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Background: Volatile organic compounds (VOCs) in breath may contain biomarkers of active pulmonary
tuberculosis derived from the infectious organism (metabolites of Mycobacterium tuberculosis) and from
the infected host (products of oxidative stress).
Methods: We analyzed breath VOCs in 226 symptomatic high-risk patients in USA, Philippines, and UK,
using gas chromatography/mass spectroscopy. Diagnosis of disease was based on sputum culture, smear
microscopy, chest radiography and clinical suspicion of tuberculosis (CSTB). Chromatograms were
converted to a series of 8 s overlapping time slices. Biomarkers of active pulmonary tuberculosis were
identiﬁed with a Monte Carlo analysis of time-slice alveolar gradients (abundance in breath minus
abundance in room air).
Results: Breath VOCs contained apparent biomarkers of active pulmonary tuberculosis comprising
oxidative stress products (alkanes and alkane derivatives) and volatile metabolites of M. tuberculosis
(cyclohexane and benzene derivatives). Breath biomarkers identiﬁed active pulmonary tuberculosis with
C-statistic (area under curve of receiver operating characteristic) ¼ 0.85 (i.e. 85% overall accuracy,
sensitivity ¼ 84.0%, speciﬁcity ¼ 64.7%) when sputum culture, microscopy, and chest radiography were
either all positive or all negative. Employing a single criterion of disease, C-statistic ¼ 0.76 (smear
microscopy), 0.68 (sputum culture), 0.66 (chest radiography) and 0.65 (CSTB).
Conclusion: A breath test identiﬁed apparent biomarkers of active pulmonary tuberculosis with 85%
accuracy in symptomatic high-risk subjects.
Ó 2010 Elsevier Ltd. All rights reserved.
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Active pulmonary tuberculosis (TB) is a leading cause of death
from infectious disease throughout the world. Two billion people –
one third of the world’s population – are infected with Mycobacterium tuberculosis and 1.6 million died from the disease in 2005.1
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Globally, the countries of sub-Saharan Africa suffer the highest
incidence of TB as a consequence of the HIV/AIDS epidemic.2 In
these countries, the disproportionate amount of smear-negative
disease has greatly complicated TB case detection and disease
control.3 There has also been a resurgence of TB in developed
countries. After approximately 30 years of decline, the number of
TB cases reported in the United States increased 20% during 1985–
1992, and this has been accompanied by the emerging threat of
multidrug-resistant TB.1
Microscopy and culture are still the mainstay of laboratory
diagnosis of TB,4 and there is an urgent need for better diagnostic
tools, especially in high-burden countries. An ideal diagnostic test
would be sensitive and speciﬁc for active pulmonary TB, as well as
rapid, cost-effective, non-invasive, and suitable for use in developing countries. A breath test might rationally fulﬁll these
requirements because Mycobacteria manufacture unique volatile
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organic compounds (VOCs) as metabolites with distinctive odors
when cultured in vitro.5–7 The best-known application of breath
testing is detection of alcohol consumption, but newer and more
sensitive breath tests have detected products of normal physiological processes such as oxidative stress,8 and biomarkers of
diseases including asthma,9 lung cancer,10 heart transplant rejection,11 and infection with Helicobacter pylori.12 However, detection
of volatile disease biomarkers is technically difﬁcult because most
breath VOCs are excreted in picomolar concentrations (parts per
trillion), and most analytical instruments in current use cannot
detect VOCs in such low concentrations. Members of our group
have approached this problem by developing a breath collection
apparatus (BCA) that collects and concentrates breath VOCs on to
sorbent traps for analysis by gas chromatography and mass spectroscopy (GC/MS).13,14 In a previous study employing this test, we
observed apparent biomarker VOCs in the breath of patients with
active pulmonary TB, and a number of these VOCs were similar to
VOCs observed in vitro in cultures of M. tuberculosis.15
We performed a multicenter international study of breath VOCs
in patients at high risk of active pulmonary TB in order to identify
breath biomarkers of disease, and to determine the diagnostic
accuracy of the test.

