermore, prior to sputum collection, patients needed to have 
nebulized therapy, thus limiting its use for a point-of-care device in remote areas. This device 
might also be projected as an add-on test for sputum smear microscopy, which would not 
provide an advantage over sputum-dependent sputum smear microscopy and culture. 

The existing tests have high sensitivity, such as culture and PCR,1 or very high specificity, 
such as Gene Xpert,57 or moderate sensitivity, such as sputum smear microscopy.1,55 
However, these highly sensitive tests are not point-of-care, are sputum-dependent, prone 
to laboratory fallacy, and need trained laboratory personnel. With the high sensitivity, easy 
operation, point-of-care, and hand-held form, the breath test might be potentially used as 
a screening method rather than a diagnostic tool. Cases that are positive by breath test, could 
be referred for the tests which are more specific, probably more expensive, and laboratory-
based, such as Gene Xpert. To date, there have been no studies that investigate the breath 
test as a screening tool. 

A challenge for the breath test development in the future is to detect TB cases with 
negative sputum smear. Negative sputum smear was shown to have correlation with 
a misdiagnosis of TB.55 Another challenge is to investigate whether the breath test can 
accelerate the diagnostic process and lower its cost. A point-of-care automated thermal 
desorption, gas chromatography and mass spectrometry (ATD-GC-SAW) costs $20,000 18, 
while an electronic-nose based on metal-oxide sensors has an advantage of mass production 
at low cost. Analysis of a breath VOC sample with a point-of-care ATD-GC-SAW takes six min 18,  
whilst currently the analysis time with electronic-nose still takes several days or weeks as 
the data needs to be sent to the device producer before obtaining the diagnosis. Once 
the pattern recognition technique algorithm is fully trained, the results should be generated 

Figure 4. Summary receiver operating characteristic (SROC) of electronic nose in  
diagnosing tuberculosis
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automatically in seconds. For further optimization of the sensors, specific VOCs in different 
stages of the disease need to be determined. The use of highly selective sensors that target 
these VOCs may increase the sensitivity and specificity. Finally, as the group of patients that 
need non-sputum-based tests most are children, the sensitivity and specificity of breath test 
exclusively in children needs to be extensively investigated. 

Our review has some limitations. Only a limited number of studies concerning breath test 
using electronic-nose for diagnosing TB were available. Within the identified studies with 
breath test devices other than electronic-nose, we were not able to conduct meta-analysis 
by the type of devices because studies were few. Several studies only included treatment-
naïve, smear positive pulmonary TB cases, thus hindering conclusions on the sensitivity 
and specificity of breath test for all stages of TB, and this may introduce overestimation 
of sensitivity and specificity. Nine out of 14 studies had an unclear risk of bias concerning 
patient selection, and five had an applicability concern on one or two domains. 

CONCLUSION
These low to moderate strength of evidence studies show that breath tests have potential 
to screen for TB. However, it still needs further improvement, with a more robust trained 
pattern recognition technique to give real-time measurements. An ideal breath test should 
be accurate, fast, easy-to-use, point-of-care, and distributed with low price, thus it can be 
used not only in clinics, but also for door-to-door screening in the remote areas, where TB 
diagnosis still faces great challenges.  
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APPENDIX
PUBMED
Period: all years to present (6 Jan 2019)
(((“Tuberculosis”[Mesh] OR tuberculosis[tiab] OR mycobacterium[tiab]) OR tb[tiab] AND 
(“Diagnosis”[Mesh] OR diagnosis[tiab] OR diagnose[tiab] OR diagnostic[tiab]) AND (“Breath 
Tests”[Mesh] OR breath test[tiab] OR Breathalyzer Tests[tiab] OR breath examination[tiab] 
OR breath examinations[tiab] OR electronic nose[tiab] OR enose[tiab] OR volatile organic 
compound[tiab] OR volatil[tiab]))) AND “humans”[Filter]
:107 articles

EMBASE
Period: all years to present (6 Jan 2019)
#7
#1 AND #2 AND #5 AND ([article]/lim OR [article in press]/lim OR [conference paper]/lim OR 
[erratum]/lim) AND [humans]/lim 
71

#6
#1 AND #2 AND #5
358

#5
#3 OR #4
18,343

#4
‘electronic nose’:ab,ti OR ‘enose’:ab,ti OR ‘e-nose’:ab,ti OR volatile organic compound’:ab,ti 
OR ‘volatile agent’:ab,ti
2,970

#3
(‘breath analysis’:ab,ti OR ‘breathing’:ab,ti OR  breath’/exp OR breath) AND 
examination*:ab,ti
15,395

#2
‘diagnosis’:ab,ti OR diagnose*:ab,ti OR ‘diagnostic procedure’:ab,ti
2,636,715



CHAPTER 4 DIAGNOSIS OF TUBERCULOSIS THROUGH BREATH TEST: A SYSTEMATIC REVIEW

86 87

44

#1
‘tuberculosis’:ab,ti OR ‘mycobacterium’:ab,ti OR tb:ab,ti
257,918
:71 articles

WEB OF SCIENCE
Period: all years to present (1945-2019)
TOPIC:((Tuberculosis OR mycobacterium OR tb) AND (Diagnosis OR diagnoses OR diagnostic) 
AND ((breath test* OR breathalyzer test OR breath examination*) OR (electronic nose* OR 
bioelectronics nose* OR volatile organic compound* OR volatil*))) 

Refined by:  DOCUMENT TYPES: (ARTICLE OR MEETING ABSTRACT OR EDITORIAL MATERIAL 
OR NOTE OR PROCEEDINGS PAPER ) 

Timespan: All years.  Indexes: SCI-EXPANDED, SSCI, A&HCI, ESCI.

:136 articles (article=129, meeting abstract=4, proceeding paper=4, editorial material=3, 
note=1).

COCHRANE LIBRARY
Key words: Tuberculosis
:0 article (no review about breath test to diagnose tuberculosis)

MEDLINE
Database: Ovid MEDLINE(R) <1946 to January Week 1 2019>
Search Strategy:

1. TUBERCULOSIS/ (101029)
2. Mycobacterium tuberculosis/ (46798)
3. tuberculosis.tw. (159330)
4. TB.tw. (36073)
5. 1 or 2 or 3 or 4 (209576)
6. exp Breath Tests/ (14026)
7. breath test$.tw. (6553)
8. Electronic Nose/ (377)
9. e-nose.tw. (188)
10. Volatile Organic Compounds/ (7460)
11. Volatile Organic Compounds.tw. (5952)
12. VOC.tw. (3022)
13. 6 or 7 or 8 or 9 or 10 or 11 or 12 (27537)
14. 5 and 13 (96)

15. di.fs. (2407071)
16. an.fs. (1886820)
17. clinical trials as topic.sh. (185645)
18. randomized controlled trial.pt. (473585)
19. Cross-Sectional Studies/ (282312)
20. cohort studies/ (232508)
21. longitudinal studies/ (119723)
22. follow-up studies/ (604739)
23. prospective.ti,ab. (446876)
24. retrospective.ti,ab. (383400)
25. 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 (5966282)
26. 14 and 25 (77)

:77 articles
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