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Abstract
Background

When two tests for a disease are employed together, the resulting combination can be more sensitive or
specific than either test employed alone, provided that they employ different biological mechanisms. We
determined changes in sensitivity and specificity of screening mammography when combined with a
breath test for biomarkers of breast lesions.

Methods

We analyzed volatile organic compounds (VOCs) in the breath of women having screening
mammography, using gas chromatography with mass spectrometry (GC MS) and surface acoustic wave
detection (GC SAW). We compared breath VOCs in women with normal screening mammograms to
those whose mammograms were subsequently associated with biopsy-proven breast cancer. Multiple
Monte Carlo simulations identified breath VOC biomarkers that predicted the likelihood of a structural
breast lesion. Sensitivity and specificity of mammography and breath VOC biomarkers were determined
as predictors of breast lesions when employed separately and in combination.

Results

Mammography employed alone detected breast lesions with 79% sensitivity and 88.9% specificity;
breath biomarkers were 86.5% sensitive and 66.7% specific. When the results of the two tests agreed
(i.e. the mammogram and the breath test were both positive or both negative), the specificity of the
combination rose to 96.3%, indicating an increased probability of a true positive or a true negative
mammogram result. When the results of the two tests disagreed (i.e. the mammogram was positive and
the breath test was negative, or vice versa), the sensitivity of the combination rose to 97.2%, indicating
an increased probability of a false positive or a false negative mammogram result.

Conclusions

Mammography combined with a breath test for VOC biomarkers predicted breast lesions with greater
sensitivity and specificity than mammography employed alone.

INTRODUCTION
Mammography is widely employed as a as a screening test for breast cancer but it is susceptible to
false positive and false negative findings 1. It is also susceptible to errors arising from interobserver

variation when two observers reading the same mammogram reach different conclusions2,3. 

In order to minimize these problems, the sensitivity and specificity of mammography could potentially be
improved by combining it with an ancillary nondependent test for structural abnormalities in breast
tissue. This approach is employed in other conditions in which a test for abnormal anatomy
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is combined with a test for abnormal function. Examples include prostate cancer screening with MRI
combined with PSA biomarkers4, and colon cancer screening with colonoscopy combined with fecal
occult blood testing5. By employing two diagnostic tests for the same condition, it is possible to achieve
a combined test that has greater sensitivity and specificity than either test employed alone, provided that
the two tests employ different biological mechanisms 6-8. Weinstein et al analyzed the mathematical
basis of combination diagnostic testing, and showed that two tests employed in combination can deliver
either greater sensitivity or specificity than either test employed alone8. They proposed an AND/OR rule
to combine two tests so that they are optimized to deliver increased specificity or sensitivity (Figure 1).

Breath biomarkers can identify altered metabolic pathways associated with structural abnormalities in
breast tissue. Every exhaled breath contains more than 2,000 different volatile organic compounds
(VOCs) mostly in parts per billion (ppb) concentrations9. Previous studies have reported altered
abundance of breath VOCs in a variety of diseases, and the Food & Drug Administration (FDA) has
cleared or approved breath tests for conditions including infections (Helicobacter pylori, COVID-19),
carbohydrate malabsorption, asthma and airways inflammation. Researchers have employed breath VOC
tests using gas chromatography (GC), mass spectrometry (MS), electronic noses, and sniffing dogs, we
have reported breath biomarkers for the detection of lung cancer10, tuberculosis11, and radiation
exposure12.

We have previously reported studies of a rapid point-of-care breath test employing GC with surface
acoustic wave detection (GC SAW) that detected breath VOC biomarkers associated with structural
abnormalities in breast tissue13-15.  Since breath testing and radiologic imaging employ different
biological mechanisms, a test for breath VOC biomarkers could provide a rational ancillary test in
combination with mammography. Breath tests have several practical advantages: they are simple to use
and cost-effective; they are also inherently painless, non-invasive, objective, and safe. We report here an
evaluation of combining mammography with an ancillary breath test for VOC biomarkers, and its
resulting sensitivity and specificity of the combination for detecting structural abnormalities in breast
tissue.

