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Dissertation outlook

In this dissertation, the potential of exhaled breath analysis as non-invasive screening tool for
cancer detection will be examined, focusing mostly on gastrointestinal cancers (colorectal and
gastric cancer). The structure deviates from the usual structure of just one iteration of
Methods, Results and Discussion, as the topic is relatively new with little standard guidelines
making analyzed questions arise from each other rather than be focused on one specific
research question. First, I briefly introduce currently employed cancer screening methods and
challenges in their implementations, as well as exhaled breath analysis and its potential for
cancer detection. Second, | systematically summarize available data on exhaled breath
analysis for cancer detection and introduce the challenges exhaled breath analysis faces in this
area. Next, | examine one of the challenges, i.e., the role of critical covariates in breath
analysis based on breath samples of more than 1,400 healthy individuals. Third, focusing on
colorectal and gastric cancers, | describe how the prevalence of preclinical (undetected)
disease in screening populations affects expected true positive and true negative results from
the screening tests and screening programs in general; and | examine the potential of breath
testing to be applied as a screening tool in various populations. Finally, I summarize the topics
above and provide suggestions for possible next steps for moving towards the use of breath

analysis to improve the performance of cancer screening.
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1. Background and introduction

1.1.  Cancer screening

Besides better treatment, early detection is an essential component for reducing cancer
mortality. However, differences in the nature of disease (e.g. lethality, sojourn time between
preclinical and clinical stages (development speed)), availability of effective treatment, as well
as invasiveness, cost, and logistics of potential screening tools all influence how screening
may contribute to mortality reduction, and what potential harms such programs may be

associated with.

On the population level, individual cancers are rare diseases, which usually makes the direct
unselected screening of the entire asymptomatic population suboptimal not only due to
unnecessary harms arising from the invasiveness of the screening procedures, but also due to
high resource utilization and high cost. The screening of selected high-risk populations, or
omitting from screening those who do not have the disease are promising approaches to
improve the efficiency of a screening program, through improving uptake among those who
should be screened, i.e. screening participation, and reducing resources needed as well as

potential harms.

Today, there are only few cancers for which well-established screening methods are available.
While screening for colorectal (CRC), breast and cervical cancer is widely accepted and
established internationally, population-based screening for prostate cancer and gastric cancer
(GC) is limited to only a few countries worldwide (78, 168, 172). For other malignancies,
including one of the most frequent, lung cancer, currently no well-established, proven

screening options exist.

Both CRC and GC mortality remain high in general — GC is the second and CRC the forth
leading cancer cause of death worldwide (57), meaning that there remains ample potential to

improve current screening programs and further reduce cancer mortality.

1.1.1 Screening for CRC and preselection of participants in CRC screening

CRC is suitable target for effective screening, due to its slow progress from pre-cancerous
adenoma to clinically manifest disease (32), and the high diagnostic accuracy of colonoscopy,

the gold standard for CRC screening (21). During colonoscopy, a flexible scope with a camera
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is inserted through the anus to inspect the rectum and the colon, with the possibility to obtain
biopsies of suspicious lesions and to remove detected precancerous conditions, such as polyps,
adenomas and advanced adenomas (AA). Removal of AA substantially contributes to CRC
prevention through reducing incidence and consequently to reducing mortality (34, 128).
However, the diagnostic efficiency of colonoscopy greatly depends on the completeness of
bowel preparation which involves diet restrictions days before colonoscopy and induced
diarrhea to clear bowels. As these steps can be inconvenient for participants, the instructions
might not be carried out completely, which may reduce the overall effectiveness of screening
colonoscopy. The side effects of colonoscopy include pain and inconvenience, bleeding,
infections and bowel perforation (106). These factors, together with the fear of colonoscopy
itself, embarrassment and fear of positive tests result were reported to create a barrier for

participation in screening programs (22).

The direct use of colonoscopy is the preferred screening tool in some countries (e.g.,
Germany, the U.S. and Austria), but the majority of CRC screening programs rely on a two-
step approach, where only a preselected population is considered for screening by
colonoscopy (163). Preselection is achieved by prior testing, most commonly using fecal
immunochemical tests (FITs) for human blood (hemoglobin) in stool samples. FITs can detect
approximately 79% of CRC and correctly identify 94% of cancer-free individuals (102).
Recently, two new preselection tests were approved for average-risk population screening —
the Cologuard test which combines FIT with the molecular assays for aberrantly methylated
specific DNA markers (NDRG4 and BMP3 genes), -actin and analysis of KRAS mutation in
stool (82), and the Epi proColon test which measures elevated methylated Septin9 DNA levels
in plasma (43). Major limitations of these tests are their high costs. Data on their performance,
specifically sensitivity, specificity and participation rate derived from studies conducted in
screening setting are still very limited. The research on non-invasive highly acceptable and
economical testing to preselect populations for colonoscopy screening is still ongoing and
might be highly relevant for improving CRC screening programs in the future.

1.1.2 Screening for GC and preselection of participants in GC screening

Due to the lack of specific symptoms, GC is usually diagnosed in advanced stage with poor
prognosis (5-year survival rates of only 10-30%) (85). Upper gastrointestinal endoscopy

(UGE) is the gold standard for GC detection, which uses a thin scope with a camera to
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examine changes in esophagus, stomach and duodenum, and allows obtaining multiple
biopsies from various places in the stomach for further assessment. The efficiency of the
method strongly depends on the experience of the endoscopist. UGE is an invasive method,

with bleeding and perforation being the most frequent complications (106).

Currently, population-based GC screening programs have been implemented only in Korea
(168) and Japan (78), which are among the countries with the highest GC incidence worldwide
(57). In both countries men and women aged 40 years and more are entitled to be screened
biennially with UGE and photofluorography, respectively. Screening for GC is generally not
recommended elsewhere (41, 104, 206).

In theory, the preselection of high-risk subgroups for further invasive testing could enhance
GC screening effectiveness, but currently available methods remain imperfect. Testing for the
best-established GC risk factor, Helicobacter Pylori (H. Pylori) infection, is of limited use for
risk stratification due to high prevalence of the infection (59, 90), with the majority of affected
people still having low GC risk. Serum pepsinogens are often discussed markers for GC risk
stratification (1, 60). Unfortunately, they are limited for the identification of atrophic gastritis
rather than cancer, and only exhibit a moderate diagnostic value for GC identification (80).
Both H. Pylori status and serum pepsinogen levels are associated with increased risk of non-
cardia GC (cancer located in a body of the stomach), which comprises of 73% of all GC
worldwide (45), but have limited predictive value for cardia GC (cancers located in the upper
part of the stomach). Cardia GC was shown to be the dominant cancer subtype in some
countries (e.g., Australia, the U.S. and the United Kingdom) (45), and this subtype might
require different screening strategies and tests.

1.1.3 Gastrointestinal cancer screening — the need for novel screening tools

For both CRC and GC, current gold standard screening technologies (colonoscopy and UGE)
are invasive interventions creating a barrier to participation. A screening approach with
preselection of the target population by non-invasive or minimally invasive methods is
associated with better screening uptake (127), yet, there is a need for broadly acceptable tools

for preselection of screening populations in gastrointestinal cancer screening.

