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Background: Lung cancer remains the leading cause of cancer deaths accounting for almost 25% of
all cancer deaths. Breath-based volatile organic compounds (VOCs) have been studied in lung cancer but
previous studies have numerous limitations. We conducted a prospective matched case to control study of
the ability of preidentified VOC performance in the diagnosis of stage 1 lung cancer (S1LC).

Methods: Study participants were enrolled in a matched case to two controls study. A case was defined
as a patient with biopsy-confirmed SILC. Controls included a matched control, by risk factors, and a
housemate control who resided in the same residence as the case. We included 88 cases, 88 risk-matched,
and 49 housemate controls. Each participant exhaled into a Tedlar® bag which was analyzed using gas
chromatography-mass spectrometry. For each study participant’s breath sample, the concentration of thirteen
previously identified VOCs were quantified and assessed using area under the curve in the detection of lung
cancer.

Results: Four VOCs were above the limit of detection in more than 10% of the samples. Acetoin was the
only compound that was significantly associated with SIL.C. Acetoin concentration below the 10 percentile
(0.026 pg/L) in the training data had accuracy of 0.610 (sensitivity =0.649; specificity =0.583) in the test data.
In multivariate logistic models, the best performing models included Acetoin alone (AUC =0.650).
Conclusions: Concentration of Acetoin in exhaled breath has low discrimination performance for SILC

cases and controls, while there was not enough evidence for twelve additional published VOCs.
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Introduction

Lung cancer remains the leading cause of cancer deaths
accounting for almost 25% of all cancer deaths (1). Regular
screening in patients at risk has previously shown a mortality
benefit and a patient’s best chance of survival remains early
detection (2,3). The National Lung Cancer Screening Trial
(NLST) demonstrated a 20% relative decrease in lung
cancer mortality with low dose CT scans (LDCT) (4) with
a sensitivity of 93.8%, specificity of 73.4%, and negative
predictive value of 99.9% (4). Due to the results of this
trial, LDCT scan has become the gold standard for early
lung cancer detection. Despite these efforts, CT screening
has suffered from slow adoption in part due to its 27% false
positive rate (4) which has led to unnecessary procedures
with associated morbidity and mortality. Only 15% of
lung cancer patients are diagnosed at an early stage (5). If
detected at stage 1, the 5-year survival can exceed 90%, thus
additional early identification tests are needed (1,6,7).
Volatile organic compounds (VOCs) are carbon
containing compounds which may be produced by the
body, or be environmental contaminants (8). These
compounds can be measured in breath, and there has been
extensive research into their ability to be used for lung
cancer diagnostics (8-22). The use of breath analytics in
lung cancer has been previously attempted, each study
with limitations. One of the first studies was in 1971 and
identified 250 different VOCs in human breath samples (23).
As technology advanced, this study was repeated in 1999
and over 3,000 breath VOCs were identified (18). Multiple
studies have since followed and a re-emergence of a search
for a VOC signature started in the 2010s. Fu ez 4/. studied
the differences in VOCs between lung cancer patients and
healthy controls, with the goal to identify two or more VOCs
as a “fingerprint” to identify lung cancer (12). They were able
to identify a signature of 4 VOCs and reported a sensitivity
and specificity of 89.9% and 81.3%, respectively (12). A
second study was released a year later, which included an
analysis of three groups of participants: benign nodules,
healthy controls and lung cancer patients (21). This study
reported a VOC signature with a sensitivity and specificity
of 88.5% and 86.5%, respectively (21). Multiple other
studies have been conducted, none of which identified a
VOC signature (13,14,17,19,20,22). None of these studies
provided a practical and reproducible VOC signature of
cancer as: (I) the definitions of “signatures” are impractical
as they only provide a list of compounds; (II) data that
underlined the results are not publicly available; (III) code
that was used for signatures is not available; (IV) VOCs are
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not expressed in units of concentration (e.g., pg/L); and (V)
not enough practical details are provided about how to re-
construct the “signature” in a new study. Moreover, many
of these studies have been limited by small sample sizes,
heterogeneous experimental conditions, lack of calibration
of VOC:s to the concentration scale, irreproducible analytic
pipelines, and/or lack of built-in validation component.
Despite being extensive, this existing literature does not
provide a practical solution to detecting early-stage lung
cancer using breath VOCs.

The current study was conducted to evaluate the
reproducibility and validity of published associations
between stage 1 lung cancer (SILC) and 13 exhaled breath
VOC:s previously identified in the literature as promising
lung cancer biomarkers. The study also explored whether
a practical, clinically useful breath VOC signature can be
constructed from these and other new VOCs to detect
SILC. We present the following article in accordance with
the STARD reporting checklist (available at https://tler.
amegroups.com/article/view/10.21037/tlcr-21-953/rc).