RESEARCH METHODS
Sensitivity and specificity of screening mammography: Values were obtained from the Food & Drug
Administration (FDA) publication Mammography Quality Standards Act; Amendments to Part 900
Regulations Docket No. FDA-2013-N-013416. According to FDA: “Results were shown from estimating
annual values for screening mammography in the U.S.” and “Because data on sensitivity are difficult to
obtain and estimates vary, calculations are presented using both a high and low estimate of sensitivity”.
The high values were sensitivity = 79.0%, specificity = 88.9% and the low values were sensitivity = 66.0%,
specificity = 88.9%. In this study, the high values were employed for analysis of data.
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Sensitivity and specificity of breath VOC biomarkers: We previously reported studies of breath VOCs
using GC MS and GC SAW in 783 women: normal mammograms (473), abnormal mammograms (171),
and biopsy-proven breast cancer (139) 13–15. Since the clinical designs were not identical in all studies,
we selected a typical subset that distinguished between normal and abnormal screening mammograms
with 86.5% sensitivity, 66.7% specificity, and 83% accuracy14. Structural abnormalities in breast tissue
were identified by imaging with mammography augmented with MRI and sonography where indicated.
Prior to screening mammography, all subjects donated a breath sample by inflating an ultra-clean
collection balloon. Breath VOCs were analyzed with GC SAW and the resulting chromatograms were
decomposed into a series of time-related segments, each of 0.8 sec duration, comprising the mass
response of the SAW detector. Chromatographic peak segments were compared in two groups of
women, normals and breast cancer, and ranked as candidate biomarkers according to their C-statistic
values i.e. the area under curve (AUC) of the receiver operating characteristic (ROC) curve. Biomarkers
with statistically significant C-statistic values were identified with multiple Monte Carlo simulations.
These biomarkers were entered into a multivariate predictive algorithm in order to generate a numerical
value, the discriminant function (df), which varied with the likelihood of a structural breast abnormality.

Combination diagnostic testing. The method of Weinstein et al was employed to determine the
sensitivity and specificity of mammography and breath VOC biomarkers employed alone or in
combination using the AND/OR rule. The method is summarized in Fig. 1.

RESULTS
Impact of ancillary testing on mammography performance. Figures 2 and 3 show the sensitivity and
specificity of mammography and breath VOC biomarkers used alone and in combination for detection of
a structural lesion in the breast. When the results of the two tests agreed (i.e. mammography and the
breath test were both positive or both negative), the specificity of the combination was 96.3%, an
increase from 88.9% with mammography employed alone. This finding indicated an increased probability
of a true positive or a true negative mammogram result. Conversely, when the results of the two tests
disagreed (i.e. mammography was positive and the breath test was negative, or vice versa), the
sensitivity of the combination rose to 97.2%, compared to 79% with mammography alone, indicating an
increased probability of a false positive or a false negative mammogram result.

DISCUSSION
The main finding of this study was that screening mammography combined with an ancillary breath test
for VOC biomarkers detected breast lesions with greater sensitivity and specificity than mammography
employed alone.

The potential clinical outcomes arising from increased sensitivity and specificity of screening
mammography are described in Figure 4. There were four possible outcomes when the two tests were
employed in combination: the results either agreed (mammography and the breath test were both
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positive or both negative), or they disagreed (mammography was positive and the breath test was
negative, or vice versa). When the results agreed, the specificity of the combination was 96.3%,
compared to 89.9% for mammography employed alone. When the results disagreed, the sensitivity of the
combination was 97.2%, compared to 79% for mammography employed alone. All outcomes were
accompanied by a specific recommended plan of action.

In clinical practice, a breath test for VOC biomarkers can be performed either in the laboratory or at the
point-of-care. The procedure is safe, painless, rapid, and cost-effective. An ancillary breath test could
potentially benefit physicians by improving the diagnostic accuracy of screening mammography. Women
and the healthcare system might also benefit from a reduced number of needless procedures.
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Figures

Figure 1

The AND/OR rules for combining Test A with Test B (adapted from Weinstein et al8). The subscripts
“spec” and “sens” indicate sensitivity and specificity of Test A and Test B respectively.
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Figure 2

Sensitivity and specificity of mammography and breath VOC biomarkers used alone and in combination
for detection of a structural lesion in the breast: Sources of values of sensitivity and specificity of
screening mammography and breath VOC biomarkers are described in the methods section. Combined
values were determined using the AND/OR equations shown in Figure 1.
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Figure 3

Sensitivity and specificity of mammography alone versus mammography combined with ancillary breath
test. Values were determined by application of the AND/OR rule, so that outcomes varied according to
whether the results of the two tests agreed or disagreed.
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Figure 4

Clinical applications of the mammogram-breath test combination.

The four possible outcomes of the mammogram-breath test combination are shown. Possible
interpretations include increased probability that the mammogram result was a true positive, true
negative, false positive or a false negative.