Among novel non-invasive cancer detection tests, exhaled breath analysis (breath testing) may

hold promising potential for cancer screening. Breath testing in general is harmless to
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participants, fast and easy to perform, and a likely cheap method, making it potentially
suitable for mass screening, either as a replacement of current screening tests or in a

combination with existing cancer screening technologies.

1.2.  Background and introduction of breath analysis
1.2.1 Origin of breath testing

Infections, inflammations and chronic diseases, as well as external factors such as diet,
medication and smoking induce changes in bodily metabolism, which may alter or manifest in
bodily secretions (10, 70, 113). Vapors from urine, skin and blood, as well as composition of
exhaled breath have been investigated for candidate markers to detect various diseases.
Among all these approaches, analysis of exhaled breath is the least invasive method and

therefore very attractive for both researchers and patients.

The air we breathe consists of nitrogen, oxygen and carbon dioxide, together with tiny
amounts of water vapor and other molecules, including volatile organic compounds (VOCs).
In exhaled breath analysis, VOCs are targeted components, as metabolic alterations in the
body are thought to be reflected in the absence or presence of specific VOCs, as well as
changes in regular VOCs concentrations. The “breath-print”, the total composition of all the

elements in exhaled breath is unique for a given person at the time.

In 1971, Nobel Prize winner Linus Pauling reported that urine vapor and exhaled breath of
healthy individuals contain more than 200 different VOCs (131). This led to the outbreak in
research for exhaled breath analysis to be used as harmless tool for disease detection. By now,
several breath tests have been developed in medicine and are broadly administered, including
C13-urea breath test for H. Pylori detection (86), hydrogen breath test for small bowel
bacterial overgrowth (87) and nitric oxide measurements in breath to monitor treatment in
asthma (88).

1.2.2 Overview of breath analysis methods

The general idea of exhaled breath analysis is to detect “the smell of the disease”. Since the
days of Hippocrates physicians were using their nose to detect various illnesses, as specific
odors might be linked with certain diseases (Table 1). However, human nose is comparatively
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insensitive to be used as a diagnostic tool. Other, more sensitive methods will be briefly

described in the following subsections.

Table 1. Odours in breath associated with specific diseases (from Wilson et al. (200))

Condition Description Odour
Empyema Bac_terlal-caused accumulation of pus in pleural Foul, putrid
cavity
Esophageal Condition, where oesopahgeal wall forms a sac
o Feculent, foul
diverticulum or pouch

Fetor hepaticus
Hypermethioninemia

Intestinal obstruction
Isovaleric acidemia

Ketoacidosis

Liver failure

Lung abscess
Pneumonia
Renal failure
Trench mouth

Uremia

Condition when liver secretions passes to lungs
Disorder of excess amino acid methinine in blood

A blokage in bowels
Isovaleric acid deficiency

High levels of acids in blood

Medical condition of impaired liver

Necrosis of lung tisue

Bacterial or viral lung infection

Medical condition of impaired kindneys
Infection of the gums

Condition described by urea in blood

Newly-mown clover, sweet

Sweet, fruity, fishy, boiled
cabbage, rancid butter

Feculent, foul
Cheesy
Sweet, fruity, acetone-like

Musty fish, raw liver,
feculent, coal tar-like,
rotting meat-like

Foul, putrid
Putrid

Stale urine
“Bad breath”

Fishy, ammonia, urine-like

1.2.2.1 Canine scent detection

Canine olfaction is 1,000-10,000,000 times more sensitive compared to the olfaction of

humans, and dogs are broadly trained and used by the police and military for detection of

hazardous substances, such as explosives for example. In medicine, canine ability to smell

cancer was first reported in 1989, when a case report was published describing a patient who

sought medical care after unusual behavior of the family dog, which kept sniffing one mole of

the owner while completely ignoring the rest of them. That specific mole was later diagnosed

as melanoma of the skin (199). More recently promising results with trained sniffer dogs were
reported for lung, bladder and CRC detection (35).
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However, the practical implementation of canine detection in any screening program is
obviously challenging due to characteristics of the animal itself (rather short lifespan, long
training process, variability of the results between measurements, etc.) and undoubtedly
potential logistic issues. Nevertheless, canine ability “to smell” malignancies demonstrates
that cancer indeed can be described by a specific odor, and given the right tools, one may
indeed detect cancer through its “smell”.

1.2.2.2 Analytical methods using compound identification

Powerful chemical-analytical methods exist to separate, identify and quantify the components
comprising a sample. Gas chromatography—mass spectrometry (GC-MS) is the gold standard
of the analytical methods. However, while GC-MS allows the identification of specific
individual components in the sample (which can lead to the discovery of cancer-specific
biomarkers in exhaled breath), the method is complex to apply as it requires storing of the
samples and multiple sample preparation steps before GC-MS analysis, as well as well-trained
personnel for sample handling, and rigorous data preprocessing steps of the chromatographic
data (the output) before statistical analysis. For these reasons, GC-MS is an expensive and

time consuming method that is currently not suitable for cancer mass screening.

1.2.2.3 Pattern recognition-based methods - “The electronic nose”

Sensor array technologies or electronic noses (e-noses) mimic canine (and human) olfaction
systems (37) and aim to identify the differences between the compared groups when looking
into total compositions of the samples. E-noses can contain several chemical sensors (which
can be similar or of different technology) and are usually optimized for a particular

application, such as for detection of excess nitric oxide in asthma patients (88).

Chemical sensors react to agents in the sample, and the reactions produce multiple signals
which correspond to the whole composition of the sample. To distinguish for example cancer
patients from cancer-free individuals, first, a training procedure is applied using samples for
which disease status is known. The successful classification on the new unknown samples
greatly depends on the training procedure, where the size of the training set and how good

these samples represent tested populations are the crucial factors.
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In practice, e-noses should meet several requirements, e.g., to provide consistent output that is
specific to a given exposure, meaning that the signals from the sensors are always the same for
the same input. Furthermore, for specific disease detection, such as cancer, chemical sensors
should be sensitive for very low VOC concentrations (20, 111). The reduction in the
complexity of the e-nose data can be achieved by using sensors selective for specific target
compounds, and high sensitivities were demonstrated for ethanol and several other polar
VOCs (116, 203). However, data on cancer-specific volatile compounds in exhaled breath are
sparse, as the understanding of cancer-specific biomarkers is still limited to the information

obtained by standard analytical methods, such as GC-MS.
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Aims of the dissertation

The aim of this dissertation is to provide further insight into exhaled breath analysis for cancer
detection and to explore the potential of breath testing for gastrointestinal cancer screening. In

particular, the aims are:

1. To review and summarize the literature on the performance of exhaled breath analysis
for cancer detection. Specific attention is focused on:
o Validity of the reported results
o Differences in breath sampling and analysis protocols
o Remaining challenges of breath analysis
2. To explore potentially important factors that may influence breath tests results using
data obtained by gas chromatography-mass spectrometry, including:
o Socio-demographic factors
o Lifestyle factors
o Medical conditions
o Dietary patterns
3. To explore the potential of breath testing to be used as a screening tool in CRC and GC
screening programs in various populations, by:
o Demonstrating how the disease prevalence effects performance of screening
tests
o Demonstrating how breath testing can help to improve current screening
programs by preselecting screening populations for further invasive testing
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2. Systematic review on cancer detection through exhaled breath

To my knowledge, systematic data on exhaled breath analysis for detection of cancer of any
type, as well as the performance of exhaled breath analysis for cancer detection by any type of
breath analysis methods has not been published before. | have comprehensively summarized
available data on exhaled breath analysis for the detection of any cancer type using all breath
analysis methods potentially suitable for practical application in cancer screening (therefore
sniffer dogs were not considered), and my results were published in (94). Differently from
previous reviews, my review includes information on methodological issues, such as breath
sampling, storing and analyses protocols and statistical methods used for data analysis. I also
systematically summarize individual VOCs that are often reported by studies on cancer
detection through exhaled breath, either when comparing concentrations of individual VOCs
between cancer patients and controls, or by including them in classification models for cancer

detection.