Methods
Study population

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). Registered on
ClinicalTrials.gov (identifier: NCT03275688), the study
was conducted at the Johns Hopkins University Hospital
(Baltimore, MD, USA) and approved by the Johns Hopkins
institutional review board (No. IRB00121967). Informed
consent was taken from all of the patients. Study data
collection and analytic protocol for this prospective study
was developed prior to data collection. Data was collected
between February 2018 and July 2019. Adults over age 18
diagnosed S1LC, current smokers, greater than age 55,
with at least a 30 pack-year smoking history and a negative
Chest CT as well as non-smokers, greater than age 55,
free of suspicion for lung cancer with a negative Chest CT
were included in the study. Potential SILC cases from the
population of lung cancer patients seen by the senior author
(LY) were enrolled in the study. This was a consecutive
series, where patients were recruited until the target sample
size was achieved. Data for potential SILC cases who were
not confirmed to have SILC via biopsy were excluded from
the subsequent analyses. Each biopsy-confirmed S1LC case
was matched to one or two controls to reduce the potential
for confounding and to ensure a good balance of covariates
in the case and control groups. Two types of controls were
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used for each case: (I) the type 1 control was identified via
the JHU electronic medical record system (Epic, Verona,
WI) and was matched on smoking status, vaping, sex, family
history of lung cancer, age, race, and alcohol use [see the
supplementary materials (Appendix 1) for details on covariate
matching]; and (II) the type 2 control was identified, when
possible, during the preliminary patient visit as a cancer-free
adult person who lives in the same household with the lung
cancer case patient. Some patients did not have another adult
living in the same household or if they have, they did not
consent to participate in the study; in these cases, the type 2
control sample was not collected. All study participants were
asked to abstain from smoking, vaping, or drinking for at
least 30 min before conducting the test.

Collection of exhaled breath samples

Participants exhaled directly into two Tedlar® bags.
Participants were instructed to take a deep inhalation and
exhale ~150-300 mL of breath into the 0.5 L volume bag
(Bag 1) to compensate for dead space. Immediately, the
participant then inflated the 1 L volume bag (Bag 2) using
the rest of the exhaled breath. All collected breath samples
were delivered at room temperature to the Johns Hopkins
Bloomberg School of Public Health (JHBSPH) research
lab for VOC analysis within 2 h after collection (whenever
possible). The balloon was measured within 24 h of breath
by the lab in 166 (74%) patients. All but 3 balloons were
read within 24 h of lab acquisition. Only data collected from
Bag 2 were used for the analyses.

VOC analysis with thermal desorption gas
chromatography-mass spectrometry (IT'D-GC-MS)

Thirteen previously reported VOCs, representing different
chemical groups, were selected for quantitative analysis;
details are provided in Table S1. For each selected VOC,
a five-point calibration curve was generated by spiking
reagent-grade standards into Tedlar® bags in concentrations
ranging from 0.4 to 4,000 pg/mL using methanol as solvent.
Five calibration curves for each VOC were generated, and
their average slope and intercept were used to quantify
concentrations from participant samples. Clean and
humidified air was injected into a subset (10%) of bags to
evaluate measurement background.

VOCs in the exhaled breath were analyzed using
thermal desorption (TD) and gas chromatography—mass
spectrometry (GC-MS). The laboratory did not receive
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information about participant case status. A multiple
channel thermal desorption system (UNITY-xr'TM) with
an auto-sampler (CIA Advantage-xr'TM both from Markes
International, Inc., UK) was used to sample 100 mL of
exhaled breath from each of the Tedlar bags at a flow
rate of 50 mL/min and flow path temperature of 150 °C.
Helium was used as the carrier gas at a constant pressure
of 5 Pounds per Square Inch (PSI); the sample was directly
injected from the TD unit into the gas chromatograph
for analysis. Chromatographic analysis was performed
using a Trace GC-Ultra gas chromatograph attached to
an ISQ Mass Spectrometer (GC-MS, Thermo Scientific).
Additional details, including quality control, are provided in
the supplementary materials (Appendix 1).

Calibration curves and quality control

Thirteen previously reported VOCs, representing different
chemical groups, were selected for quantitative analysis
(Table S1). The limit of detection (LOD) for each chemical
was calculated according to the methods provided in the
supplementary materials (Appendix 1).

Statistical analysis

Since many VOCs were below the LOD for a large
percentage of observations, only four VOCs with less than
10% data below the LOD were used in analyses. Each
concentration was log,-transformed. Additional models were
fit with each individual VOC being above/below the LOD
as a predictor and S1ILC as an outcome using univariate
logistic regression analysis. A total cohort of 300 individuals
was planned: 240 individuals with lung nodules suspicious
for possible lung cancer, 30 long-term smokers, and 30 non-
smokers. With the overall prevalence of disease of 56.67%,
the total sample size of 300 yielded at least 90% power to
estimate sensitivity with a 95% confidence interval of +0.09
at an expected sensitivity of 0.90 and at least 90% power to
estimate specificity with a 95% confidence interval of 0.11
at an expected specificity of 0.90 (24,25). Power analysis was
conducted utilizing R (Viena, Austria) (26). Following the
study analytic protocol, the first 30 groups of matched cases
and controls, determined by case enrollment time, were used
for training and the last 58 groups were used for testing.
Larger proportion of the data was selected for testing to
illustrate the higher robustness of the predictions. Analyses
were conducted by combining the two types of controls,
whenever they were both available. Additional details are
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Assessed for eligibility (n=330)
Potential cases (n=157)

