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IMPORTANCE The detection and quantification of volatile organic compounds (VOCs) within
exhaled breath have evolved gradually for the diagnosis of cancer. The overall diagnostic
accuracy of proposed tests remains unknown.

OBJECTIVES To determine the diagnostic accuracy of VOC breath tests for the detection
of cancer and to review sources of methodologic variability.

DATA SOURCES An electronic search (title and abstract) was performed using the Embase and
MEDLINE databases (January 1, 2000, to May 28, 2017) through the OVID platform. The
search terms cancer, neoplasm, malignancy, volatile organic compound, VOC, breath, and
exhaled were used in combination with the Boolean operators AND and OR. A separate
MEDLINE search that used the search terms breath AND methodology was also performed
for studies that reported factors that influenced the concentration of VOCs within exhaled
breath in humans.

STUDY SELECTION The search was limited to human studies published in the English
language. Trials that analyzed named endogenous VOCs within exhaled breath to diagnose
or assess cancer were included in this review.

DATA EXTRACTION AND SYNTHESIS Systematic review and pooled analysis were conducted
in accordance with the recommendations of the Cochrane Library and Meta-analysis of
Observational Studies in Epidemiology guidelines. Bivariate meta-analyses were performed
to generate pooled point estimates of the hierarchal summary receiver operating
characteristic curve of breath VOC analysis. Included studies were assessed according to
the Standards for Reporting of Diagnostic Accuracy Studies checklist and Quality Assessment
of Diagnostic Accuracy Studies 2 tool.

MAIN OUTCOMES AND MEASURES The principal outcome measure was pooled diagnostic
accuracy of published VOC breath tests for cancer.

RESULTS The review identified 63 relevant publications and 3554 patients. All reports
constituted phase 1 biomarker studies. Pooled analysis of findings found a mean (SE) area
under the receiver operating characteristic analysis curve of 0.94 (0.01), sensitivity of 79%
(95% CI, 77%-81%), and specificity of 89% (95% CI, 88%-90%). Factors that may influence
variability in test results included breath collection method, patient physiologic condition,
test environment, and method of analysis.

CONCLUSIONS AND RELEVANCE The findings of our review suggest that standardization of
breath collection methods and masked validation of breath test accuracy for cancer diagnosis
is needed among the intended population in multicenter clinical trials. We propose a
framework to guide the conduct of future breath tests in cancer studies.
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T he use of exhaled breath analysis for disease diagnosis
and therapeutic monitoring provides an attractive op-
tion for patients and practitioners because it is noninva-

sive with the potential to be conducted at the point of care. This
approach is based on the detection and quantification of vola-
tile organic compounds (VOCs) in exhaled breath. A VOC is a car-
bon-containing compound that is sufficiently volatile to be
detectable in the gas phase at room temperature. The US Envi-
ronmental Protection Agency sets a vapor pressure lower than
0.1 mm Hg as discriminant for volatility.1 Established uses of VOC
measurements include the assessment of environmental con-
tamination, flavor and fragrance industry, and counterterror-
ism. Examples of the analysis of exhaled VOCs within clinical
practice include breathalyzer devices for ethanol detection,
carbon 13 urea breath testing for Helicobacter pylori, exhaled
nitric oxide in asthma, and hydrogen-methane testing for small-
bowel bacteria overgrowth.2-5 Breath testing has the potential
to address a central diagnostic dilemma in cancer. The
presence of red flag symptoms, which are often the initiating
factor for investigation of underlying malignancy, typically
occur late in the disease process and are associated with poor
prognosis. Within a population there can also be a high preva-
lence of nonspecific symptoms relative to the prevalence of can-
cer, but these symptoms may be the manifestation of an early-
stage cancer. There is therefore an unmet need for a noninvasive
test to triage patients who may benefit from subsequent inva-
sive investigations or advanced imaging.

In 1971, the double Nobel Laureate Linus Pauling reported
the quantification of 250 volatiles in a breath sample using gas
chromatography (GC).6 Gas chromatography followed the
invention of partition chromatography by Martin and Synge
(Nobel Prize in chemistry, 1952), whereas mass spectrometry
(MS) was first introduced by Aston (Nobel Prize in chemistry,
1922).7 The GC-MS combination offers the possibility to sepa-
rate and identify the individual constituents of a gaseous sample,
but to be quantitative, the technique requires calibration; there-
fore, target compounds need to be commercially available in
pure form or they must be synthesized. Direct injection ana-
lytical techniques developed for atmospheric chemistry, such
as proton transfer reaction (PTR)–MS and selected ion flow tube
(SIFT) MS, have been in use since the 1990s for VOC analysis in
exhaled breath. With these techniques, MS detection is per-
formed directly on the ionized sample and therefore allows
quantification with no prior calibration. In ion mobility spectro-
metry, the ionized sample interacts with a buffer gas and one
or more electric fields to achieve a separation of the analytes.
Ion mobility spectrometry can work as a standalone instru-
ment or in combination with mass analyzers. The silicon chip
MS has been developed for the selective detection and quanti-
fication of carbonyl compounds (aldehydes and ketones).8

Recent advances include the application of 2-dimensional (2-D)
GC (GC-GC) and 2-D MS (MS-MS) in combination with fast MS
detectors, such as time of flight, which enhance resolution for
more precise identification and quantification of VOCs. These
advances resulted in the detection of VOCs in exhaled breath
at parts per billion or parts per trillion levels and have encour-
aged scientists and practitioners to investigate breath tests
for disease diagnosis and therapeutic monitoring.