2.1.  Methods
2.1.1 Study selection for systematic review

To identify studies which used exhaled breath analysis to detect cancer, a systematic literature
search was performed in Pubmed and Web of Science databases on April 30, 2015, using the
following combination of keywords: (cancer OR carcinoma OR adenocarcinoma OR
tumor OR malignancy OR malignant disease) AND ((volatile AND (compound OR
compounds OR marker OR markers OR biomarker OR biomarkers)) OR VOC OR
VOCs OR breathprint OR breath-print OR breath print) AND (breath OR exhaled OR
air). Only full-text original studies in English language which reported any results on
diagnostic performance (i.e., sensitivity, specificity, accuracy or area under the receiver
operating characteristic curve (AUC)) for discrimination of cancer cases from controls, or
studies which reported significance of individual VOCs between cancer patients and controls
were included in this systematic review. Studies exclusively done in vitro were not considered
for this review. In addition, reference lists of the studies included in this review were checked

for other relevant published studies which were potentially missed.
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2.1.2 Data extraction for systematic review
2.1.2.1 Study design and characteristics of populations

For each study included in this systematic review, study design (e.g. case-control, including
patients with known disease status, or including symptomatic population with breath sampling
prior final diagnosis), the type of control group (healthy, benign conditions or mixture of both)
were extracted, along with the analyzed cancer type and country in which study participants
were recruited. Extracted information on the characteristics of the study populations included
numbers of cases and controls, mean or median age, sex and smoking prevalence. Missing
information was calculated where possible; for example, when statistics of two groups
comparison (cases and controls) was provided but study population description included
information on separate smaller subgroups, then numbers were added up or weighted averages

(e.g. of age) were calculated.

2.1.2.2 Patient recruitment and breath sampling protocols

Time of breath sampling in cancer patients (before or after treatment) was recorded, as well as
usage of antibiotics in both cancer patients and controls. Extracted exclusion criteria for
control group consisted of presence or absence of alarm symptoms and presence of chronic

underlying diseases, such as diabetes.

The information on breath sample collection and handling protocols used in each of the study,
including breath collection time (e.g., morning after fasting) and applied restrictions before the
sampling (e.g., no smoking for 2 hours allowed), and the ways to prevent the potential
contamination of the samples by using bacterial filters when inhaling, collecting the samples
in well-ventilated rooms and other methods, such as additional analyzes of ambient air
(surrounding air in the room), was extracted. The time between sample collection and analysis

was recorded as well.

2.1.3 Breath analysis methods, collected breath, storage techniques and statistical
approaches

Given a broad range of possible breath analysis methods (see chapter 1.2.2), methods used to
analyze breath samples were recorded, as well as information on which breath part was used
for the analysis (normal breath, deep breath or only last part of the breath corresponding to the
air in lungs, i.e., alveolar breath) and where collected samples were stored (types of bags,
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vials, cans or specific sampling devices used) were recorded. Statistical approaches for data

analysis were also extracted.

2.1.4 Performance of breath analysis for cancer detection

Indicators for diagnostic performance were extracted both for individual VOCs as well as for
multi-VOCs classifiers where provided: sensitivity and specificity, accuracy and AUC.
Missing accuracy of the test was calculated as the sum of correctly classified cases and
controls divided by total number of people in a classification model. Missing sensitivity and
specificity was calculated when absolute numbers of true positives (number of cancer cases
classified as “cancer” by breath testing) and true negatives (number of cancer-free individuals
classified as “healthy” by breath testing) were provided. Sensitivity was calculated as a ratio
of true positives to total number of cancer patients in a study, and specificity as a ratio of true

negatives to total number of cancer-free individuals.

Particular attention was paid to assure whether reported results were validated to avoid
overoptimism. Overoptimistic estimates of diagnostic performance of the test (e.g., sensitivity
and specificity) can appear when the classification rule to distinguish patients from controls is
built and tested using same study populations. Such classification rules tend to be overfiting —
including too many parameters in a model or adding irrelevant predictors that will worsen the
performance of such a model when tested on independent datasets (75). Therefore, the most
reliable information was extracted, such as bootstrapped or cross-validated values, wherever
such results were provided. For studies which used random sample split to create a model and
validate it separately, only values corresponding to validation set were considered.

2.1.5 Cancer-related compounds

To determine potential cancer-related or cancer-specific VOCs, names of individual volatile
compounds which showed a significantly different concentration in exhaled breath between
cancer cases and controls, or which were used by authors to build a classification model to
distinguish cancer cases from controls, were extracted from all of the studies. The
International Union of Pure and Applied Chemistry (IUPAC) name (92, 129) was checked for

all extracted compounds to detect synonyms and to ensure comparable results.


https://en.wikipedia.org/wiki/International_Union_of_Pure_and_Applied_Chemistry
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2.2.  Results

In the following subchapters, studies selected for this systematic review are described and the

results on breath testing performance for cancer detection is provided.

2.2.1 Systematic literature search results

In total 1,277 papers were identified of which 262 were duplicates, 24 non-English papers and
one book chapter (Figure 1). The remaining titles and abstracts were checked and studies not
relevant to the topic were excluded. For 17 studies, no full paper could be accessed as they
mostly were published as conference abstracts. Additionally, 15 papers were excluded after
full-text revision as some of the required information was missing (see Appendix 1). Among
these, a study on simulated breath samples (135) and a study reporting differences in VOCs
concentration between cancer patients and controls, but not providing names of these VOCs
(162) were excluded.

Besides of distinguishing cancer cases from controls by exhaled breath analysis, several
included studies reported additional information, such as differences in exhaled breath
composition of cancer patients before and after tumour resection (36, 51, 146), also VOCs
released by cancer cells or tissues (58, 192), and performance of other diagnostic methods,
including canine detection (38) and DNA hypermethylation in sputum (81). In these studies
only data related to cancer detection through exhaled breath analysis were considered in this

systematic review.

In total, 73 studies that met inclusion criteria are listed in Appendix 2. 46 studies were
conducted on lung cancer, followed by studies on breast cancer (N=11) and GC (N=5).
Malignancies investigated exclusively by one study were cancer of prostate, thyroid, liver,
ovaries and gynecological and heamatological cancers. Studies in this systematic review
reported the performance of breath testing from various populations, with studies from the
U.S. (N=17) and China (N=15) being the most frequent.
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Figure 1. Flow diagram for literature search process to identify studies on exhaled breath
analysis for cancer detection.
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2.2.2 Study design and characteristics of populations of the included studies

An overview on the participants in the studies, including number of men and women, mean or
meaning age and smoking prevalences of cases and controls in each of the studies is provided
in Appendix 3. Numbers of participants in analyzed studies varied from 14 (6 cases and 8
controls (201)) to 477 (99 cases and 378 controls (7)). While it is well-known that smoking
status can confound the results from the classification model on lung cancer detection,
information on smoking status was not provided by 8 out of 46 studies on lung cancer

detection.