Excluded (n=105)
¢ Cases did not have S1LC (n=65)

* Type 1 and 2 controls associated
with cases (and=40)

Patients in study analysis (n=225)

Y \

v

S1LC cases (n=88)

Type 1 controls (n=88)

Type 2 controls (n=49)

Figure 1 Flow diagram of the patient selection for the breath volatile organic carbon study. SILC, stage 1 lung cancer.

provided in the supplementary materials (Appendix 1).

Each model was fit to the training data, and then applied
to: (I) the testing; and (II) the combined testing and training
data. All analyses were performed in the R statistical
software (26). To detect statistically significant differences
between VOC breath concentrations in SILC and controls,
two sample unpaired z-tests, which lose some power, but
ensure that results are generalizable to the population,
were performed using the R function t.test(). Classification
tests using thresholds of the statistically significant VOC
were developed based on the 10", 25" and 50™ percentiles
of VOC concentrations in the training data of controls.
Univariate and multivariate forward selection logistic
regression models were fit using the glm() function in R.
Forward selection was used to identify the combination of
most predictive VOCs. Selection of VOCs were based on
the improvement in the receiver operating characteristic
area under the curve (AUC) in the training data, where at
each stage the VOC with the highest AUC in the training
data was incorporated into the model. For each selected
model the AUC on the test data was computed. Missing
observations were excluded in each candidate model when

individual VOCs were below the LOD.

Results
Participant characteristics

A total of 330 participants, with 157 potential SILC cases
were considered in this study. Out of 157 potential cases,
65 were not biopsy-confirmed to have SILC and were
excluded from the study. Matching controls associated with
these potential cases were also excluded (n=40). A total
of 88 matched groups with biopsy-confirmed S1LC and
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at least a type 1 control available were recruited. Among
these groups, 39 groups had only one type 1 control and
no type 2 control and 49 had both type 1 and 2 controls.
The total sample size was 225 (88 biopsy-confirmed cases,
88 type 1 controls, and 49 type 2 controls). No adverse
events occurred as a result of breath collection for VOC
measurement. Patient selection flowchart is shown in
Figure 1. luble 1 provides the demographics for the study
participants by group. The distributions of covariates for
S1LC and type 1 controls are very similar for the covariates
used for matching. The exceptions were history of family
cancer and alcohol use. The latter variable was used for
matching whenever possible but was not enforced; see the
matching protocol details in the supplementary material
(Appendix 1). The distributions of covariates among the
type 2 controls are slightly different, as type 2 controls
were only matched on being from the same household
and not on covariates. Overall, the housemate controls
were on average 4.7 years younger than the SILC cases
and matched controls. The proportion of participants who
never smoked (63.3%) was higher among the housemate
controls compared to the SILC patients (18.2%) and their
matched controls (18.2%). The proportion of participants
with a history of family lung cancer was the highest among
S1LC cases (36.4%), followed by type 2 controls (20.4%),
and type 1 controls (3.4%). There was a significantly
smaller percentage on S1LC individuals without kidney
disease (81.8%) when compared to type 1 (90.9%) and type
2 (95.9%) controls.

VOC concentration ranges and proportion below the LOD

Many VOC:s in exhaled breath had low concentrations in the
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Table 1 Demographic and clinical characteristics of the study participants
Characteristics Case (N=88) Matched control (N=88, type 1) Housemate Control (N=49, type 2) P value
Age (years), mean (SD) 67.85 (9.28) 67.91 (9.81) 63.13 (14.15) 0.025
BMI (kg/m?), mean (SD) 27.61 (6.11) 28.68 (5.60) 28.35 (4.81) 0.446
Smoking history, n (%) <0.001

Never 16 (18.2) 16 (18.2) 31 (63.3)

Current 14 (15.9) 14 (15.9) 3(6.1)

Former 58 (65.9) 58 (65.9) 15 (30.6)
Race, n (%) 0.273

White 63 (71.6) 62 (70.5) 38 (77.6)

Black 17 (19.3) 9 (21.6) 3(6.1)

Asian/Pacific Islander 6 (6.8) 6 (6.8) 6(12.2)

