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Abstract
Previous studies have reported volatile organic compounds (VOCs) in the breath as biomarkers of
breast cancer. These biomarkers may be derived from cancer-associated fibroblasts, in which
oxidative stress degrades polyunsaturated fatty acids to volatile alkanes and methylated alkane
derivatives that are excreted in the breath. We evaluated a rapid point-of-care test for breath VOC
biomarkers as predictors of breast cancer and abnormal mammograms. We studied 593 women
aged⩾18 yr referred to three sites for mammography for a symptomatic breast-related concern
(e.g. breast mass, nipple discharge). A rapid point-of-care breath testing system collected and
concentrated alveolar breath VOCs on a sorbent trap and analyzed them with gas chromatography
and surface acoustic wave detection in<6 min. Breath VOC chromatograms were randomly
assigned to a training set or to a validation set. Monte Carlo analysis identified significant breath
VOC biomarkers of breast cancer and abnormal mammograms in the training set, and these
biomarkers were incorporated into a multivariate algorithm to predict disease in the validation set.
Prediction of breast cancer: 50 women had biopsy-proven breast cancer (invasive cancer 41, ductal
non-invasive cancer 9) Unsplit data set: breath VOCs identified breast cancer with 83% accuracy
(area under curve of receiver operating characteristic), 82% sensitivity and 77.1% specificity. Split
data sets: training set breath VOCs identified breast cancer with 80.3% accuracy, 84% sensitivity
and 74.3% specificity. Corresponding values in the validation set were 68%% accuracy, 72.4%
sensitivity and 61.5% specificity. Prediction of BIRADS 4 and 5 mammograms (versus BIRADS 1, 2
and 3): unsplit data set: breath VOCs identified abnormal mammograms with 76.2% accuracy. Split
data sets: breath VOCs identified abnormal mammograms with 74.2% accuracy, 73.3% sensitivity
and 60% specificity. Corresponding values in the validation set were 60.5% accuracy, 64.2%
sensitivity and 51% specificity. A rapid point-of-care test for breath VOC biomarkers predicted risk
of breast cancer and abnormal mammograms in women with breast-related symptoms.

1. Introduction

Breath contains volatile organic compounds (VOCs)
that are biomarkers of breast cancer [1–6]. A breath
test for these biomarkers could provide a new tool
for early detection of breast cancer that is accurate,
cost-effective, and safe. There is a clinical need for
new tools to detect breast cancer detection because
a woman in the United States has a 1 in 8 chance

of developing breast cancer during her lifetime, and
early detection can improve her prospects of survival.

The causative mechanism for abnormal breath
VOCs in breast cancer is not known with certainty.
Oxidative stress has been implicated, but the follow-
ing schema should be regarded as hypothetical and
requiring further investigation.

Carcinoma-associated fibroblasts (CAFs) in
breast cancer stromal tissue have been proposed as a
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Figure 1. Proposed source of breath biomarkers in breast cancer: bone marrow-derived mesenchymal stem cells migrate to tumor
stromal tissue, where they form carcinoma-associated fibroblasts (CAFs) that stimulate aggressive carcinoma phenotypes and
drive metastasis. CAFs also generate hydrogen peroxide and reactive oxygen species, resulting in oxidative stress. Oxidation of
polyunsaturated fatty acids (PUFAs) in cell membranes generates downstream scission products include volatile n-alkanes (e.g.
pentane, hexane) and their metabolic derivatives, all of which have a high vapor pressure and are excreted in the breath. This
proposal is hypothetical and requires further study and validation.

feasible biological source of breath biomarker VOCs
(figure 1). Bone marrow-derived mesenchymal stem
cells migrate to tumor stromal tissue, where they
formCAFs that stimulate aggressive carcinoma phen-
otypes and drive metastasis [7, 8]. CAFs also cause
oxidative stress by generating reactive oxygen species
that oxidize polyunsaturated fatty acids (PUFAs) in
cell membranes [9]. Themetabolic products of PUFA
oxidation include n-alkanes such as pentane and hex-
ane, as well as alkane derivatives; all are exhaled in the
breath as VOCs [10–13].

We have previously reported a rapid point-of-
care breath test that detected biomarkers of breast
cancer, abnormal mammograms, and pulmonary
tuberculosis [4, 14]. We report here a study to valid-
ate the accuracy of that test as an indicator of risk of
breast cancer and abnormal mammograms in symp-
tomatic women.

2. Methods andmaterials

Human subjects (table 1): We performed breath tests
in 593 women with symptomatic breast disease at
three sites: University of Southern California, Los

Angeles, CA, MD Anderson Cancer Center, Houston,
TX, and St. Michael’s Medical Center, Newark, NJ).
An Institutional Review Board approved the research
at all sites. A physician explained the study to women
who fulfilled the inclusion and exclusion criteria and
invited them to participate in the research.