The specific aims of this review were to (1) study diagnos-
tic accuracy of VOC-based exhaled breath tests for cancer,
(2) examine methodologic challenges and mitigating strate-
gies for the use of breath testing in cancer diagnosis, and
(3) create a framework for conducting and reporting future
studies on the role of VOCs in cancer diagnosis. To achieve these
aims, we performed a systematic appraisal of the published evi-
dence regarding the use of exhaled VOCs for cancer diagno-
sis. The review included only studies that identified named
VOCs altered within the exhaled breath of patients with can-
cer. Studies that involved sensors and pattern recognition tech-
niques that did not report on specific VOCs were excluded. We
also conducted a narrative review of methodologic factors that
are associated with variation in exhaled VOCs. These find-
ings were used in a framework on which to base future trials.

Data Collection
Systematic Review of Diagnostic Studies
Search Strategy and Selection Criteria
This systematic review and pooled analysis were conducted in
accordance with the recommendations of the Cochrane
Library and Meta-analysis of Observational Studies in Epide-
miology guidelines.9 An electronic search (title and abstract) was
performed using the Embase and MEDLINE databases (Janu-
ary 1, 2000, to May 28, 2017) through the OVID platform. The
search terms cancer, neoplasm, malignancy, volatile organic
compound, VOC, breath, and exhaled were used in combina-
tion with the Boolean operators AND and OR. The search was
limited to human studies published in the English language.
Conference abstracts were excluded. Full details of the search
strategy are provided in eTable 1 in the Supplement.

Two reviewers (G.B.H. and P.R.B.) screened the titles and
abstracts of studies identified through the electronic search, and
the full texts of potentially relevant articles were retrieved to
determine eligibility for inclusion in the review. Studies were
included if they met the following criteria: (1) trials that ana-
lyzed endogenous VOCs within exhaled breath to diagnose or
assess cancer and (2) studies that included VOC identification.
Studies were excluded if (1) an exogenous substrate (intrave-
nous, oral, or inhaled) was administered before exhaled breath
sampling, (2) sensor-based pattern recognition technology was

Key Points
Question What are the diagnostic accuracy and methodologic
challenges of volatile organic compound (VOC)–based exhaled
breath tests for the detection of cancer?

Findings This systematic review and meta-analysis identified 63
relevant publications from which pooled analysis of outcomes found
a sensitivity of 79% and specificity of 89% for the detection of cancer
using VOC breath tests. Breath collection method, patient physiologic
condition, test environment, and method of analysis may influence
VOC test results.

Meaning VOC breath tests may have potential for noninvasive cancer
diagnosis, but methodologic standardization may be required.
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used in the absence of VOC identification, and (3) VOCs were
analyzed not in exhaled breath but in breath condensate or other
biofluid, including urine, serum, feces, and gastric content. The
reference lists of included studies were hand searched to iden-
tify additional relevant studies.

Outcomes and Analysis
For each study, 2 reviewers (P.R.B. and S.R.M.) indepen-
dently extracted data related to discriminative VOCs, analyti-
cal platform, the biomarker discovery phase of the study, and
sensitivity, specificity, and the area under the receiver oper-
ating characteristic (ROC) curves derived from diagnostic mod-
els. The VOCs were later grouped according to their chemical
class. Areas of disagreement were resolved by a third
reviewer (G.B.H.).

In accordance with the validated methods of Harbord
et al,10 bivariate meta-analyses were performed to generate
pooled point estimates of the hierarchal summary ROC curve
of breath VOC analysis. The software used for this analysis was
the custom-designed statistical package MIDAS.11 An area
under the hierarchal summary ROC curve was obtained
directly from the MIDAS output.

Quality Assessment
The quality of reporting in each of the diagnostic studies iden-
tified was examined using the Standards for Reporting of
Diagnostic Accuracy Studies (STARD) checklist.12 STARD re-
flects the completeness and transparency of reporting within
diagnostic accuracy studies. The checklist contains 30 items
based on evidence that linked these items to bias, variability,
and limitations of the applicability of results to other settings.

We also used a modified Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) tool to assess the quality of the
included studies.13 QUADAS-2 consists of 4 domains, includ-
ing patient selection, index test, reference standard, and flow
of patients through the study. In this review, the reference stan-
dard was considered to be histologic or radiologic confirma-
tion of cancer. The QUADAS-2 tool was specifically modified to
have greater relevance to phase 1 biomarker discovery studies;
specific changes included importance given to the following: the
inclusion of benign conditions (positive controls), internal and/or
external validation of results, assessment before therapeutic in-
tervention, and suitable reproducibility and sensitivity of the
chosen index test (full details of the modified QUADAS-2 tool
are presented in eTables and 3 and eFigure 1 in the Supple-
ment). The modified tool was piloted independently by 3
reviewers (G.B.H., P.R.B., and S.R.M.) on 4 studies and was
subsequently used independently by 2 assessors (P.R.B. and
S.R.M.) to rate all included studies.