Other 2(2.3) 1(1.1) 2 (4.1)
Female sex, n (%) 52 (59.1) 2 (59.1) 24 (49.0) 0.450
No history of family cancer, n (%) 56 (63.6) 5 (96.6) 39 (79.6) <0.001
No kidney disease, n (%) 72 (81.8) 0 (90.9) 47 (95.9) 0.030
No diabetes, n (%) 70 (79.5) 0 (79.5) 41 (83.7) 0.813
No liver disease, n (%) 86 (97.7) 82 (93.2) 47 (95.9) 0.340
No alcohol use, n (%) 37 (42.0) 29 (33.0) 20 (40.8) 0.423

P value column corresponds to the chi-squared test for the null hypothesis of equality of means in the three groups.

range of 0.0001 to 17.4973 pg/L for Acetoin and 0.00011 to
0.22125 pg/L for all other VOCs. Each VOC had a different
LOD (second column in Table S2) and the percent of VOC
measurements below the LOD for most VOCs was high for
combined, training, and test data (see Table S2). Among the
thirteen quantifiable VOCs considered in this analysis, only
four VOC were below the LOD in less than 10% across all
samples: 2-Pentanone (7.6%), Acetoin (3.1%), Heptanal
(8.4%), Dodecane (1.8%). The proportion of VOCs below
LOD among cases and controls in testing and training data
was similar for all VOCs except p-Cymene. For p-Cymene
the percentage of compounds below LOD was higher in
S1LC cases. In the training data, 64% of the measurements
were below LOD among cases and 38% among controls. In
the test data 70% of the measurements were below LOD
among cases and 54% among controls.

Figure 2 displays the distributions of VOC concentrations
for training (Figure 24) and test (Figure 2B) data separated
by cases and control types. Acetoin concentrations tended to
be lower both in training and test cases, while Heptanal and
Dodecane concentrations tended to be lower in training and
roughly similar in test samples. 2-Pentanone concentrations

© Translational Lung Cancer Research. All rights reserved.

tended to be higher in both training and test cases than
controls, though the difference was not significant (combined
data z-test P value =0.699; see Table 2).

VOC predictive performance to discriminate among S1LC
and controls

Analysis of probability of concentrations to be below
the LOD

As several VOCs had large proportions of observations
that are below the LOD, the predictive performance was
investigated for every VOC being above/below the LOD.
Univariate analyses of the prediction performance of SILC
cases using the predictors “above or below the LOD”
indicated that p-Cymene had the highest predictive accuracy
(training AUC =0.630; testing AUC =0.580; see Tuble 3).
The limit of detection for p-Cymene (see Table S2) was
0.00011 pg/L; thus, the model uses a decision rule of having
a p-Cymene breath concentration below 0.00011 pg/L
to predict SILC cases. The test AUCs for the remaining 12
VOC:s was close to 0.5 indicating that being above or below
the LOD was not predictive of SILC.
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Figure 2 Boxplots of concentrations for VOCs with concentrations with less than 10% data below LOD for (A) training data; and (B) test
data. Boxplots are separated by cases (red), type 1 matched controls (dark green), and type 2 housemate controls (light green). The x-axis

provides the compounds and the y-axis labels are displayed on the original scale even though the data were log,, transformed. VOCs, volatile

organic compounds; LOD, limit of detection.

Table 2 Results for unpaired 7-tests comparing the mean of the log concentration between the cases and controls (type 1 and type 2 combined)

for the training, test, and combined data

Training data Test data Combined data (training +test)
vee N cases N controls P value N cases N controls P value N cases N controls P value
2-Pentanone 28 48 0.568 55 77 0.105 83 125 0.699
Acetoin 28 49 0.091 57 84 0.001 85 133 <0.001
Dodecane 29 51 0.268 56 85 0.462 85 136 0.762
Heptanal 23 45 0.084 56 82 0.837 79 127 0.237

VOC, volatile organic compound.

Analysis of concentrations above the LOD

Tuble 2 presents the results of comparing the mean of the
log,, concentration among cases and combined controls
in the training, test, and combined test and training data
using unpaired z-test. With the exception of Acetoin, the
difference between cases and controls was not statistically
significant for any of the group comparisons. For Acetoin
the difference in the means was: (I) not significant in the
training sample (P=0.091); (II) significant in the test sample
(P=0.001); and (III) significant in the combined sample
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(P<0.001). These differences are likely due to the difference
in sample size; for example, for Acetoin there are 28 cases
and 49 controls in the training data, but there are 85 cases
and 133 controls in the combined data.