from a parent or legal guardian was obtained for subjects 13–16 yr
in England or younger than 18 yr at sites in other countries.
Breath sample collection
The method has been described.12,18 A portable breath collection
apparatus (BCA) was employed to capture the VOCs in 1.0 L breath
and 1.0 L room air on to separate sorbent traps. The geometry of the
breath reservoir of the BCA ensured that the sample comprised
>99% alveolar breath. Subjects wore a nose-clip and respired
normally for 2.0 min through a disposable and previously unused
valved mouthpiece with a bacterial ﬁlter to prevent Mycobacterial
contamination of the instrument. The mouthpiece and ﬁlter
presented low resistance to respiration, ensuring that samples
were collected without discomfort to patients.
Breath sample analysis
The method has been described.8,13 VOCs captured in the
sorbent traps were analyzed in the laboratory by automated
thermal desorption, gas chromatography and mass spectroscopy
(ATD/GC/MS). In order to quantify peak areas and to control for drift
in instrument performance, an internal standard was run with
every chromatographic assay of breath and air (0.25 mL 2 ppm
1-bromo-4-ﬂuorobenzene, Supelco, Bellefonte, PA).

Materials and methods
Human subjects
Patients at high risk of active pulmonary TB
226 technically satisfactory breath samples and sputum cultures
were obtained from high-risk patients at four sites: the University
of California San Diego, California (38). The University of Santo
Tomas, Manila, Philippines (100), De La Salle University Hospital,
Cavite, Philippines (66), and The East London Tuberculosis Service,
London, England (22). Patients aged 13 yr or older were deﬁned as
‘‘high-risk’’ and included in the study if they had one or more
symptoms or radiographic ﬁndings consistent with the diagnosis of
active TB, and/or an epidemiologic risk factor for TB (e.g. immigrants or refugees from high-burden countries). Patients were
excluded if they had more than one previous sputum smear that
was positive for acid-fast bacilli during the past six months, if they
were currently being treated for TB, if they had received more than
seven days of treatment for TB during the past six months, or if
there was evidence of extrathoracic TB.
Clinical evaluation
A medical history was obtained from all high-risk patients,
followed by a physical examination and a chest radiograph. Sputum
samples were collected on three different occasions employing
sputum induction or bronchoalveolar lavage where indicated.
Liquid cultures were performed (Bactec 460, Becton Dickinson,
Sparks, MD) as well as microscopic examinations for acid-fast
bacilli. Three smears and three cultures were performed for each
patient. A chest radiograph was classiﬁed as abnormal if any of the
following features were observed: cavity, inﬁltrate, ﬁbrosis, bronchiectasis, pleural effusion, hilar or mediastinal adenopathy. The
physician’s clinical judgment of the ﬁnal diagnosis was also determined, employing a standardized formal evaluation of clinical
suspicion of tuberculosis (CSTB) based upon the diagnostic criteria
listed above, as well as the medical history, patient demographics,
physical examination, and response to treatment.33
IRB approval and informed consent
The research was approved by an Institutional Review Board at
all collaborating sites, and all subjects gave their signed informed
consent to participate. Assent from adolescent subjects and consent