Methodologic Review
Search Strategy and Selection Criteria
A MEDLINE search (all fields) using the keywords breath AND
methodology was performed. Title and abstracts of identified
articles were screened by a single reviewer (P.R.B.) for stud-
ies that reported factors that influenced the concentration of
VOCs within exhaled breath in humans (healthy or with dis-
ease). Additional relevant studies were identified through hand

searching of the reference lists of identified articles. Exclu-
sion criteria were as follows: studies that reported only the
effects of known disease processes, reports not published in
the English language, conference abstracts, animal or in vitro
experiments, and studies that reported the outcomes of math-
ematical models without presentation of clinical data.

Outcomes and Analysis
Study findings were categorized by 2 reviewers (P.R.B. and
G.B.H.) according to principal factors that influence exhaled
VOC levels. Factors were grouped under the following
domains: (1) patient-related physiologic factors, (2) sampling
methods, (3) environmental considerations, and (4) instru-
ment-specific sources of variability. Factors that influence VOC
levels within each domain were described, and the conse-
quences of the presence of such factors were examined.
Mitigating strategies to overcome challenges in the methods
of breath collection and analysis were considered.

Results
Systematic Review of Diagnostic Studies
The literature search yielded 63 publications14-76 that met the
inclusion criteria, with 1 study17 providing data for 4 cancer sites
(eFigure 2 in the Supplement). All reports constituted phase 1
biomarker discovery studies. The number of patients with can-
cer included in those studies ranged from 5 to 220. Within
included studies, lung (n = 39), breast (n = 7), gastroesophageal
(n = 6), colorectal (n = 4), oral cavity (n = 2), head and neck
(n = 2), mesothelioma (n = 1), thyroid (n = 1), liver (n = 1),
ovarian (n = 1), prostate (n = 1), and laryngeal (n = 1) cancers were
studied (Table and eTable 4 in the Supplement). Most included
studies compared patients with cancer (of often mixed histologic
subtype) with a healthy control population and/or patients with
benign conditions that affected the same organ (Table). Studies
tendedtoincludepatientswithearlyandadvancedtumorstages,
although tumor stage was not reported in 21 studies. The most
commonly used analytical platform was GC-MS (n = 49 studies).
A total of 253 VOCs were reported in association with cancer
diagnosis in different tumor sites. For the most part, these VOCs
werehydrocarbons(aromaticandaliphatic)andoxygenatedcom-
pounds (namely, aldehydes, alcohols, phenols, carboxylic acids,
ethers, and furans) and less frequently nitrogen-, sulfur- and
halogen-containing compounds. The most common VOCs asso-
ciated with cancer were 2-butanone (n = 14 studies), 1-propanol
(n = 8), nonanal (n = 8), isoprene (n = 8), ethylbenzene (n = 8),
4-methyl octane (n = 8), 3-hydroxy-2-butanone (n = 8), acetone
(n = 7), toluene (n = 7), ethanol (n = 7), pentanal (n = 7), heptanal
(n = 7), and pentane (n = 7). Full details of cancer VOCs, includ-
ing their chemical classes, are provided in eTables 4 and 5 and
eFigure 3 in the Supplement.

The sensitivity of breath testing for cancer diagnosis ranged
from 28% to 100%, whereas the specificity ranged from 61% to
100%. Twenty-eight publications that evaluated all types of can-
cer were included in the pooled analysis. Summary ROC analy-
sis confirmed the ability of VOC analysis of exhaled breath in
distinguishing patients with cancer from individuals without
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Table. Biomarker Phase 1 Studies on Exhaled Volatile Organic Compounds in Cancer

Study
Cancer
Type

Patients
With
Cancer,
No.

Patient
Groups

Cancer
Stage

Analytical
Platform

Sensi-
tivity,
%

Speci-
ficity,
% AUC

STARD
Score

Barash et al,14 2015 Breast 80 Healthy, benign, cancer NR GC-MS 78a 61a 0.79a 17
Li et al,15 2014 Breast 22 Healthy, benign, cancer I-IV GC-MS 68.2a 91.7a 0.902b 20
Mangler et al,16 2012 Breast 10 Healthy, cancer T1-T4 GC-MS NR NR NR 12
Peng et al,17 2010 Breast 14 Healthy, cancer I-II or

unknown
GC-MS NR NR NR 14

Phillips et al,18 2003 Breast 51 Healthy, benign, cancer NR GC-MS 88.2a 73.8a NR 18
Phillips et al,19 2006 Breast 51 Benign, cancer NR GC-MS 93.8a 84.6a 0.9a 13
Wang et al,20 2014 Breast 39 Healthy, benign, cancer NR GC-MS NR NR NR 14
Amal et al,21 2015 Ovarian 48 Healthy, benign, cancer I-IV or