Table 4 provides individual VOCs S1LC case prediction
performance using univariate and multivariate forward
selection logistic regression based on log;, concentrations
above the LOD. In univariate models (one predictor at a
time) Acetoin and Heptanal have training AUC greater than
0.6, while other compounds have AUCs close to 0.5. The
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AUC for Acetoin is 0.649 in the training data (N=77) and
0.650 in the test data (N=141), indicating that the predictive
performance of Acetoin was preserved in the test data. In
contrast, the AUC for Heptanal is 0.610 in the training data
(N=68) and only 0.511 in the test data (N=138), indicating
that Heptanal may not be a reliable predictor of SILC

cases. Dodecane has a consistent, low AUC for training

Table 3 Prediction performance measured as AUC in the training
and test data when predicting SILC cases based on individual
binary predictors defined as “above or below LOD” for each VOC

Univariate AUC
VOC
Training Test

3-3-dimethyl-pentane 0.504 0.494
2-Butanone 0.504 0.503
2-Pentanone 0.504 0.474
Toluene 0.524 0.500
3-methyl-1-butanol 0.561 0.518
Acetoin 0.514 0.497
2-hexanol 0.555 0.486
Hexanal 0.528 0.500
Ethylbenzene 0.504 0.511
Heptanal 0.558 0.494
Cyclohexanone 0.547 0.488
p-Cymene 0.630 0.580
Dodecane 0.517 0.511

VOCs are ordered by name, not by any measure. AUC, area
under the curve; S1LC, stage 1 lung cancer; LOD, limit of
detection; VOC, volatile organic compound.

1015

(0.574) and test (0.541) data.

Cumulative AUC:s for the multivariate forward selection
logistic regression as additional VOCs are included into the
model are provided in Table 4 for both the training and test
data. Acetoin is the strongest predictor with a training AUC
of 0.649 and a test AUC of 0.650. Adding Heptanal increases
the training AUC to 0.669 and decreases the test AUC
to 0.559. Adding 2-Pentanone to the model increases the
training AUC (from 0.669 to 0.689) though the test AUC of
0.601 is lower than the test AUC of 0.65 for Acetoin alone. A
two variable model adding either dodecane or 2-Pentanone
could also be considered. However, more complex models
are not considered at this time given the low individual AUC
values for these VOCs and the high correlations among the
other log concentrations of VOC (Table S3).

S1LC classification models based on Acetoin

Results based on VOC concentrations suggest that Acetoin:
(I) has most concentrations above the limit of detection;
(II) leads to the best predictive model in the test data; and
(III) has a stable performance when transitioning from
training to test data. Thus, we explore the specific Acetoin
concentration thresholds expressed in mg/L and their
associated SILC case prediction performance. Because
Acetoin concentrations were, on average, lower in SILC
patients compared to controls, the test follows the following
rule:

if Acetoin,q,, <10M™es fremtrainingdata) | harticipant is classified as S1LC case;

threshold (from training data)

if Acetoin =10 participant is classified as control.

‘The threshold (from training data), can be chosen in many
different ways to balance sensitivity and specificity. Here we
consider the following thresholds based on the percentiles
of Acetoin concentrations in the training data of controls:

Table 4 Prediction performance of VOC log concentration measured by the AUC in univariate and forward selection models

Univariate model

Forward selection cumulative model

VOC Training Test Training Test

Univariate AUC N Univariate AUC N Cumulative AUC N Cumulative AUC N
Acetoin 0.649 77 0.650 141 0.649 77 0.650 141
Heptanal 0.610 68 0.511 138 0.669 64 0.559 137
2-Pentanone 0.502 76 0.590 132 0.689 63 0.601 128
Dodecane 0.574 80 0.541 141 0.686 63 0.592 127

Models are developed on the training data and evaluated on the test data set. The forward selection model is cumulative; for example, the
row labeled 2-Pentanone indicates that 2-Pentanone was the third variable added to the model and the corresponding AUC refers to the
model that includes Acetoin, Heptanal, and 2-Pentanone. VOC, volatile organic compound; AUC, area under the curve.

© Translational Lung Cancer Research. All rights reserved.

Transl Lung Cancer Res 2022;11(6):1009-1018 | https://dx.doi.org/10.21037/tler-21-953


https://cdn.amegroups.cn/static/public/TLCR-21-953-supplementary.pdf

1016

Smirnova et al. VOCs in lung cancer

Table 5 Estimated sensitivity (proportion of correctly identified SILC cases), specificity (proportion of correctly identified controls), and accuracy

(proportion of correctly classified cases and controls) for three Acetoin concentration thresholds using test data and combined data (training and test)

Test data All data
Threshold
Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy
10% (0.026 mg/L) 0.649 0.583 0.610 0.518 0.699 0.628
25% (0.044 mg/L) 0.754 0.429 0.560 0.671 0.541 0.592
50% (0.098 mg/L) 0.930 0.286 0.546 0.871 0.368 0.564

S1LC, stage 1 lung cancer.

() the 10th percentile (0.026 mg/L); (II) the 25th percentile
(0.044 mg/L); and the 50" percentile (0.098 mg/L).
Ilustration of these thresholds classification accuracy of
individual S1LC patients in the test data is illustrated in
the Figure S1 and estimated sensitivity and specificity are
reported in Tuble 5.