Masking procedures
Neither the clinicians collecting breath samples nor the clinical
staff performing sputum cultures were aware of the results of the
breath test. Similarly, the laboratory staff performing the breath
assays had no access to any clinical information about the subjects.
Masking was not broken until data were analyzed.
Analysis of data and statistical methods
Diagnostic criteria
Patients were diagnosed with active pulmonary TB according to
a single criterion i.e. positive sputum culture, positive sputum
smear microscopy, or abnormal chest radiogram. A triple criterion
was also employed (i.e. positive or negative for all three tests).
Concordance between test results was evaluated with Kappa and
McNemar’s test.16 Clinical judgment (CSTB) was separately
employed as a single criterion of active pulmonary TB.
Chromatographic data
Chromatograms were converted into a series of data points by
segmenting them into a series of 900 time slices, each with eight
sec duration and four sec overlap. The alveolar gradient of each
time slice was determined (i.e. abundance in alveolar breath minus
abundance in ambient room air).13,17 In each time slice, alveolar
gradient ¼ Vb/Ib  Va/Ia where Vb denotes the integrated abundance
of analytes detected by mass spectroscopy in breath, and Ib denotes
the area under the curve (AUC) of the chromatographic peak
associated with the internal standard. Va and Ia denote corresponding values derived from the associated sample of room air.
Identiﬁcation of biomarker time slices
Alveolar gradients were compared in patients who were positive or negative for active pulmonary TB, and ranked as candidate
biomarkers according to the value of the C-statistic i.e. the AUC of
the receiver operating characteristic (ROC) curve.18 We employed
Monte Carlo simulations to select the chromatographic time slices
that identiﬁed active pulmonary TB with better than random
accuracy, in order to minimize the risk of including random identiﬁers of disease.19,20 The average random behavior of chromatographic time slices was determined by randomly assigning subjects
to the ‘‘active pulmonary TB positive’’ or ‘‘active pulmonary TB
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negative’’ groups, and performing 40 estimates of the C-statistic
value of each time slice. For any given value of the C-statistic, it was
then possible to compare the mean number of time slices exceeding
that value by correct assignment or by random assignment.
Conservative predictive algorithms were constructed with multivariate weighted digital analysis (WDA) models10 employing the
time slices identiﬁed by multiple Monte Carlo simulations.
Tentative identiﬁcation of biomarker VOCs
The chemical identity of the major VOC in each time slice was
tentatively identiﬁed by the similarity of its mass spectrum to the
mass spectrum of a known compound in a computer-based library
(Turbo Mass Software, PerkinElmer Life And Analytical Sciences,
Waltham, MA 02451).
Results
Human subjects
Table 1 displays demographics, prevalence of symptoms, results
of chest radiography, sputum culture, and sputum microscopy, and
subjects assessed as positive or negative for active pulmonary TB.
No subject reported any adverse effects associated with breath
sample donation.
Concordance between tests for active pulmonary TB
Table 3 displays concordance between results of smear
microscopy, sputum culture and chest radiography. Kappa values
and results of McNemar’s test16 indicate low agreement between
these three diagnostic methods, except for sputum culture versus
smear microscopy for which agreement was moderate.
Construction of predictive algorithms
10 time slices with C-statistic >¼0.73 were identiﬁed of which
only 5 were statistically signiﬁcant. All combinations of 5/10 time
slices were analyzed separately and the combination that yielded
the lowest C-statistic was selected. This was the conservative lower
limit of the analysis, and the true value may have been higher.
Identiﬁcation of breath biomarkers of active pulmonary TB
Figure 1 displays the outcomes of single and multiple Monte
Carlo simulations in subjects who were positive or negative for
active pulmonary TB, employing triple criterion of disease. The