unknown
GC-MS NR NR NR 14

Peng et al,17 2010 Prostate 13 Healthy, cancer I-II GC-MS NR NR NR 14
Guo et al,22 2015 Thyroid 39 Healthy, benign, cancer NR GC-MS 100a 100a 1.0a 13
Gruber et al,23 2014 Head and neck 22 Healthy, benign, cancer Mixed or

unknown
GC-MS NR NR NR 15

Hakim et al,24 2011 Head and neck 8 Healthy, cancer Mixed GC-MS NR NR NR 12
Bouza et al,25 2017 Oral cavity 26 Healthy, cancer I-IV GC-MS NR NR NR 11
Szabó et al,26 2015 Oral cavity 14 Healthy, cancer NR Portable GC NR NR NR 11
Altomare et al,27 2013 Colorectal 37 Healthy, cancer I-IV GC-MS 86a 83a 0.852a 20
Amal et al, 282016 Colorectal 65 Healthy, cancer I-IV or

unknown
GC-MS NR NR NR 20

Peng et al,17 2010 Colorectal 22 Healthy, cancer I-IV GC-MS NR NR NR 14
Wang et al,29 2014 Colorectal 20 Healthy, cancer NR GC-MS NR NR NR 13
Abela et al,30 2009 Esophagogastric 20 Healthy, cancer II-IV TDLS NR NR NR 14
Kumar et al,31 2013 Esophagogastric 18 Healthy, benign, cancer NR SIFT-MS NR NR 0.91 18
Kumar et al,32 2015 Esophagogastric 81 Healthy, benign, cancer Mixed SIFT-MS 86.7a 81.2a 0.87a 22
Amal et al,33 2013 Gastric 74b Healthy, benign, cancer I-IV or

unknown
GC-MS NR NR NR 15

Amal et al,34 2016 Gastric 99 Healthy, benign, cancer I-IV or
unknown

GC-MS NR NR NR 20

Xu et al,35 2013 Gastric 37 Healthy, benign, cancer I-IV or
unknown

GC-MS NR NR NR 21

Qin et al,36 2010 Liver 30 Healthy, benign, cancer I-IV GC-MS 83.3a 91.7a NR 18
Garcia et al,37 2014 Laryngeal 10 Healthy, cancer T1-T3 GC-MS NR NR NR 8
Bajtarevic et al,38 2009 Lung 220/65 Healthy, cancer NR PTR-MS/

GC-MSc
80d 100d NR 11

Bousamra et al,39 2014 Lung 107 Healthy, benign, cancer Mixed FT-ICR-MS 28 100 0.86 13
Buszewski et al,40 2011 Lung 115 Healthy, cancer NR GC-MS NR NR NR 12
Buszewski et al,41 2012 Lung 29 Healthy, cancer NR GC-MS NR NR NR 5
Chen et al,42 2005 Lung 5 Healthy, cancer NR SAW sensor NR NR NR 6
Corradi et al,43 2015 Lung 71 Benign, cancer I-IV GC-MS NR NR NR 22
Crohns et al,44 2009 Lung 11 Healthy, cancer I-IV GC-MS NR NR NR 15
Deng et al,45 2004 Lung 10 Healthy, cancer I GC-MS NR NR NR 7
Feinberg et al,46 2016 Lung 22 Healthy, cancer III-IV PTR-MS NR NR NR 15
Filipiak et al,47 2014 Lung 36 Healthy, cancer NR GC-MS NR NR NR 12
Fu et al,48 2014 Lung 97 Healthy, benign, cancer I-IV FT-ICR-MS 89.8e 81.3e NR 10
Fuchs et al,49 2010 Lung 12 Healthy, cancer >T3 GC-MS 75f 95.8f NR 11
Gaspar et al,50 2009 Lung 18 Healthy, cancer NR GC-MS 100g 100g NR 5
Handa et al,51 2014 Lung 50 Healthy, cancer I-IV IMS 76 100 NR 17
Kischkel et al,52 2010 Lung 31 Healthy, cancer >T2 GC-MS NR NR NR 8
Li et al,53 2015 Lung 85 Healthy, benign, cancer I-IV or

unknown
FT-ICR-MS
and GC-MS

96h 84h 0.962i 19

Ligor et al,54 2009 Lung 65 Healthy, cancer NR GC-MS 51 100 NR 12
Ligor et al,55 2015 Lung 123 Healthy, cancer III-IV GC-MS 63.5a 72.4a 0.65a 11
Ma et al,56 2014 Lung 13 Healthy, cancer III-IV GC × GC-FID NR NR NR 13
Ma et al,57 2015 Lung 10 Healthy, cancer NR GC-MS NR NR NR 5
Peled et al,58 2012 Lung 28 Benign, cancer Mixed GC-MS NR NR NR 13
Peng et al,59 2009 Lung 40 Healthy, cancer III-IV GC-MS NR NR NR 13
Peng et al,17 2010 Lung 16 Healthy, cancer I-IV GC-MS NR NR NR 14
Phillips et al,60 2003 Lung 67 Benign, cancer Mixed GC-MS 85.1a 80.5a NR 19

(continued)
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cancer, with a mean (SE) area under the curve of 0.94 (0.01)
(Figure 1). Pooled sensitivity was 79% (95% CI, 77%-81%), and
pooled specificity was 89% (95% CI, 88%-90%) (Figure 2 and
Figure 3).