Discussion

This was the largest case-control VOC study to date
with the inclusion of a healthy control and a housemate
control to aid in the elimination of potential environmental
confounders for VOCs that may indicate the presence
of lung cancer. The control group (SILC) cases were
diverse in terms of covariates and analytic approach of
combining type 1 and 2 cases ensures that study results
are generalizable to the population. The novelty of
the study consists of its focus on: (I) early lung cancer
detection, specifically SILC; (II) practical, translatable
and reproducible signature of breath VOC for SILC; (III)
design of experiment targeted to elimination of potential
confounders due to environment, technology, and breath
analysis procedure; and (IV) definition of training and
testing data sets before data were collected. Our study
presents results that are contrary to the published literature
indicating that: (I) most VOCs published in the literature
have a weak or inexistent association with S1ILC; (II)
Acetoin, the only VOC that was associated with S1ILC, has
a much lower predictive performance than the performance
of previously published VOC signatures (16), though none
of these results specifically focused on S1LC; and (III)
Acetoin concentrations were on average lower (not higher)
in the breath of S1LC cases than in controls (27). Acetoin
has an AUC of 0.65 with a sensitivity of 87.1% (specificity
of 36.8%) when predicting that a person has SILC if the
Acetoin concentration is below 0.098 mg/L. This is a
promising result that will need further investigation as this
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single VOC approaches the sensitivity of LDCT (4).
Acetoin has not been a VOC closely studied in its
relationship to lung cancer, and in a recent review article
on VOC:s it was not a described candidate VOC for the
detection of lung cancer (22) but is typically used in the
flavorings of foods, as well as e-cigarettes (23). As we added
additional VOCs to the model, the test AUC dropped.
This is in contrast to multiple other studies. Indeed, in a
small study of seventy patients, Gasparri et a/. identified
a signature, without providing the specific VOCs, with a
sensitivity of 81% and specificity of 91% (13). A prior study
of 229 participants reported an AUC of 0.81, though the
VOC:s used were not disclosed (28). Schumer et 4/. studied
2-butanone, 3-hydroxy-2-butanone, 2-hydroxyacetaldehyde
and 4-hydroxyhexanal in a large study with 405 participants,
and were able to show a sensitivity and specificity of 93.6%
and 85.6%, respectively (21). Our paper raises serious
concerns about these studies, especially because: (I) the data
are not available; (II) methods used are only superficially
described; (III) analytic methods used can be over-fit; (IV)
VOC measurements are not expressed in concentration
units, which implies that the measurement values may be
indistinguishable from the experimental noise; and (V) there
are many levels of data processing and cleaning that cannot
be understood when data and code are not reproducible.
There are several limitations to our trial. First, the
presence of dead space in the lung can dilute VOC’s in the
same breath. To combat this, we used a separate Tedlar® bag
for the first 150-200 cc of exhalation, followed by the rest
of the breath into a 1 L Tedlar® bag. Second, the effect of
condensation on VOCs is unknown and, unfortunately, we
were unable to control for this effect in the Tedlar® bags.
Third, it is not possible to control for all environmental
exposures, so there may be confounders present that we did
not consider- this includes the potential that participants
did not abstain from smoking, vaping or drinking prior to
breath collection. Fourth, although our protocol planned
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to analyze all breaths within a 24-h period, this was not
always the case. It is possible that these delays could
have led to changes in the VOC concentrations in the
Tedlar® bags. Fifth, we focused on S1LC, which may not
be associated with substantial changes in breath VOCs.
This leaves the possibility that changes may occur in more
advanced stages of lung cancer. Sixth, the time interval
to abstain from smoking, vaping, or drinking for at least
30 min prior to collecting exhaled interval was chosen as a
reasonable compromise for the participants and the study
feasibility, however different interval lengths could affect
the concentration of individual VOCs. Last, many of our
demographic confounders were based on recall, such as a
family history of cancer-selective memory may have played
a part in answers when participants are being biopsied to
assess whether they have cancer or not.

Lung cancer is the number one cause of cancer related
deaths in the United States (1). The 5-year survival of patients
identified to have lung cancer drastically decreases with each
advancing stage. In the most recent American Cancer Society
statistics, the 5-year survival for localized, regional and
distant was 61%, 35%, 6%, respectively (1). Given the drastic
decrease in survival for every increasing stage, a minimally
invasive, accurate diagnostic test is needed. While we were
unable to identify a signature with high diagnostic accuracy
for lung cancer, we have identified a specific VOC that
deserves further investigation: Acetoin. Further studies using
this biomarker as, or part of, a screening test are warranted.
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Supplementary

Appendix 1

Methods

Collection of exhaled breath samples

Participants exhaled directly into two Tedlar® bags. The volume of Bag 1 was 0.5 L (SKC Inc. Cat#232-01) and the volume
of Bag 2 was 1 L (SKC Inc. Cat#232-02). Participants were instructed to take a deep inhalation and exhale ~150-300 mL of
breath into the 0.5 L bag (Bag 1) to compensate for dead space. Immediately, the participant then inflated the 1 L bag (Bag 2)
using the rest of the exhaled breath. All collected breath samples were delivered at room temperature to the Johns Hopkins
Bloomberg School of Public Health JHBSPH) research lab for VOC analysis within 2 h after collection (whenever possible).
The balloon was measured within 24 h of breath by the lab in 166 (74%) patients. All but 3 balloons were read within 24 h
of lab acquisition. Only data collected from Bag 2 were used for the analyses presented here.