3

mean outcome of 40 Monte Carlo simulations demonstrated 10
time slices with an AUC of 0.73 or higher. The excess of correct over
random time slices indicated that 5/10 of them comprised nonrandom biomarkers of active pulmonary TB. Table 2 displays
tentative structural identiﬁcation of the most abundant VOC in
each of these time slices.
Sensitivity and speciﬁcity of breath biomarkers of active pulmonary
TB
Figure 1 displays ROC curves for active pulmonary TB employing
the single and the triple criterion of disease as well as CSTB.
Multivariate WDA models employed the most conservative of all
possible models (i.e. the model with the lowest C-statistic) derived
from time slices identiﬁed by multiple Monte Carlo simulations.
Employing triple criterion of disease, breath biomarkers identiﬁed
active pulmonary tuberculosis with C-statistic ¼ 0.85 (i.e. 85%
overall accuracy, sensitivity ¼ 84.0%, speciﬁcity ¼ 64.7%). Employing single criterion of disease, C-statistic ¼ 0.76 (smear microscopy), 0.68 (sputum culture), and 0.66 (chest radiography) and 0.65
(CSTB).
Discussion
Analysis of breath VOCs demonstrated apparent volatile
biomarkers of active pulmonary TB, in an international multicenter
study of high-risk patients. The VOC biomarkers may have been
derived from the infective organism, the host, or from both.
These ﬁndings were consistent with the results of an earlier
pilot study because the breath VOC biomarkers were similar to
those previously observed in human breath, and also to the volatile
metabolites of M. tuberculosis observed in vitro.15 The breath VOC
biomarkers observed in both studies included derivatives of
cyclohexane, benzene, decane and heptane. The structure of these
VOCs was similar but not identical in the two reports – for example
1,3,5-trimethylbenzene was identiﬁed as a breath biomarker in this
study and 1,2,3,4-tetramethylbenzene was observed in the pilot
study. There are only minor differences between the mass spectra
of these two compounds, and it may be difﬁcult to differentiate
them with current GC/MS instruments. The breath VOC biomarkers
were also similar to volatile metabolites of M. tuberculosis observed
in vitro. In the pilot study,15 reference samples of M. tuberculosis
were cultured in sealed containers and VOC metabolites were
sampled from the gaseous phase above the liquid incubation
medium. Common VOCs observed in vitro and in breath included

Table 2
Breath VOC biomarkers of active pulmonary TB.

Table 1
Human subjects.
No. patients enrolled
Female/male

226
101/125

Age
mean yr (SD)
Range (yr)

43.8 (16.8)
15–78

History of tobacco or cannabis use (yes/no/unknown)

107/118/1

Symptoms
cough (yes/no/unknown)
unintentional weight loss(yes/no/unknown)
fever (yes/no/unknown)
night sweats(yes/no/unknown)

178/47/1
146/84/6
84/138/4
68/156/2

Investigations
sputum culture (positive/negative)
sputum microscopy (positive/negative/unknown)
chest radiogram (abnormal/normal/unknown)

65/161
30/188/8
187/24/15

Oxetane, 3-(1-methylethyl)Dodecane, 4-methylCyclohexane, hexylBis-(3,5,5-trimethylhexyl) phthalate
Benzene, 1,3,5-trimethylDecane, 3,7-dimethylTridecane
1-Nonene, 4,6,8-trimethylHeptane, 5-ethyl-2-methyl1-Hexene, 4-methylTen chromatographic time slices were identiﬁed as biomarkers of active pulmonary
TB in patients who were positive for all three criteria of disease (sputum culture,
smear microscopy, and chest radiography). The most abundant chemical species in
each time slice was identiﬁed by mass spectroscopy. These VOCs may have been
derived from either or both the host and the organism. Alkanes (e.g. tridecane) and
methylated alkane derivatives (e.g. dodecane, 4-methyl-) are products of oxidative
stress. Other VOCs on this list (including benzene, 1,3,5-trimethyl-, cyclohexane,
hexyl-, and 1-hexene, 4-methyl-) are structurally similar to VOCs previously
observed as metabolites of M. tuberculosis in vitro.
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Table 3
Concordance between diagnostic tests for active pulmonary TB.
Sputum culture versus chest radiography
sputum culture

chest radiography

positive
negative

positive

negative

59 (26.1%)
4 (1.8%)

128 (56.6%)
20 (8.8%)

Kappa

McNemar’s
test

0.05

<0.0001

0.47

<0.0001

0.04

<0.0001

Sputum culture versus smear microscopy
sputum culture

smear microscopy

positive
negative

positive

negative

26 (11.5%)
36 (15.0%)

4 (1.8%)
152 (67.3%)

Chest radiography versus smear microscopy
smear microscopy

chest radiography

positive
negative

positive

negative

29 (12.8%)
0 (0.0%)

154 (68.1%)
21 (9.3%)