The STARD score for reported cancer studies ranged from
5 to 22, with a mean (SD) of 13.7 (4.3). The details of STARD
for each study are provided in eTable 6 in the Supplement.
Assessment of biases and applicability of outcomes using
QUADAS-2 are detailed in eTable 3 and eFigure 1 in the Supple-
ment. Major sources of bias were (1) the absence of a positive
control group, (2) the absence of a validation set for the index
test, and (3) failing to report the reference standard test or
acknowledge the interval between index and reference tests.
There were no significant applicability concerns for patient
selection, index test, and reference standard.

Methodologic Review
A total of 574 abstracts were screened, and a total of 87 rel-
evant articles were identified. Complete references for these
87 studies are provided in eTable 7 in the Supplement. Patient-
related factors were described in 55 studies, sampling meth-
ods in 29, environmental considerations in 24, and instru-

Figure 1. Summary Receiver Operating Characteristic Curve Analysis
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Table. Biomarker Phase 1 Studies on Exhaled Volatile Organic Compounds in Cancer (continued)

Study
Cancer
Type

Patients
With
Cancer,
No.

Patient
Groups

Cancer
Stage

Analytical
Platform

Sensi-
tivity,
%

Speci-
ficity,
% AUC

STARD
Score

Phillips et al,61 2007 Lung 193 Healthy, cancer Mixed GC-MS 84.6a 80.0a 0.88a 18
Phillips et al,62 2008 Lung 193 Healthy, cancer Mixed GC-MS 84.5 81 0.9 15
Poli et al,63 2005 Lung 36 Healthy, benign, cancer I-II GC-MS 72.2 93.6 NR 16
Poli et al,64 2010 Lung 40 Healthy, cancer I-III GC-MS 90 92.1 NR 16
Rudnicka et al,65 2011 Lung 23 Healthy, cancer NR GC-TOF/MS NR NR NR 5
Sakumura et al,66 2017 Lung 107 Healthy, cancer I-IV GC-MS 95 89 NR 7
Schallschmidt et al,67 2016 Lung 37 Healthy, cancer NR GC-MS 100j 100j NR 10
Schumer et al,68 2015 Lung 156 Healthy, benign, cancer 0-IV Silicon

chip-MS
95.5k 64.4k NR 14

Schumer et al,69 2016 Lung 31 Benign, cancer I-IV Silicon
chip-MS

NR NR NR 13

Skeldon et al,70 2006 Lung 12 Healthy, cancer NR TDLS NR NR NR 14
Song et al,71 2010 Lung 43 Healthy, cancer I-IV GC-MS 95.3l 85.4l 0.94l 13
Ulanowska et al,72 2011 Lung 127 Healthy, cancer NR GC-MS NR NR NR 10
Wang et al,73 2012 Lung 88 Healthy, benign, cancer I-IV GC-MS 96.47a 9.747a 0.949j,m 13
Wehinger et al,74 2007 Lung 17 Healthy, cancer I-V PTR-MS 0.54n 0.99n 0.95o 17
Zou et al,75 2014 Lung 79 Healthy, benign, cancer I-IV GC-MS NR NR 1.0a,m 22
de Gennaro et al,76 2010 Mesothelioma 13 Healthy, benign, cancer NR GC-MS NR NR NR 13

Abbreviations: AUC, area under the curve; FT-ICR-MS, Fourier transform–ion
cyclotron resonance–mass spectrometry; GC, gas chromatography;
GC × GC-FID, comprehensive 2-dimensional gas chromatography with flame
ionization detector; GC-MS, gas chromatography–mass spectrometry;
GC-TOF/MS, gas chromatography time-of-flight mass spectrometry; IMS, ion
mobility spectrometry; MS, mass spectrometry; NR, not reported;
PTR-MS, proton transfer reaction–mass spectrometry; SAW, surface acoustic
wave; SIFT-MS, selected ion flow tube mass spectrometry; STARD, Standards
for Reporting of Diagnostic Accuracy Studies.
a Data derived from a validated model (cancer vs healthy control and/or benign

disease).
b Data derived from nonvalidated model for all 4 compounds.
c Compounds reported to have a negative alveolar gradient, suggesting that

they were of exogenous origin.
d Compound(s) not found to be significantly different between patients with

cancer and controls.

e Includes patients presented in an earlier publication by Xu et al.35

f The cutoff for statistical significance was considered at P < .017.
g PTR-MS, n = 220; GC-MS, n = 65.
h Compounds detected by PTR-MS.
i Data are based on the 21 compounds determined by GC-MS.
j Compounds considered to be of exogenous origin.
k Only compounds with positive alveolar gradients were reported.
l Sensitivity and specificity determined from patients with 2 or more of the

4 volatile organic compounds considered as diagnostic for the presence
of cancer.

mFor pentanal only.
n Two volatile organic compounds that were used in the model were not

reported.
o Data are for patients with cancer vs all those without cancer.
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ment source of variability in 9 (eTable 7 in the Supplement).
Most studies used MS-based techniques, principally PTR-MS
(n = 25), SIFT-MS (n = 24), and GC-MS (n = 27). Abundant com-
pounds were the most commonly examined VOCs: acetone
(n = 52 studies), isoprene (n = 48), ethanol (n = 22), metha-
nol (n = 20), and ammonia (n = 18). Therefore, it remains
unclear to what extent sampling and patient-specific factors
affect trace VOCs associated with cancer.