VOC analysis with thermal desorption gas chromatography-mass spectrometry (TD-GC-MS)

VOC:s in the exhaled breath were analyzed using TD and GC-MS. A multiple channel thermal desorption system (UNITY-
xr'I'M) with an auto-sampler (CIA Advantage- xr'T'M both from Markes International, Inc., UK) was used to sample 100 mL
of exhaled breath from each of the Tedlar bags at a flow rate of 50 mL/min and flow path temperature of 150 °C. Helium was
used as the carrier gas at a constant pressure of 5 Pounds per Square Inch (PSI); the sample was directly injected from the TD
unit into the gas chromatograph for analysis.

Chromatographic analysis was performed using a Trace GC-Ultra gas chromatograph attached to an ISQ Mass
Spectrometer (GC-MS, Thermo Scientific). VOC compounds were separated with a 30-m column x 0.25-mm internal
diameter and 1.40 pm film thickness (Cat# 19915, Rtx-VMS, Restek Corp, U.S). The oven temperature was set on a gradient
to achieve optimal separation of the analytes at an initial temperature of 35 °C with 1 min hold; the temperature rate was
increased by 5 °C/min to reach 100 °C followed by a final temperature ramp of 50 °C/min to 240 °C.

Calibration curves and quality control

Thirteen previously reported VOCs, representing different chemical groups, were selected for quantitative analysis; details
are provided in 7able SI in the supplementary materials. Clean and humidified air was injected into a subset (10%) of bags to
evaluate measurement background. For each selected VOC, a five-point calibration curve was generated by spiking reagent-
grade standards into Tedlar® bags in concentrations ranging from 0.390 pg/mL to 4,000 pg/mL using methanol as solvent.
Exactly 1 pL aliquot of each standard was injected into five different bags filled with 1 L of pure Nitrogen, diluting the
concentration of the analyte by 1,000x. Five calibration curves for each VOC were generated, and their average slope and
intercept were used to quantify concentrations from participant samples.

"Ten blanks were prepared by inflating Tedlar bags with clean and humidified air to evaluate measurement background. The
lowest standard of each VOC was prepared at least five times and injected into the GC-MS to calculate the limit of detection.
The limit of detection (LOD) for each chemical was calculated by multiplying the standard deviation of those low analytical
standard replicates by 3 (LOD = StDev x 3). All lab analysts were blinded to study participants’ status and information.
Standardized procedures were used for performing and documenting lab operations, including sample management (login,
registration integrity, life cycle tracking), chain of custody, inventory and storage management.

Statistical analysis

The main goals of the analysis were to: (I) detect whether VOC are predictive of SILC; (II) quantify predictive performance
of individual compounds; and (III) identify the best subset of VOC predictors for SILC cases. Since many VOCs were below
the limit of detection (LOD) for a large percentage of observations, only four VOCs with less than 10% data below the LOD
were used in analyses that used concentrations as continuous variables. Each concentration was log-transformed to reduce the
skewness of the marginal distributions. Additional models were fit with each individual VOC being above/below the LOD
as a predictor and SILC as an outcome using univariate logistic regression analysis. According to the study analytic protocol
described before data were collected, the first 30 groups of matched cases and controls, determined by case enrollment time,
were used for training and the last 58 groups were used for testing. Analyses were conducted by combining the two types of
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controls, whenever they were both available. The reason for conducting matching during the design and implementation
phase of the study was to improve covariate balance. However, all analyses were marginal and did not incorporate the matched
pair design to ensure generalizability and practicality of findings. Indeed, in practice matched controls would typically not be
available when an individual takes a screening test.

Each model was fit to the training data, and then applied to: (I) the testing; and (II) the combined testing and training
data. All analyses were performed in the R statistical software (21). To detect statistically significant differences between
VOC breath concentrations in SILC and controls, two sample unpaired 7-tests were performed using the R function #-test().
This was conducted only on the four VOCs with small percentage of concentrations below the LOD. Classification tests
using thresholds of the statistically significant VOC were developed based on the 10", 25" and 50™ percentiles of VOC
concentrations in the training data of controls. Univariate and multivariate forward selection logistic regression models
were fit using the glm() function in R. Forward selection was used to identify the combination of most predictive VOCs.
Selection of VOCs were based on the improvement in the receiver operating characteristic area under the curve (AUC) in the
training data. Each VOC was added to the model, the AUC was estimated again on the training set, and the VOC with the
highest AUC was incorporated into the model. For each selected model the AUC on the test data was computed. Missing
observations were excluded in each candidate model when individual VOCs were below the LOD.