Inclusion criteria:Womenwere included in the study
if they were aged 18 years or over, and had been
referred formammography for a breast-related symp-
tom or clinical sign (e.g. a breast mass or a nipple dis-
charge). All gave their written informed consent to
participate and they approved the collection of clinic-
ally relevant data including mammogram and biopsy
results.

Exclusion criteria: Women were excluded from the
study if they had a known serious or potentially life-
threatening disease, a previous history of cancer (with
the exception of basal cell carcinoma of skin), or if
there was a history of a mammogram during the pre-
ceding 12 months.

Breath VOC collection and analysis:Themethod has
been described [4, 14]. Breath samples were collected
and analyzed with a rapid point-of-care instrument
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Table 1.Human subjects. Breast biopsy was performed in 137
subjects, and 87 were negative for cancer. Women were classified
as cancer-free if BIRADS score⩽3 or if the breast biopsy findings
were negative. There was no significant difference between the
ages of women with and without cancer (2-tailed t-test, two
sample equal variance). BIRADS scores are shown for subjects
who had mammography performed with radiological imaging;
subjects assessed with other modalities were not included in this
table. BI-RADS is an acronym for Breast Imaging-Reporting and
Data System, a quality assurance and scoring tool of the American
College of Radiology originally designed for use with
mammography. www.acr.org/-/media/ACR/Files/RADS/BI-
RADS/Mammography-TOC.pdf.

No. Mean age (yr)

All subjects 593 52.1
No cancer found 543 51.8
Cancer found on biopsy 50 55.1
Ductal non-invasive cancer 9 52.2
Invasive cancer 41 55.8

BIRADS scores No. subjects

1 88
2 168
3 83
4 29
5 22

Total 390

employing gas chromatography and surface acous-
tic wave detection (GC SAW) (BreathLink, Menssana
Research, Inc, Fort Lee, NJ) (figure 2). The instru-
ment automatically collected and concentrated alve-
olar breath VOCs onto a sorbent trap containing
Tenax®, and thermally desorbed them for analysis
with GC SAW in <6 min. Breath VOC chromato-
grams were uploaded electronically to a central server
for analysis of data. The analyzer was re-calibrated
daily with an external standard, a mixture of C6 to
C22 n-alkanes (Restek Corporation, Bellefonte, PA
16823, USA).

Analysis of data:Data were analyzed to determine the
accuracy of the breath test as a predictor of biopsy-
proven breast cancer and also as a predictor of mam-
mogram results. The methods have been described
[4, 5]. Breath VOC chromatograms were randomly
assigned to a training set or a validation set. Monte
Carlo analysis identified significant breath VOC bio-
markers of breast cancer and abnormal mammo-
grams in the training set, and these biomarkers were
incorporated into a multivariate algorithm to predict
disease in the validation set.

Training sets: Predictive models were trained
using multiple Monte Carlo simulations and mul-
tivariate weighted digital analysis (WDA) [15].
Chromatograms were aligned and binned into a time
series of data segments derived from the SAWdetector
signal and the diagnostic accuracy of each data seg-
ment was ranked according to the area under curve
(AUC) of its receiver operating characteristic (ROC).

If a data segment identified disease (breast cancer or
an abnormal mammogram) with greater than ran-
dom accuracy (p < 0.05), it was entered into a WDA
multivariate predictive algorithm.

Validation sets [4]. Breast cancer data. The WDA
model was validated with five random 80/20
splits of the dataset and the results were averaged.
Mammography data: data were stratified in two ways:
BIRADS 1 and 2 versus BIRADS 3, 4 and 5, and
BIRADS 1, 2 and 3 versus BIRADS 4 and 5. WDA
models were validated with 10-fold cross validation.
Chromatograms from each group were partitioned
randomly into 10 ‘folds’ i.e. in 10 trials in which the
predictive models were trained on 9 folds and valid-
ated on the remaining fold.

3. Results

Prediction of breast cancer (figure 2): 50 women had
biopsy-proven breast cancer. Unsplit data set: breath
VOCs identified breast cancer with 83% accuracy
(AUC of ROC), 82% sensitivity and 77.1% specificity.

Cross-validated data: The training set breath
VOCs identified breast cancer with 80.3% accuracy,
84% sensitivity and 74.3% specificity. Corresponding
values in the validation set were 68.2%% accuracy,
72.4% sensitivity and 61.5% specificity.

Prediction of mammogram results (figure 3)
Prediction of BIRADS 4 and 5 mammograms

(versus BIRADS 1, 2 and 3):
Unsplit data set: breath VOCs identified abnormal

mammograms with 76.2% accuracy.
Split data sets: breath VOCs identified abnormal

mammograms with 74.2% accuracy, 73.3% sensitiv-
ity and 60% specificity. Corresponding values in the
validation set were 60.5% accuracy, 64.2% sensitivity
and 51% specificity.