The association of sampling and patient-specific factors
with the variability of VOC analysis in exhaled breath has at-
tracted the greatest interest in methodologic development. The
influence of environmental factors, specifically inhaled am-
bient air, was frequently examined within methodologic stud-
ies. Another crucial topic was the assessment of the ability of
analytical instruments to support breath testing beyond re-
search laboratories within clinical practice and multicenter
clinical trials. Mass spectrometry has been the standard method
for the detection of VOCs within exhaled breath, although a
range of analytical techniques have been recently used. Based
on the literature, when a specific method is optimized for the
analysis of chosen compounds, optimum sensitivity and in-
strument-specific reproducibility can be achieved. However,
intrainstrument and interinstrument variability influences the
reproducibility of the results. For instance, intrapatient vari-

ability was 1% to 19% using SIFT-MS and 5% to 29% using PTR-
MS. The coefficient of variance for the reproducibility of
PTR-MS measurements of a standard mixture of 7 VOCs was
reported to be 10% to 19%.77

Proposed Framework for Exhaled Breath Tests
in Cancer Diagnostic Studies
A framework (Box) was created based on factors that influ-
enced the results of breath sampling and analysis in the meth-
ods review and from the lessons learned from the assess-
ment of the quality of reporting within diagnostic studies using
the STARD checklist and QUADAS-2. We have had experience
with the value and influence of the factors included in the
framework during our own research in the past decade.

Discussion
The analysis of VOCs within exhaled breath provides a prom-
ising approach to the diagnosis of multiple tumor types. Phase
1 biomarker studies demonstrated the ability of breath VOC
analysis for cancer diagnosis with a mean (SE) area under the
ROC curve of 0.94 (0.01), a pooled sensitivity of 79% (95% CI,
77%-81%), and a pooled specificity of 89% (95% CI, 88%-

Figure 2. Forest Plot of Pooled Sensitivity Analysis

0 0.6 1.00.4 0.8
Sensitivity (95% CI)

0.2

Source
Barash et al,14 2015
Li et al,15 2014
Phillips et al,18 2003
Phillips et al,19 2006
Guo et al,22 2015

Type of Cancer

Breast
Breast

Breast
Breast
Thyroid

Gastroesophogeal

Colorectal

Liver
Lung
Lung
Lung
Lung
Lung

Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung

Sensitivity (95% CI)

0.68 (0.45-0.86)
0.78 (0.67-0.86)

0.88 (0.76-0.96)
0.93 (0.68-1.00)
1.00 (0.91-1.00)
0.86 (0.71-0.95)

0.89 (0.80-0.95)
0.87 (0.69-0.96)
0.80 (0.74-0.85)
0.28 (0.20-0.38)
0.90 (0.82-0.95)
0.75 (0.43-0.95)
1.00 (0.81-1.00)

0.76 (0.62-0.87)
0.96 (0.90-0.99)
0.51 (0.38-0.63)
0.64 (0.55-0.73)
0.85 (0.74-0.93)
0.85 (0.79-0.90)
0.84 (0.79-0.89)
0.72 (0.55-0.86)
0.90 (0.76-0.97)
0.95 (0.89-0.98)
1.00 (0.91-1.00)
0.56 (0.48-0.64)
0.95 (0.84-0.99)
0.95 (0.89-0.99)
0.53 (0.28-0.77)
0.79 (0.77-0.81)

Kumar et al,32  2015

Altomare et al,27 2013

Bajtarevic et al,38 2009
Bousamra et al,39 2014
Fu et al,48 2014
Fuchs et al,49 2010
Gaspar et al,50 2009

Handa et al,51 2014
Li et al,53 2015
Ligor et al,54 2009
Ligor et al,55 2015
Phillips et al,60 2003
Phillips et al,61 2007
Phillips et al,62 2008
Poli et al,63 2005
Poli et al,64 2010
Sakamura et al,66 2017
Schallschmidt et al,67 2016
Schumer et al,68 2015
Song et al,71 2010
Wang et al,73 2012
Wehinger et al,74 2007
Pooled Sensitivity
χ 2

  = 371.07; P < .001
Inconsistency (I2) = 92.7%

Qin et al,36 2010

27

Vertical dashed lines indicate the
95% CI for the pooled sensitivity. The
size of the data markers reflects the
weight. Error bars indicate 95% CIs.

Research Original Investigation Accuracy and Challenges of VOC–Based Exhaled Breath Tests for Cancer Diagnosis

6/11 JAMA Oncology January 2019 Volume 5, Number 1 (Reprinted) jamaoncology.com

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 08/10/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaoncol.2018.2815&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2018.2815
http://www.jamaoncology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2018.2815


90%). The noninvasive nature of breath testing offers an
additional advantage that it enhances patient acceptability.
Nevertheless, for this promising approach to reach its poten-
tial in clinical practice, several milestones must be achieved.