The majority of studies used healthy controls; however, a mixture of healthy controls and
individuals with some benign medical conditions were used as a reference group in 9 studies,
and 8 studies exclusively used controls with benign medical conditions. Furthermore, several
repeated studies using different statistical approaches to classify cancer cases and controls of
the same study populations were conducted, including four studies on lung cancer (137, 138)
and (17, 108), and two on breast cancer (142, 143) and malignant mesothelioma (50, 54).

The vast majority of studies were conducted in a case-control approach, where well-defined
groups of clinically diagnosed patients and cancer-free controls were compared, while eight
studies collected breath samples before the final diagnosis of participants was determined

(such a study design resembles a design in the screening setting).

2.2.3 Patients recruitment and breath sampling protocols

Further information on study design and data collection details is presented in Appendix 4.
Around 25% of the studies did not perform lung washout or did not analyze ambient air which
might lead to exogenous (inhaled) compounds to be included into classification models.
Breath sampling was performed in the morning after fasting in 25 studies in order to guarantee
that compounds arising immediately after food consumption do not influence the classification
model.

Time between breath collection and analysis was very short (analysis done immediately or
within few hours) in most studies but extended up to six months in one study (7). Although
most of the studies included newly diagnosed untreated cancer patients, few studies recruited
patients under different treatment regimens (in these, treatment might have had an influence

on exhaled volatiles).
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2.2.4 Breath analysis methods, collected breath, storage containers and statistical
approaches

The breath sample analysis methods for each of the study, collected breath parts and their
storage containers, as well as used statistical analysis methods are provided in Appendix 5.
GC-MS analysis was used in 42 studies, e-noses were used by 24 studies, while in some
studies other analysis methods were applied. The most commonly used e-noses were gold
nanoparticles sensors-based e-nose from the TECHNION group (109) (N=8) and the
commercially available Cyranose 320 (165) (N=6).

Differences in collected and analyzed breath parts as well as sample storage containers were
also observed. While the majority of the studies collected alveolar breath (last part of air from
the lungs), 7 studies focused on the analysis of tidal breath (normal breath) and 12 studies
collected maximum amount of exhaled breath (vital capacity). Several studies applied sample
analysis techniques allowing the data analysis to be performed at the moment samples are
collected, thus no sample storing was employed (72, 74, 114, 115, 154, 198). In case sample
storing was needed, various storage containers were reported, including different bags (Tedlar,
Mylar, Nalophan and Rapak bags), glass vials (Tenax sorption tubes, sterile vials), cans or
techniques specifically design for breath sampling (119, 136). Commercially available Tedlar
bags were the most frequently used storage containers (N=33), followed by Tenax sorption
tubes (N=9).

Studies also differed regarding statistical methods applied to create classification rules for
cancer detection, including custom made rules (30, 61) and computational models, such as
neural networks (4, 40, 158, 191).

2.2.5 Performance of breath tests for cancer detection

48 out of 73 studies included in this systematic review reported sensitivity and specificity,
diagnostic accuracy or AUC for distinguishing cancer cases from controls based on exhaled
breath analysis. Cancer type-specific breath test performance is described in the following

subchapters.

2.2.5.1 Lung cancer

Performance of breath tests for lung cancer detection is presented in Table 2. Overall, 31

studies reported diagnostic performance for lung cancer detection out of which 5 studies
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validated their results in independent datasets and 15 employed internal validation procedures.
Overoptimistic results might have been reported from the studies without validation (N=11),
which sometimes reported a perfect discrimination (100% accuracy) (66, 198). Very good
diagnostic performance was also reported in some studies with validation showing AUCs of
0.97 (158) and 0.986 (132), or overall accuracy of 96% (71, 195). An independent validation
study for (61) using the same classification rule of classifying participants “positive” when 2
or more out of 4 selected VOCs have higher concentrations than the set cut-offs, had
demonstrated accuracy of 85% (30). Two studies that used the same study population reported
sensitivities of 51 and 52% (with 100% specificity) when including 4 (17) and 8 (108) VOCs
in their classification rules, respectively - in both classification models three VOCs (1-
propanol, 2-butanone, benzaldehyde) were the same. However, these VOCs were not used

together when building a classification model by any other study on lung or other cancer

types.
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Table 2. Breath test performance for lung cancer detection

Tmoorye CemeElsens Spec AUC Aco paniion e
Diagnostic performance with validation (N=20)
Boumsamra, 2014 (30) 107/40 879 775 - 850 Zsa'iig"’(‘gi;‘ of the same model
Broza, 2013 (36) 12/5 100 80.0 94.1 LOOCV
Chen, 2005 (40) 5/5 80.0 80.0 - 80.0 Validation set
D'Amico, 2010 (49) o // S oe 19 - 938 oocy
Dragonieri, 2009 (53) 118//118b ggg Cross-validation
Hakim, 2011 (71) 20/ 26 100 92.3 - 95.7 Average of all sample splits
Hubers, 2014 (81) 18/8 94.4 125 - 69.2 Validation set
Machado, 2005 (111) 14762 71.4 91.9 - 88.2 Validation set
Mazzone, 2007 (114) 49 /94 73.3 72.4 - - RRS - 70:30%
McWilliams, 2015 (118) 25/166 - - 0.803 - Average of 10 RSS - 2:1
Peled, 2012 (132) 50/19 86.0 96.0 0.986 88.0 LOOCV
Phillips, 1999 (145) 60/48 71.7 66.7 - 69.4 LOOCV
Phillips, 2003 (141) 67/ gllal 85—.1 29451 83-.3 I\_/(e-l)l?()jgt\i/on set
Phillips, 2007 (137) 193/211 84.6 80.0 0.88 - RSS-21
Poli, 2010 (147) 40/ 38 90.0 921 - 91.0 LOOCV
Santonico, 2012 (160) 20/10 85.0 85.0 - 85.0 LOOCV
Rudnicka, 2014 (158) 108/121 74.0 73.0 0.97 - RSS-50:25:25%
Wang D, 2012 (191) 47142 936 834 - 88.8 LOOCV
Wang Y, 2012 (192) 85/ 158 96.5 97.5 - 97.1 LOOCV
Wehinger, 2007 (195) ~ 17/170 540 990 - 960 o9 of 1,000 RSS -
Diagnostic performance without validation (N=11)
65/31 52.0 100 - - Model on selected 4 VOCs
Bajtarevic, 2009 (17) 65/31 71.0 100 - - Model on selected 15 VOCs
65/31 80.0 100 - - Model on selected 21 VOCs
Fu, 2014 (61) 97/32 92.8 81.3 - 89.9 Model on selected 4 VOCs

(Table 2 continues on the next page)
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(Table 2 Continued)

First author, year Cases / Sens Spec AUC  Acc Validation techn[que or
reference Controls model construction
12/9 - - - 93.0 Model on selected 3 VOCs
Gordon, 1985 (66) 12/9 100 100 - 100 Model on selected 22 VOCs
Handa, 2014 (72) 50/ 39 76.0 100 - - Model on selected 10 VOCs
Ligor, 2009 (108) 65/31 51.0 100 - - Model on selected 8 VOCs
83/ 137 - - 0.701 - Model on selected sensor
Mazzone, 2012 (115) 9°/137 - - 0.8 - parameters
RSS, yet preselection of VOCs
Phillips, 2008 (138) 193/211 - - 0.87 - performed on total study
population
Poli, 2005 (146) 36/110 72.2 93.6 - 88.4 Model on selected VOCs
Steeghs, 2007 (179) 11/57 - - 0.81 - Model on selected VOCs
LOOCV, yet preselection of
Westhoff, 2009 (198) 32/54 100 100 - 100 VOCs performed on total study
population
Yu, 2011 (205) 9/9 100 88.9 - 94.4 Model on selected peaks

Acc, accuracy; AUC, area under the receiver operating characteristic curve; LOOCV, leave-one-out
cross-validation; RSS, random sample split - training set size: validation set size of total study
population. Performance of breath test corresponds to validation set and numbers of cases and
controls correspond to total study population. Sens, sensitivity; Spec, specificity; VOC, volatile organic
compound.