This table displays the concordance between results of sputum culture, sputum
smear microscopy for acid-fast bacilli, and chest radiography in the patient population. Twice-measured data may be evaluated with two types of measures: Kappa
indicates whether agreement was beyond chance, and McNemar’s test assesses the
symmetry of the misses about the diagonal.
For sputum culture versus chest radiography, Kappa ¼ 0.05 indicated little to no
agreement beyond chance, and a discrepancy was signiﬁcantly more likely to be an
abnormal chest radiogram with a negative sputum culture.
For sputum culture versus smear microscopy, Kappa ¼ 0.47 indicated moderate
agreement beyond chance, and a discrepancy was signiﬁcantly more likely to be
a negative smear microscopy with a positive sputum culture.
For chest radiography versus smear microscopy, Kappa ¼ 0.04 indicated little to no
agreement beyond chance, and a discrepancy was signiﬁcantly more likely to be an
abnormal chest radiogram with a negative sputum smear microscopy.
Overall, Kappa values indicated little to no agreement beyond chance between
different criteria for diagnosis of active pulmonary TB, with the exception of
moderate agreement between sputum culture and smear microscopy. The statistically signiﬁcant outcomes of McNemar’s tests indicated that the disagreement was
represented by strong patterns of unequal discordance. Note that the total of the
four boxes in each category does not add up the total number of patients studied
(226) because results were unknown for 8 sputum microscopies and 15 chest
radiographs.

derivatives of cyclohexane, benzene, heptane and hexane. Again,
the chemical structures were similar but not identical. In addition,
alkanes and alkane derivatives have been previously observed in
human breath as VOC products of oxidative stress.8,23 These ﬁndings are consistent with previous reports that M. tuberculosis
manufactures volatile metabolites,5–7 and that patients with active
pulmonary TB exhibit increased oxidative stress.24,25
The accuracy of a new diagnostic test is usually determined by
comparing its performance to an accepted gold standard of
disease. This study was limited by comparing the performance of
the breath test to gold standards whose accuracy is known to be
less than perfect e.g. a study of patients with a conﬁrmed clinical
diagnosis of active pulmonary TB demonstrated sensitivity of 70%
for sputum culture and 61.5% for sputum smear microscopy,
though both were 100% speciﬁc.38 Chest radiographic criteria are
nonspeciﬁc for active pulmonary TB and, except for cavitation, are
common sequelae of nontuberculous causes. Kappa values and
results of McNemar’s test16 indicated low agreement between the
three diagnostic criteria, except for moderate agreement between
sputum culture and smear microscopy, consistent with previous
reports of discrepant ﬁndings between these tests.26,27 These
limitations may account, in part, for the results of this study,
because no new diagnostic test could possibly exhibit better
sensitivity and speciﬁcity for active pulmonary TB than the gold
standard to which it is compared. In this study, when sputum
culture was employed as the gold standard of disease, the ROC