Prediction of BIRADS 3, 4 and 5 mammograms
(versus BIRADS 1 and 2):

Unsplit data set: overall accuracy was 71%. Cross-
validated data: the training set and the validation
set identified abnormal mammograms with 72% and
59% accuracy respectively.

Effects of age (table 1). There was no significant dif-
ference between the mean ages of women with and
without breast cancer.

4. Discussion

Themain finding of this study was that a rapid point-
of-care breath test for VOC biomarkers predicted the
risk of breast cancer and abnormal mammograms in
women with breast-related symptoms. The accuracy
of the breath test was consistent with values reported
in previous studies.

This study was performed with a rapid point-
of-care GC employing SAW detection. Unlike mass
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Figure 2. Prediction of breast cancer with breath biomarkers. This figure displays ROC curves of the sensitivity and specificity of
the breath test for breast cancer, using a rapid point-of-care GC SAW test for breast cancer (BreathLink). Data was split into
training and validation sets. The area under curve (AUC) of the ROC curve indicates that the breath test identified breast cancer
with 83% accuracy in the training set and 68% accuracy in the validation. set.

Figure 3. Prediction of BIRADS score with breath biomarkers. This figure displays ROC curves of the sensitivity and specificity of
the breath test as a predictor of the outcome of mammography. Outcomes of the breath test were stratified in two ways: BIRADS 4
and 5 mammograms versus BIRADS 1, 2 and 3 (top left and top right panels), and BIRADS 3, 4 and 5 mammograms versus
BIRADS 1 and 2 (bottom left and bottom right panels). BIRADS scores are shown for subjects who had mammography
performed with radiological imaging; subjects assessed with other modalities were not included in this analysis.
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spectrometry (GC MS), GC SAW employs a highly
sensitive detector that responds to the mass of intact
breath VOC analytes. It quantifies VOCs in chro-
matographic peaks without degrading them to ionic
fragments, so it was not possible to identify their
molecular structure and compare them to the specific
VOC biomarkers reported in previous studies. Since
each peak comprises a mixture of different VOCs,
the data analysis employed chromatographic pattern
recognition instead of quantitation of specific ana-
lytes. Unlike most previously reported breath tests,
this study estimated the risk of breast cancer employ-
ing the pattern of VOCs in the breath chromatogram
instead of the abundance of individually identified
VOCs. This approach fulfills the FDA definition of
a biomarker: ‘a defined characteristic that is meas-
ured as an indicator of normal biological processes,
pathogenic processes, or biological responses to an
exposure or intervention, including therapeutic inter-
ventions. Biomarkers may include molecular, his-
tologic, radiographic, or physiologic characteristics.’
www.ncbi.nlm.nih.gov/books/NBK338448/#

Hietanen et al reported increased breath pentane
in breast cancer in 1994 [16], and we subsequently
confirmed increased n-alkanes in breath (nonane,
tridecane) and methylated derivatives of n-alkanes
(5-methyl undecane, 3-methyl pentadecane) as can-
didate biomarkers of breast cancer using GC MS
[1]. Other investigators have also reported distinct-
ive breath VOCs in breast cancer using GC MS [17,
18] as well as with nanosensor arrays [19] and sniff-
ing dogs [20]. The biological source of breath VOC
biomarkers in breast cancer may reside in activated
breast stromal fibroblasts where increased oxidative
stress generates volatile n-alkanes including ethane
and pentane and other metabolic products that are
expired in the breath (figure 1) [11, 13, 21]. Also,
headspace analysis of VOCs derived from breast can-
cer cells cultured in vitro has demonstrated a variety
of unique products, some of which may have arisen
from induced cytochrome p450 activity [22].

The experimental design incorporated precau-
tions that were targeted to minimize the effects of
potential confounding variables. Breath tests were
performed in a blinded fashion without knowledge of
the results of breast biopsy. We minimized the poten-
tial effects of site-dependent confounders (e.g. ambi-
ent room air contamination) by collecting and ana-
lyzing breath samples from subjects with and without
cancer in the same room at each site. We also incor-
porated precautions in the analysis of data by employ-
ing multiple Monte Carlo simulations to minimize
the risk of ‘over-fitting’ data when large numbers of
candidate biomarkers are correlated with a compar-
atively small number of experimental subjects. In the
absence of this precaution, there is a risk of generating
‘voodoo correlations’ in which the findings appear to
be statistically significant even though they are clinic-
ally meaningless [23]. In addition, we cross-validated

the test results withmultiple random splits of the data
sets into training sets and validation sets in order to
ensure that the predictive algorithms were developed
and tested in independent groups of subjects. There
was no significant difference between the mean ages
of women with and without breast cancer.

In this study, a rapid point-of-care test for breath
VOCs in women with breast-related symptoms iden-
tified those at increased risk of breast cancer and
abnormal mammograms. Further studies will be
required to determine the positive and negative pre-
dictive values of breath testing in a screening popu-
lation. Breath testing merits evaluation as a screen-
ing tool because it is painless, cost-effective, and com-
pletely safe.
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