& Abnormal X-rays, no cancer;

® Chronic obstructive pulmonary disease;
¢ Lung diseases;

4 Non-small cell lung cancer;

® Small cell lung cancer.
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2.2.5.2 Breast cancer

Performance of breath tests for breast cancer detection is presented in Table 3. Overall, six
studies reported diagnostic performance for breast cancer detection and all of them employed
internal validation procedures to control for overoptimism. The best discriminatory
performance was achieved by Phillips et al. in 2006 (143), who reported AUC of 0.9.
However, the performance of the same model on a validation set using women who were
cancer-free but had abnormal mammography findings was lower: only 32% of these women
were classified as healthy. Other studies also showed better performance of the classification
models when comparing breast cancer patients with healthy women rather than with women

with abnormal mammaography findings (140, 142).

Table 3. Breath test performance for breast cancer detection.

First author, year Cases / Sens Spec AUC Acc Validation technique
reference Controls
Li, 2014 (107) 22 /24 68.2 91.7 - 80.4 LOOCV
Average of 10,000 RSS -
Patterson, 2011 (130) 20/20 72.0 64.0 - 77.0 60:40%
. 51/42 88.2 73.8 - 81.7
Phillips, 2003 (142) 51/ 50° 60.8 820 i 713 Loocv
. 51/42 93.8 84.6 0.9 - RSS - 70:30%
Phillips, 2006 (143) -/ 50° - 32.0 - - Validation set
Phillips, 2010 (144) 54/204  75.3 84.8 0.83 - Average of 10 RSS -2:1
. 35/93 0.73
Phillips, 2014 (140) 35/ 79° - - 067 - LoocCcVv

Acc, accuracy; AUC, area under the receiver operating characteristic curve; LOOCV, Leave-one-out
cross-validation; RSS, random sample split - training set size: validation set size of total study
population. Performance of breath test corresponds to validation set and numbers of cases and
controls correspond to total study population. Sens, sensitivity; Spec, specificity.

% Abnormal mammography findings
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2.2.5.3 Gastrointestinal cancers

Performance of breath tests for CRC and GC detection is presented in Table 4. Overall, five
studies reported diagnostic performance for CRC and GC detection. Accuracy of 76% was
reported for CRC detection (N=1) and accuracies between 85 and 92% were reported for GC
detection (N=4). The study on CRC detection reported results validated on an independent

validation set, whereas all studies on GC detection applied internal validation methods.

Table 4. Breath test performance for colorectal and gastric cancer detection.

First author, year Cancer Cases/ ggng  gpec AUC  Acc  Validation technique

reference site  Controls

Altomare, 2013 (4) CRC 15/10 80.0 70.0 - 76.0 Validation set

Xu, 2013 (202) GC 37/93 89.0 90.0 - 90.0 RSS-75:25%
99/325 73.3 97.9 - 92.0 200

Amal, 2016 (7) GC  golem gay 86 o7 RSS-70:30%

Kumar, 2015 (96) GC  81/121 867 812 087 -  Hr0e of 10RSS -

Shehada, 2015 (167) GC 30/77 71.0 89.0 - 85.0 RSS-75:25%

Acc, accuracy; AUC, area under the receiver operating characteristic curve; CRC, colorectal cancer;
GC, gastric cancer; RSS, random sample split - training set size: validation set size of total study
population. Performance of breath test corresponds to validation set and numbers of cases and
controls correspond to total study population. Sens, sensitivity; Spec, specificity.

& Gastric ulcer

2.2.5.4 Other malignancies

Performance of breath tests for detection of other malignancies is presented in Table 5.
Overall, seven studies on four different cancer types, including cancer of head and neck, liver
and ovaries, as well as malignant mesothelioma, were identified. Accuracy of 88% was
demonstrated for liver cancer detection, however, the classification model included VOCs
preselected in the total study population which might have led to overoptimistic estimates.
Good diagnostic performance was also reported for head and neck cancer and malignant
mesothelioma detection with AUC or accuracy higher than 90% (39, 71). A study on ovarian
cancer detection demonstrated accuracies of 58, 72 and 89% when discriminating cancer
patients from benign conditions, benign conditions mixed with healthy individuals and

exclusively healthy individuals, respectively (8).
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The control for optimistic performance was assured in all the studies by internal validation
techniques. Additionally to reported sensitivity and specificity of 90 and 91%, respectively,
for malignant mesothelioma detection, the authors validated their model on an independent

dataset of 18 individuals with benign lung diseases, and demonstrated 83% specificity (39).

Table 5. Breath test performance for other cancer detection.

First author, year Caf‘cef Cases / Sens Spec AUC Acc Validation technique
Reference site Controls
22119 77.0 90.0 - 83.0
Gruber, 2014 (67) HNC 00 | 912 770 90.0 i 84.0 LoocCv
Hakim, 2011 (71) HNC  16/26 1000 92.3 - 95.2 ?glirsage of all sample
Leunis, 2014 (105) HNC 36/23 - - 0.85 - Bootstrapped value
20/ 42 90.0 91.0 - 905 RSS®
Chapman, 2012 (39) MM -/18° - 83.3 - - Validation set
. 13/13 - - 0.893 84.6
Dragonieri, 2012 (54) MM 13/ 13¢ ) ) 0.917 80.8 LOOCV
LOOCV, yet
. 30/36 83.3 91.7 - 87.9 preselection of VOCs
Qin, 2010 (151) Lve -/ 27° - 66.7 - - performed on total
study population
48/ 48 78.6  100.0 - 89.3
Amal, 2015 (8) OoC 48/ 86' 57.1 59.0 - 58.0 RSS-70:30%
48/134° 714 71.8 - 71.7

Acc, accuracy; AUC, area under the receiver operating characteristic curve; HNC, head and neck
cancer; LOOCV, leave-one-out cross-validation; LVC, liver cancer, MM, malignant mesothelioma,
RSS, random sample split - training set size: validation set size of total study population. Performance
of breath test corresponds to validation set and numbers of cases and controls correspond to total
study population; Sens, sensitivity; Spec, specificity, OC, ovarian cancer.