curve in Figure 1 indicated that the breath test was approximately 70% sensitive and 70% speciﬁc. When a combined triple
criterion of disease was employed, the breath test was approximately 70% sensitive and 92% speciﬁc, which approaches the
reported accuracy of sputum culture.38 Consequently, where the
breath test appeared to misclassify patients with false-positive or
false-negative ﬁndings, these errors may have arisen, at least in
part, from deﬁciencies in the gold standards to which it was
compared.
The accuracy of the breath test was assessed with the C-statistic,
or AUC of the ROC curve, which is typically used to assess how well
a test or model separates individuals into two classes, such as
diseased and non-diseased.18,28 The value of the C-statistic may
vary between 0.5 (discriminatory value no better than chance) and
1.0 (a perfect test, with no false-positive or false-negative results).
The value of the breath test C-statistic varied according to the
diagnostic criterion employed: positive sputum smear microscopy
(0.76), positive sputum culture (0.68), abnormal chest radiography
(0.66) or CSTB (0.65). However, when a more rigorous diagnostic
criterion was employed, in which sputum culture, smear and chest
radiography were all positive or all negative, the breath test
C-statistic value was increased to 0.85 i.e. the breath test identiﬁed
patients with active pulmonary TB with an overall accuracy of 85%,
with sensitivity ¼ 84% and speciﬁcity ¼ 64.7% (i.e. true positive
rate ¼ 84%, false-positive rate ¼ 35.3%). In clinical practice, similar
results might be reasonably anticipated in primary screening of
other high-risk populations. However, clinicians have the option of
selecting a different test cutoff value that would yield a higher true
positive rate at the expense of a higher false-positive rate. The
expected positive and negative predictive values of the breath test
were not determined in this study, since they will vary with the
prevalence of active pulmonary TB in the populations where the
test is employed in the future.
In 1971, Pauling reported the ﬁrst evidence of a highly
complex set of low-molecular weight VOCs in human breath. He
cryogenically concentrated samples of normal breath, analyzed
the samples employing the then-new technology of gas chromatography, and demonstrated the presence of large numbers of
VOCs in low concentrations.29 Subsequent studies employing
mass spectroscopy with gas chromatography have tentatively
identiﬁed the chemical structure of more than 3000 different
VOCs in human breath.30 However, mass spectroscopy may
identify a breath VOC incorrectly if the mass spectrum is
contaminated by noise in the chromatogram. This can result from
several causes including the simultaneous coelution of two
different VOCs. For this reason, analysis of the VOCs in a gas
chromatogram by retention times alone may provide an intrinsically more robust technique that is less susceptible to error. 30
years ago, Stern et al employed time-slice chromatography to
differentiate between different strains of Enterobacteriaceae and
Yersinia enterocolitica.31,32 The principle is straightforward: the
chromatogram is partitioned into a series of time slices, each of
equal duration, and the integrated abundance of chromatographic
peaks in each time slice is determined. The chromatogram is
thereby converted to a time series of data points. Chromatograms
derived from two populations may then be compared employing
multivariate analysis of data, in order to identify the speciﬁc time
slices that distinguish between the two groups. The advantage of
this approach is that it minimizes the risk of experimental error
in primary identiﬁcation of breath biomarkers, while it also
permits tentative identiﬁcation of their chemical structure by
mass spectroscopy.
The clinical value of diagnostic breath testing lies in its ability to
sample blood VOCs in a non-invasive manner, after they have
passively diffused from blood into breath across the alveolar
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Figure 1. Breath biomarkers of active pulmonary TB. Single Monte Carlo simulation (top left): Patients were classiﬁed as positive for active pulmonary TB if all of three criteria of
disease were positive (sputum culture, sputum smear, and abnormal chest radiogram), and negative for disease if all three criteria were negative. Each chromatographic time slice
was evaluated as a candidate biomarker of active pulmonary TB by determination of its C-statistic value, derived from differences between alveolar gradients in subjects who were
positive or negative for disease. This ﬁgure displays the C-statistic of each chromatographic time slice employing either randomized or correct assignment of diagnosis of active
pulmonary TB on the x- and y-axes respectively. In this particular simulation, correct diagnosis was associated with 10 time slices with C-statistic >¼0.73, compared to 5 with
randomized diagnosis i.e. when the diagnosis was randomly assigned. There was an excess of 5 time slices over the random outcome. Multiple Monte Carlo simulations (top right):
This ﬁgure displays the mean outcome of 40 Monte Carlo simulations performed in the same fashion as the single simulation shown in the upper panel. Curves display the mean
number of chromatographic time slices exceeding a given AUC cutoff with random or correct assignment to the diagnostic group (positive or negative for active pulmonary TB). If
the breath contains a signal of active pulmonary TB, the correct assignment curve should be signiﬁcantly higher than the randomized curve, depending upon the number of true
biomarkers present in the data. At C-statistic cutoff value ¼ 0.73, a mean excess of 5 (i.e. 10  5) time slices was observed with correct assignment of diagnostic group. This excess of
correct over random time slices indicated that 5/10 VOCs comprised non-random biomarkers of active pulmonary TB. Accuracy of the breath test using a single criterion of disease
(bottom left): The ROC curves displays the accuracy of the breath test for active pulmonary TB when a single criterion of disease was either positive or negative (sputum culture,
sputum smear, abnormal chest radiogram, or CSTB respectively). Accuracy of the breath test using three criteria of disease (bottom right): The ROC curve displays the accuracy of the
breath test for active pulmonary TB when all three criteria of disease were either positive or negative (sputum culture, sputum smear, and abnormal chest radiogram). The
predictive model was a multivariate WDA algorithm employing 5/10 VOCs in the breath chromatogram that were identiﬁed by multiple Monte Carlo simulations. The ROC curve
employed the most conservative model possible i.e. the multivariate model with the lowest C-statistic derived from all possible combinations of 5 out of 10 of them. The VOCs in
these time slices are shown in Table 2. The lowest C-statistic was 0.85, and the sensitivity and speciﬁcity of the breath test is shown at the shoulder of the ROC curve where their
sum was maximal.