First, the standardization of breath collection and analysis
is crucial. Our methodologic review revealed that the results of
breath testing depend on several factors related to the method
of sample collection, patients’ physiologic condition, and test
environment. Lessons learned from the study of exhaled nitric
oxide as a biomarker for pulmonary inflammation should inform
current developments. A defining moment in the effort to de-
velop nitric oxide as a clinically applicable breath biomarker was
the recognition that multiple respiratory factors influenced its
concentration within breath, leading to the publication of inter-
national recommendations for its standardized measurement
(American Thoracic Society and European Respiratory Society,
2005),78 which have in turn supported its adoption as a diagnos-
tic method. The framework proposed herein is an initial step
toward achieving this vision.

Second, the instrumentation used for breath analysis
requires careful consideration. Mass spectrometry used in VOC
analysis is a standard technique that is widely used in pharma-
cology, toxicology, and atmospheric chemistry. The novelty of
using MS-based technologies in VOC analysis should therefore

not be misperceived as the instrumentation being in the devel-
opment stage. However, to obtain accurate results in clinical
practice and gain the confidence of practitioners and cancer
scientists, the reliability of instruments and reproducibility of
results should be tested, optimized, and reported for exhaled
VOC analysis in clinical studies.

Third, external validation experiments against positive con-
trol groups and multicenter studies among the target population
within the environment where the breath test will be ultimately
used are essential steps to confirm internal and external validity
and inform clinical applications. Established test thresholds for
separatingpatientswithcancersofdifferentstageandtumorsub-
types from controls is needed before embarking on masked vali-
dation studies. Accurate clinical reporting based on STARD and
CONSORT guidance is an important consideration, as shown in
the assessment of the quality of reporting of studies included in
our systematic review.

Our review focused on the analytical techniques capable of
VOC identification. A total of 253 VOCs were reported, and stud-
ies typically used multiple VOCs to construct diagnostic mod-
els for different cancer sites. Most publications used MS-based
technology, which suits the discovery phase of disease-
profiling studies. The refinement of diagnostic models so that
they use a reduced number of VOCs is desirable and will stimu-

Figure 3. Forest Plot of Pooled Specificity Analysis
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late the development of bespoke technologies and point-of-
care diagnostics directed toward target volatile biomarkers.
However, there has been a paucity of studies designed to in-
vestigate the molecular mechanisms and exhalation kinetics
underpinning the production of volatile biomarkers in cancer.
Such studies are needed to further understand the factors that
influence test performance, refine the diagnostic model, and
increase confidence in breath analysis for cancer diagnosis.

There are several potential locations of breath tests in the
patient care pathway. First, for patients who present with non-
specific common symptoms that could be an early indication
of cancer, an exhaled breath test could act as a triage investi-
gation to direct patients to have invasive or more specialized
investigations. Tissue diagnosis will nevertheless remain an
essential requirement before starting cancer therapy or sur-
gical resection of affected organs. As shown in this system-
atic review, discriminative VOCs in the diagnostic models vary
among tumor sites; thus, an exhaled breath test from a single
breath collection may be suitable for use as a triage tool to de-
cide which patients require referral for suspected cancers. The
use of a breath test as a triage investigation could increase the
proportion of appropriate referrals from primary care and im-

prove the application national guidelines. For example, if the
general practitioner was assessing a patient with gastrointes-
tinal symptoms that do not meet the guidelines for prompt re-
ferral, they would not need to watch and wait to see if symp-
toms worsen but could offer the test immediately. The general
practitioner would order a breath test in the same way as rou-
tine blood tests, with a single breath collection to assess for
individual or multiple cancers. A nurse can perform the test
and send breath samples to a regional laboratory for analysis.
A positive result would warrant immediate referral. A nega-
tive test result would permit the general practitioner to reas-
sure the patient and offer retesting if symptoms persist.

Second, if breath tests have acceptable diagnostic accu-
racy, they may have a role in screening programs in which the
noninvasive nature of the test and its acceptability by pa-
tients and practitioners would increase the uptake of screen-
ing. Large, multicenter clinical studies among target popula-
tions with appropriate sample sizes would be crucial before
considering such an approach.

Third, breath tests may have a role in monitoring the re-
sponse to cancer therapy. There is a potential for using breath
tests to detect disease recurrence, as we have found in our

Box. Proposed Framework for Conducting and Reporting Future Studies Investigating the Role of VOCs in Cancer Diagnosis

Standardization of Breath Sampling
1. Patient-related factors

• Patient physiologic condition (smoking, diet, and fasting and
rest period before testing)

• Clinical confounding factors (patient characteristics, medical
conditions, and medications)