 Benign head and neck conditions

® Training set included 10 cases and 10 controls and validation set consisted of 10 cases and 32
controls;

° Benign lung diseases;

d Exposed to asbestos

¢ Hepatocirrhosis

' Benign ovarian conditions

9 Healthy individuals + benign ovarian conditions
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2.2.6 Cancer-related individual volatile compounds

To assess whether individual VOCs are specific for particular cancer, the performance of
single-VOC classification models was recorded (Table 6). Sensitivity and specificity of >80%
both were demonstrated for butan-1-ol and hexadecanal by studies on lung cancer (175, 192),
as well as for 3-hydroxybutan-2-one by studies on lung (175) and liver cancer (209). High
levels of specificity were reported for discriminating healthy controls from individuals with
lung or breast cancer for several fatty aldehydes, e.g., hexanal, octanal and nonanal (62, 107).
Reported concentrations of VOCs were generally higher in cancer patients compared to
healthy controls, although one study demonstrated lower abundance of 4 VOCs in breast
cancer patients than in cancer-free women (112). Only one study validated the performance of
selected compounds in independent data samples and demonstrated superb performance of
hexadecanal for lung cancer detection (AUC=1.00) (209).

VOCs which were used to build a classification model or whose concentrations were
significantly different between cancer cases and controls in at least three independent studies
are presented in Appendix 6. Ethenylbenzene (styrene), heptanal and nonanal were the most
commonly described compounds (each in 9 independent studies). Interestingly, these studies
were performed on different cancer types, including cancer of lung, breast, CRC and GC. By
contrast, 1-propanol was described just by the studies on lung cancer, where 3 studies showed
significantly different concentrations in exhaled breath and 4 others included this compound

when building a classification model for distinguishing lung cancer patients from controls.
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Table 6. Diagnostic performance of individual VOCs for cancer detection.
Author, Year, Car\cer Volatile compound Cut-off Sens  Spec AUC Level®
reference site
Pantanal 0.275nmol/L  75.0 95.8 - up
Fuchs, 2010 LC Hexanal 1.208 nmol/L 8.3 91.7 - up
(62) Octanal 1.068 nmol/L  58.3 91.7 - up
Nonanal 8.433 nmol/L  33.3 95.8 - up
Song, 2010 LC Butan-1-ol 3.67 ng/L 95.3 85.4 0.94 up
(175) 3-hydroxybutan-2-one 3.81 ng/L 93.0 92.7 0.96 up
Wang, 2012 LC  Hexadecanal . 965 892 0949 -
(192)
Handa, 2014 |~ pogecane ; 700  89.7 ; up
(72)
5-(2-methylpropyl)nonane - - - 0.845° up
VOC-1 - - - 0.724° up
(2200u§)2014 LC  2,6,11-trimethyldodecane - - - 0.846° up
Hexadecanal - - - 1.00°  up
8-hexylpentadecane - - - 0.672° up
3-methylhexane -0.55 pg/m3  100.0 40.0 - down
Dec-1-ene -0.125 pg/m3  100.0 40.0 - down
('\ﬁrz'?'er’ 2012 g voc-2 .0.05 ug/m®  100.0  60.0 - down
Naphthalene 0.05 pg/ms 90.0 70.0 - down
Trichloroethene 0.05 pg/ms 80.0 70.0 - up
Hexanal 10.32 ppbv 77.3 79.2 0.79 up
Li, 2014 BC Heptanal 9.98 ppbv 68.2 91.7 0.823 up
(107) Octanal 12.9 ppbv 63.6 87.5 0.734 up
Nonanal 23.14 ppbv 72.7 95.8 0.832 up
Qin, 2010 3-hydroxybutan-2-one 2.44 ng/L 83.3 91.7 0.926 up
(15’1) LVC Ethenylbenzene 14.92 ng/L 66.7 94.4 0.812 up
Decane 1.64 ng/L 86.7 58.3 0.798 up

AUC, area under the receiver operating characteristic curve; BC, breast cancer; LC, lung cancer; LVC,
liver cancer; Sens, sensitivity; spec, specificity;

VOC-1, 2,6-di-tert-butyl-4-methylphenol.
VOC-2, 4,11,11-trimethyl-8-methylidenebicyclo[7.2.0Jundec-4-ene.

& Concentration level of the compound in cancer patients compared to healthy controls.

P Results from the validation set.
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2.3.  Current challenges in breath analysis and the way forward

In the studies included in this systematic review, good diagnostic performance of exhaled
breath analysis for the detection of various cancers was demonstrated. However, in order to
confirm the potential of exhaled breath analysis for cancer screening, the validation of already
available results in diverse populations will be necessary, followed by further confirmation of
the method's performance in a true screening setting. To my knowledge, currently no data on
breath testing performance in a screening setting is available. Several included studies used a
mixture of healthy individuals with benign conditions as controls to resemble more realistic
characteristics of average-risk populations. However, more pronounced population
heterogeneity is expected in average-risk populations undergoing cancer screening. In
particular factors other than presence of the cancer that can influence the results of breath

tests, are not yet fully understood.

The studies included in this systematic review differed profoundly on aspects such as analyzed
breath parts, applied protocols for patients’ recruitment and sampling, sample storage time and
type of breath analysis as well as statistical methods used to analyze their samples. To what
extent these potential differences may affect the results of the studies is not fully understood
currently - internationally accepted standardization processes for breath analysis are still
lacking, although some recommendations on how to standardize breath sample collection and

analysis were already proposed in 2010 (9).

While available data suggest that different sampling, storing and analysis protocols can
influence overall performance of breath analysis (e.g., higher VOCs concentrations were
demonstrated in alveolar breath compared to normal breath (121, 187)), there remains the need

for data on factors potentially affecting the results regarding:

e Breath sampling — does the sampling time (e.g., morning vs. any time) have an impact
on concentrations of measured VOCs? Are samples collected in several locations
comparable (e.g., sampling in hospitals vs. other places)? Is the potential
contamination in ambient air, such as by alcohols from disinfectors in indoor air in
hospitals (25), relevant for exhaled breath analysis?

e Breath sample storing — can VOCs evaporate through storage bag walls and what

contamination can be caused by the storage container?
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e Breath analysis method — can results from different breath analysis methods be directly
compared (e.g., GC-MS vs. e-noses)?

e Recruitment of the patients — do typical covariates, such as age, sex and smoking
prevalence also influence the results of exhaled breath analysis? Can other
comorbidities be detected when distinguishing cancer patients from controls? Do
differences in diet and lifestyle factors result in differences in the composition of

exhaled breath?

In the next chapter (chapter 3), | examine the potential influence of covariates on analysis
results obtained by GC-MS data of cancer-free individuals. Various socio-demographic,
lifestyle factors and dietary patterns among these individuals are investigated by looking into

the association between these factors and VOCs in exhaled breath.
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3. Associations of VOCs with socio-demographic, lifestyle factors and dietary patterns

The distinct composition of VOCs in exhaled breath (Figure 2) reflect the body’s metabolic
state at a given time as influenced by infections, diet, smoking, socio-demographic factors
(e.g., sex), as well as underlying diseases including cancer if present. In general, the aim of
exhaled breath analysis for cancer detection is to identify a “breath print” that is unique for
cancer patients compared to cancer-free individuals. To achieve a correct classification of
cancer patients and cancer-free individuals, the underlying classification model (constructed
before either by pattern recognitions methods (e-noses) or data from analytical methods (array
of VOCs) should be specific to the disease of interest while other factors, such as age, gender
and smoking status should not confound the results. Knowledge of the potential influence of
covariates on breath analysis results is crucial for proper design, analysis and interpretation of

breath tests studies and practical application of breath tests.