membrane. The most familiar application is breath alcohol testing,
which has been widely employed for many years for the estimation
of blood alcohol levels. However, progress in medical applications
of breath testing has been comparatively slow until recent years
because of the technical challenges. Unlike breath ethanol which is
excreted in parts per thousand or higher, most breath VOC
biomarkers of disease are excreted in very low concentrations:

parts per billion or parts per trillion i.e. six to nine orders of
magnitude more dilute than ethanol. Consequently, microanalysis
of breath VOCs requires specialized instrumentation for the
collection and analysis of samples. Recent progress in this
technology has enabled breath testing to move into the mainstream
of medical diagnostic applications, The United States Food & Drug
Administration has approved clinical use of the Heartsbreath test
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for heart transplant rejection,11,37 and clinical studies have reported
breath VOC biomarkers in a number of diseases including asthma,9
lung cancer,10 and infection with H. pylori.12
Breath testing is rapid, non-invasive, and completely safe. It
could potentially be employed as a primary screening tool in
populations at increased risk of TB. Since the combination of
sensitivity and speciﬁcity of a test is dependent upon the choice of
the diagnostic cutpoint value in the ROC curve, it may be tailored
to the circumstances of clinical practice.21,22 For example, in
a setting with limited resources, the cutpoint might be adjusted
for higher speciﬁcity and lower sensitivity. This would identify
patients at high risk of active pulmonary TB without overburdening the health care system with an excessive number of
false-positive results. The breath test might also be employed with
two cutpoints (e.g. at 90% sensitivity and 90% speciﬁcity respectively) so that patients could be triaged into groups at high,
intermediate, or low risk of disease.
The cost of breath testing for active pulmonary TB in clinical
practice may not be inferred from this study because we
employed a laboratory-based ATD/GC/MS instrument for VOC
biomarker discovery. MS is expensive because it requires
sophisticated pumping and sealing technology to generate and
maintain a high vacuum, and an instrument modiﬁed for breath
VOC assays may cost approximately $200,000. Currently, only
MS technology can provide deﬁnitive structural identiﬁcation of
breath VOCs, but that reﬁnement will not be necessary in
clinical practice because a point-of-care instrument employing
ATD/GC with a less expensive detector may be optimized to
detect the VOC biomarkers identiﬁed in this study. Members of
our group have developed point-of-care instruments that
collect, concentrate, and analyze breath VOCs for approximately
one tenth the cost of laboratory ATD/GC/MS. They are currently
initiating a follow-up study of breath testing for active pulmonary TB employing a point-of-care instrument with an ATD/GC/
surface acoustic wave detector that costs approximately
$20,000. This point-of-care breath test might eventually provide
a highly cost-effective primary screening tool for the detection
of active pulmonary TB, with a low per-test cost in a busy
clinical setting.
For this reason, an important objective of future research will be
to adapt the breath test to a less expensive analytical platform that
delivers results within minutes at the point-of-care. This objective
has yet to be fulﬁlled, though its feasibility is supported by recent
advances in breath testing technology.34–36
We conclude that a breath test detected apparent volatile
biomarkers of active pulmonary TB, and that this test has potential
applications in clinical practice.
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