Results

Figure S1 displays the Acetoin concentration for each SILC case (red dots) and control (green dots) in the test data. On
each vertical line there are either: (I) two dots (one red and one green), when the group contains a biopsy-confirmed SILC
case and a type 1 control; or (II) three dots (one red and two green) when the group contains a biopsy-confirmed S1LC
case, a type 1 control, and a type 2 control. The dashed horizontal lines correspond to the classification thresholds based on
the distribution of Acetoin concentration in controls in the training data set: 10th percentile shown in black (0.026 mg/L),
25th percentile shown in blue (0.044 mg/L) and 50th percentile (0.098 mg/L) shown in magenta. For each threshold, study
participants with concentrations below the corresponding line are classified as cases and above the line as controls. The color
of the dots is the true SILC case status (red SILC case, green control), while the position of the dot relative to one of the
horizontal lines is the prediction of SILC case status (below cancer, above control). This Figure provides the visual tradeoff in
terms of false positives and false negative predictions as a function of the threshold on Acetoin concentrations.
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Figure S1 Classification based on Acetoin concentration threshold using the test data. The x-axis is the group number (starting at 31 because
the first 30 groups are for training), each group with either two or three study participants. The y-axis is labeled on the concentration scale
are log,, transformed in the model. Each point is a study participant (red SILC case, green control). Horizontal lines
correspond to three thresholds based on percentiles of the Acetoin concentrations distribution in all training data controls: 10th (0.026 mg/L,
25th (0.044 mg/L, shown in blue) and 50th (0.098 mg/L, shown in magenta). For each threshold, participants below the
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Table S1 Chemicals selected for quantification, and references

No. CAS Names Classification Studies reporting the chemical
1 78-93-3 2-butanone (MEK) Ketone (29-34)
2 513-86-0 Acetoin Ketone (33,34)
3 108-88-3 Toluene Aromatic hydrocarbon (35,36)
4 107-87-9 2-Pentanone Ketone (31,32,37,38)
5 562-49-2  3,3-dimethyl-pentane Alkane (36)
6 123-51-3 3-methyl butanol Alcohol (39
7 626-93-7 2-Hexanol Alcohol (39
8 112-40-3 Dodecane Alkane (39)
9 66-25-1 Hexanal Aldehyde (39-42)
10 108-94-1 Cyclohexanone Ketone (39)
11 111-71-7 Heptanal Aldehyde (39,40,42)
12 100-41-4 Ethylbenzene Aromatic hydrocarbon (32,39,42,43)
13 99-87-6 p-Cymene Aromatic hydrocarbon (36)
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Table S2 The number of participants with VOCs below limit of detection in the combined data set and stratified by testing and training groups

Compound Limit of Combined data Training data Test data
detection (ug/L) (N=225) Case (N=30)  Control (N=51) Case (N=58) Control (N=86)

3,3-dimethyl pentane 0.00181 219 (97.3%) 26 (86%) 38 (74%) 56 (96%) 80 (94%)
2-Butanone 0.00815 218 (96.9%) 28 (94%) 48 (94%) 57 (98%) 85 (98%)
2-Pentanone 0.00130 17 (7.6%) 2 (6%) 3 (6%) 3 (6%) 9 (10%)
Toluene 0.01854 222 (98.7%) 28 (94%) 50 (98%) 58 (100%) 86 (100%)
3-Methyl-1-Butanol 0.00181 200 (88.9%) 26 (86%) 38 (74%) 56 (96%) 80 (94%)
Acetoin 0.00037 7 (3.1%) 2 (6%) 2 (4%) 1 (2%) 2 (2%)
2-Hexanol 0.00199 172 (76.4%) 18 (60%) 25 (50%) 51 (88%) 78 (90%)
Hexanal 0.00334 209 (92.9%) 27 (90%) 43 (84%) 56 (96%) 83 (96%)
Ethylbenzene 0.00074 217 (96.4%) 28 (94%) 48 (94%) 56 (96%) 85 (98%)
Heptanal 0.00023 19 (8.4%) 7 (24%) 6 (12%) 2 (4%) 4 (4%)
Cyclohexanone 0.00581 148 (65.8%) 6 (20%) 15 (30%) 52 (90%) 75 (88%)
p-Cymene 0.00011 126 (56.0%) 19 (64%) 19 (38%) 41 (70%) 47 (54%)
Dodecane 0.00002 4(1.8%) 1 (4%) 0 (0%) 2 (4%) 1(2%)

Table S3 Correlations of log concentrations of quantifiable VOCs that were above the limit of detection in more than 10% of the samples

2-Pentanone Acetoin Dodecane Heptanal
2-Pentanone 1.000 0.110 0.656 0.446
Acetoin 0.110 1.000 0.374 0.369
Dodecane 0.656 0.374 1.000 0.488
Heptanal 0.446 0.369 0.488 1.000
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