. Alcohol Smoking
8 Diet
Inflamation VOC1
Gene VOC?2
upregulation
_— Metabolic state > VOC3

Genetic

mutations VOCn
Other
diseases Demographic
- Y factors Y
Exhaled breath
Cancer

Medcation

Figure 2. A scheme demonstrating relationship of cancer and covariates with volatile
compounds in breath.

Factors potentially influencing breath testing results are not fully investigated. Some evidence
exists that breath sampling and storing can influence the results; however, data on other
potentially relevant factors, particularity the effect of lifestyle factors and nutrition on exhaled
breath analysis results are sparse. | aimed to evaluate the potential co-determinants of GC-MS

results using one of the biggest datasets of exhaled breath measurements up-to-date (part of
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the GISTAR study). The analysis includes examining the associations of VOCs with socio-
demographic, lifestyle, medical factors and dietary patterns among cancer-free individuals. A
manuscript regarding the results of this analysis is in preparation (see List of own

publications).

3.1. The GISTAR study

GISTAR is a population-based randomized clinical trial designed primarily to evaluate the
effect of H. Pylori eradication on GC mortality in the asymptomatic, average-risk population
in Latvia. Individuals in the trial arm receive triple therapy for H. Pylori eradication when H.
Pylori is present, while participants in the control arm receive no treatment. Additionally, H.
Pylori positive individuals with increased pepsinogen I/ll ratio are offered UGE testing.
Differences in GC mortality are expected to be measured in 15 years from the recruitment. At
the time of enrollment and before randomization, breath samples were collected from all
participants after they provided informed consent.

3.2.  Recruitment of the study population

All participants enrolled in this study were 40-64 years old, with good health status: a life
expectancy of at least 5 years, no problems with mobility, as well as good expected
compliance with the diagnostic work-up or later treatment. Participants with history of any
cancer or gastric resection due to benign conditions, presence of alarm symptoms of digestive
or other diseases (e.g., bleeding, weight loss, vomiting, chest pain, difficulties swallowing,
etc.), also patients with pathological findings at examination were excluded, as were patients

who underwent H. Pylori eradication within 12 months prior to enroliment.

ciows & Complete medical examination was

_ ~ russia performed and a questionnaire was

Cegis - filled at the time of breath sample

_ : _ 5 3 A ' ~ collection, which was from October

* Pl 1P | 00 w1, 2013 until December 31, 2015 in
' . ' social service buildings in four towns

of Latvia (Figure 3).

LITHUANIA

Figure 3. Recruitment centers in Latvia.
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3.3.  Breath sample collection and storage

All breath samples were collected in the morning after participants fasted for 7 hours and
restrained from smoking for at least 2 hours. Before sample collection, participants were asked
to breath normally through a disposable bacterial filter for 3 minutes. After that, participants
took a deep breath and exhaled, where first dead space bag was filled with the air from mouth
and airways up to lungs and then the alveolar breath (the last part of the breath) was saved in
Mylar bags for later analysis. Collected samples were immediately transferred to ORBO 402
Tenax TA sorption tubes (Sigma Aldrich) for storage in the fridge at +4C temperature until
shipment for analyses. Mylar bags were flushed for 10 min with 99.99% Nitrogen before

reusing them to ensure the removal of contaminants.

3.4.  Breath sample analysis by GC-MS

Breath samples were analyzed by thermal desorption (TD)-GC-MS in TECHNION, Haifa,
Israel. The detailed description of GC-MS analysis can be found in (133, 134). Briefly, breath
samples were analyzed with a GC-MS-QP2010 instrument (Shimadzu Corporations) coupled
with a thermal desorption system. Immediately prior to analysis, the samples were transferred
from the ORBO 402 Tenax TA sorption tubes to empty glass TD tubes compatible with the
TD system. The TD tube was heat-treated (270°C) and filled TD tubes were injected into the
GC-system in splitless mode at 30 cm/s constant linear speed and under 0.70 ml/min column
flow. The following oven temperature profile was set to: (a) 10 min at 35°C; (b) 4°C/min ramp
up to 150°C; (c) 10°C/min ramp up to 300°C; and (d) 15 min at 300°C.

In general, GC-MS analysis is a combination of two techniques — GC (gas chromatography),
where the sample is separated into individual molecules which are then sorted based on their
size, and MS (mass spectrometry), where each of these molecules are split into comprising
particles using ionization technique. Briefly, due to high temperature at the GC compartment,
the molecules included in the breath sample start to move along the column (long isolated, i.e.,
coated tube) towards the MS chamber; smaller (lighter) VOCs travel faster and reach the MS
chamber first. Molecules are ionized when entering the MS compartment and they split into
ions that are sorted and counted based on their mass-to-charge ratio (M/Z). The counts of all
different M/Z together with the retention time (RT), i.e., the absolute time from the sample
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insertion to the GC to the time when the molecule was detected by MS, comprise
chromatographic data.

GC-MS is a time consuming method, and analysis time of one individual’s breath sample was
around 1 h 30 min. GC-MS analysis was run in parallel with sample collection in Latvia, and
overall analysis time of all samples used in this analysis was around 1 year and 4 months.
During a long analysis period, GC columns degraded, as well as other technical issues
appeared (GC-MS system was out of work for nearly 2 months) which resulted in batch
effects in the chromatographic data over analysis time. Methods used to correct the batch

effects are described in chapter 3.5.2.

3.5. Methods
3.5.1 Questionnaire data

Detailed questionnaire data regarding socio-demographic factors, lifestyle factors, medical
conditions and dietary patterns were collected from all participants at the time breath samples
were collected. The following factors were extracted from the questionnaire and included in

this analysis:
Socio-demographic factors

e Sex (male and female).

e Nationality (Latvian, Russian, other).

e Body mass index (BMI). BMI was calculated as a ratio between weight and squared
height, and was grouped into the 4 following categories: underweight (BMI<18.5),
normal (18.5<BMI<25), overweight (25<BMI<30) and obese (BMI>30).

Given the relatively narrow age range of the participants (40-64 years), the variable age was

not considered in my analysis.
Lifestyle factors

e Smoking status (smoker, ex-smoker, non-smoker). Individuals were classified as
smokers if they smoked at least 100 cigarettes during lifetime and the time since last
time smoked is less than 6 months, whereas individuals were classified as ex-smokers,
if they smoked at least 100 cigarettes during lifetime and the time since last time

smoked is more than 6 months. Other participants were classified as non-smokers.



Associations of VOCs with socio-demographic, lifestyle factors and dietary patterns 31

Alcohol consumption (non-drinker, light, moderate and heavy). Data on frequency of
monthly drinking occasions, together with type and amount of alcohol per occasion
was available for the following drinks: beer (4-5.5°), fortified beer (5.6-9°), bottled
cocktails, cider, wine (8-14°), fortified wine (15-17.5°), spirits up to 30°, spirits up to
40° and spirits up to 70°. To determine drinking status, the maximum amount of pure
ethanol per occasion of any drinks listed above was used. A status “non-drinker” was
assigned for 0 grams of ethanol per occasion (i.e., participant did not list any of these
drinks listed above), “little” for <14 grams of ethanol per occasion, “moderate” for 14-

59 grams of ethanol and “heavy” for >60 grams of ethanol per occasion.