2. Environmental considerations
• Laboratory air measurement
• Location where test was performed in the clinical facility (clinic,

laboratory, or theater)
• Identification of contaminant VOCs originated from bags,

masks, thermal desorption tubes, and the analytical path in the
instruments

3. Breath sampling methods
• Type and reliability of collection method (online, bags, or

breath-sampling devices into thermal desorption tubes)
• The breath fraction sampled (alveolar vs mixed exhaled breath)
• Route for breath collection (nasal vs mouth)
• Sampling factors used with bags and devices (volume, flow rate,

and fraction of breath selected)
• Stability of target VOCs with collection methods to identify the

period before losing VOCs on room temperature (−20°C and
−80°C)

• Human factors that affect the collection and transfer of breath
samples to the laboratory

VOC Analysis
• Quality-control measures by means of appropriate calibration

procedures for accurate quantification analysis of breath samples
• Sensitivity of analytical technique to ensure that levels of trace

target VOCs are within the detection limits of the instrument
• Repeatability of VOC measurements by the same analytical

platform
• Reproducibility of VOC measurement among instruments of

the same analytical platform used in different laboratories in
multicenter studies

Identification and Validation of Volatile Biomarkers
1. Patient selection

• Selection of patients among the target population and in the
environment where the breath test will be performed

• Inclusion of positive control group
• All patients should have a reference standard diagnostic test
• Both the index and reference standard tests performed before

therapeutic intervention in diagnostic studies
2. Identification and quantification of volatile biomarkers

• Profiling of VOCs using separation methods (ie, GC-MS) or
direct injection techniques, such as PTR-MS or SIFT-MS

• Direct injection techniques, such as PTR-MS or SIFT-MS, provide
online analysis, quantification, and significant time saving

• Cross platform and chemical validation to confirm the identity
of VOCs

• Advanced analytical techniques may be required for better
sensitivity using TOF-MS; further separation of target VOCs
with GC-GC and accurate chemical identification using MS-MS

3. Establishing diagnostic model
• Development of a diagnostic model based on significantly

different target VOCs between patients and positive or
healthy control groups

• Establishing test threshold for separating patients with cancer
from controls

4. Validation of diagnostic model
• External validation in a different patient cohort, including

positive controls
• Blind validation in a multicenter clinical study
• Need to follow international standards for reporting using

Standards for Reporting of Diagnostic Accuracy Studies

Abbreviations: GC-GC, gas chromatography–gas chromatography; GC-MS, gas
chromatography–mass spectrometry; MS-MS, mass spectrometry–mass
spectrometry; PTR-MS, proton transfer reaction–mass spectrometry;
SIFT-MS, selected ion flow tube mass spectrometry; TOF-MS, time-of-flight
mass spectrometry; VOCs, volatile organic compounds.
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investigations in detecting colorectal recurrence after surgi-
cal resection.79 Current tests for monitoring precision treat-
ment response may be inadequate because invasive serial tis-
sue sampling is not generally acceptable to patients and
radiologic assessment is insensitive to biological evolution;
therefore, breath testing may provide a solution. However,
most studies identified by this systematic review included
patients with early and advanced cancer. Although it is widely
hypothesized that breath testing may fulfill a role in the de-
tection of early cancers, less than half of identified studies
(n = 22) explored the effect of stage on cancer breath test
performance and these studies often had inconsistent
findings.21,23,25,27,32,36,37,39,43,44,48,53,58,60-62,66,68,71,73-75 Hetero-
geneity in reporting meant that it was not possible to under-
take further subgroup analysis of such studies herein. Future
studies should seek to determine the precise role of tumor stage
and other factors, including the association of histologic and
molecular subtype with the diagnostic accuracy of proposed
breath tests.14

Implementation of breath analysis on a wider scale in clini-
cal practice requires careful consideration. The first option is a
central or regional laboratory model in which breath samples are
collected in general practice or hospital clinics and sent to a labo-
ratory for analysis in a similar way to blood investigations. The
designofbreathcollectiondevicesandthemethodsfortransport-
ing breath samples are crucial to the success of such an approach.
This laboratory-based model permits the application of quality
assurance methods to guarantee instrument reliability and
optimize breath analysis and thus ensure robust results.

The second option for clinical implementation is the devel-
opment of point-of-care devices to have the results available to

practitioners when seeing patients for immediate action. Human
factors and ergonomic principles should specify the design re-
quirement for point-of-care breath analyzers. There is a need for
those devices to be able to use different VOC diagnostic models
to detect various cancers because a device for each cancer site
is not a practical option. Cost-effectiveness studies are required
to examine both options. Test accuracy and the location within
the patient care diagnostic pathway will inform economic
studies, which in turn will determine the optimum approach.
Although there is a need for the accuracy of breath tests to be
confirmed in large-scale, multicenter clinical trials among the
intended population before the introduction into clinical prac-
tice, models for implementation should be considered at an early
stage to direct future research and clinical studies.

Limitations
This systematic review does not include studies that used sen-
sor and pattern recognition technologies that did not report
volatile biomarkers. A finding as well as a limitation of our
review is the lack of external validation studies. There was also
a paucity of studies that addressed health economics in
different clinical settings and disease conditions.

Conclusions
Standardization of breath collection methods and masked vali-
dation of breath test accuracy for cancer diagnosis is needed
among the intended population in multicenter clinical trials.
The proposed framework could guide the conduction of
future breath tests in cancer studies.
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