Medical conditions

For the statistical analysis, only diseases where at least 25 individuals had the condition were

included:

Asthma

Diabetes type 2

Gallstone disease

Gastric or duodenal ulcer

Thyroid illness. Given higher prevalence of thyroid illness among women, men were
not included in this specific comparison. Also, individuals with both thyroid illness and
diabetes type 1 or 2 were excluded due to potential interactions between these two
ilInesses.

Other allergies. Individuals reporting the presence of allergy (type was not indicated)
were included, yet, only if they had not indicated asthma as well.

Medication

Acid reduction drugs. Individuals were classified positive if they reported the use of
proton pump inhibitors, H2 blockers or omeprazole over the last month, and negative
otherwise.

Anti-inflammatory drugs. Individuals were classified positive if they reported the use
of aspirin or other NSAID (non-steroidal anti-inflammatory drugs) over the last month,

and negative otherwise.
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e Antibiotics. Individuals were classified positive if they reported the use of
metronidazole, clarithromycin, amoxicillin, penicillin, tetracycline or levofloxacin over

the last month, and negative otherwise.
Dietary patterns

Data on frequency per year as well as frequency per month of consumption of separate food
items were available. These frequencies were multiplied to calculate yearly consumption and
the mean of the multiplied frequencies was used to classify individuals into two categories:
eating certain food items not often (when the person eats that product less often than the mean
value among all individuals) and eating the same food items often (when the person eats that
product more often than the mean value among all individuals). The following food items
were analyzed: meet (beef (cooked), pork (cooked), chicken, other meat products (e.g.,
sausages)); dairy products (kefir (i.e., fermented milk), curds, cheese); greens (vegetables
(such as beet root, potatoes and carrots), and separately onions, onion leaves and garlic, as
well as local fruits and imported fruits); processed products (pickled, salted, smoked, dried),
other products (porridge; dark bread; legumes, fish (cooked); eggs); and drinks (green tea,
black tea, instant coffee, ground coffee, sweetened and carbonated drinks).

3.5.2 Preparation of GC-MS data for statistical analysis

In general, the counts of all M/Z at each time point of analysis when plotted over RT will form
structures, so-called peaks (Figure 4). Using software specifically designed for GC-MS data,
information on each peak can be investigated, including distribution of M/Z for that peak, time
points where a peak starts and ends (with RT corresponding to the maximum of M/Z counts
over time) and area under the peak (sum of all M/Z (counts) comprising that peak). In my
analysis, | considered each peak to be an individual VOC.

Visual inspection of chromatogram is a commonly used method to estimate the overall quality
of the data, where missing common VOCs or high background noise can be easily detected.
During my analysis, decisions on several data preparation steps were based on visual data
inspection as well, including estimation of the quality of baseline reduction (chapter 3.5.2.1)

and peak alignment (chapter 3.5.2.2) processes.
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Figure 4. Chromatographic data.
(A) Full chromatogram. (B) A peak at 3.45 min enlarged. (C) Main ions (M/Z) of the peak.

Raw GC-MS data were pre-processed in seven steps according to current recommendations
(174) to remove various sources of artifacts before the statistical analysis (Figure 5). Each of
these data preparation steps are discussed in the following subsections below.

Peak aligment between Extraction of data from
Baseline correction — > e —>

chromatograms chromatgrams
Combining batches to Combining individual Removal of improper
final dataset files to batches peaks (individual files)
Peak height

normalizatiuon

Figure 5. GC-MS data preparation steps.
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3.5.2.1 Baseline correction

Together with the ions (i.e., M/Z) from the original sample, additional unrelated M/Z can
appear, e.g.,, due to GC column releasing ions, which may form a baseline of the
chromatogram. To remove the baseline from each of chromatograms, B-splines and
Asymmetric Least Square method (56) was applied. The results of baseline correction are
demonstrated in Figure 6. A strong baseline increase around 36-46 min, as well as overall

baseline throughout the whole chromatogram was removed.
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Figure 6. Baseline correction.
Top panel. Uncorrected chromatogram. Bottom panel. Chromatogram with corrected baseline.

3.5.2.2 Peak alignment

RT is not a fixed parameter for the compound and many factors can influence it, including,
column length of the GC-MS machine, temperature profile in GC compartment and column
coating degradation over the time. Despite use of the same column length and same
temperature profile in the analysis of this study, RT shifts between individual files were

noticed. In order to group same peaks (same VOCs) among all chromatograms (study
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population), RT shifts were eliminated using the Obiwarp method (150) implementation in the

R package ‘xcms’ (173).

The peak alignment is illustrated in Figure 7. The top panel of the figure demonstrates
discrepancies between two chromatograms, whereas in the bottom panel the same peaks

between two chromatograms appear at similar RT.
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Figure 7. Alignment of chromatograms.

Top panel. The overlay of two chromatograms (red and black) before alignment (18-36 mins). Bottom
panel. The overlay of the same two chromatograms after alignment.

3.5.2.3 Extraction of data from chromatograms

The following information of each peak in the single chromatogram was extracted using
Openchrom software (197): RT, 5 main M/Z (i.e., most abundant M/Z value for the peak,
second most abundant M/Z value, etc.), signal to noise ratio (S/N, level of peak signal over the
level of background noise), leading value (time between the start of the peak and peaks’
center), tailing value (time between the peaks’ center and the end of the peak) and area (area

under the peak, i.e., sum of all M/Z counts making up the peak).



36 Associations of VOCs with socio-demographic, lifestyle factors and dietary patterns

3.5.2.4 Removal of improper peaks

To select only significant peaks for the analysis, peaks with small area (intensity <10,000)
were excluded, as were peaks having 4 out of 5 M/Z values below 34 together with low S/N
value (<5) as these peaks most likely are artifacts arising from the GC-system. Additionally,
similar M/Z profile of two peaks (e.g., differently ordered same three MZ) in a small RT
window (the time between these peaks is less than 0.4 sec) were considered to be one

compound, and the one with higher S/N value was included for analysis.

3.5.2.5 Combining individual data files to batches

Individual peak lists of each of the study participants were combined to the final dataset for
the analysis in batches. Individual files appeared divided into 10 batches based on systematic
differences between individual files depending on GC-MS analysis time. For each of the
batches, individual files were combined applying determined rules — starting with very strict
rule to combine peaks with exact same RT and exact same 5 M/Z values and continuing with
less strict rules, such as peaks are less than 0.4 sec apart and have 2 out of 3 same main M/Z.
The combination of individual files to batches was done using the statistical package Stata 14.
Finally, the dataset for each batch was checked manually to find peaks that were not covered

by the used rules, and these found peaks were also added to the final peak list.

3.5.2.6 Combining batches to final dataset

Prepared final batch specific-datasets were combined together to one dataset based on RT and
most common M/Z values among all included peaks. Only peaks having similar abundance
levels between batches (percentage of non-missing data among all individual files) were
selected for the analysis. | restricted this analysis to the peaks appearing at 0-40 min of the
chromatogram following the recommendation of the chemist who conducted GC-MS analysis
(19), as for a given GC-MS device and column used, VOCs appearing after 40 min are very

heavy molecules that are unlikely to be associated with the disease, e.g., cancer.

3.5.2.7 Peak height (area) normalization

The final dataset consisted of RT (average of individual RT values that were combined for
particular peaks), 5 main M/Z values (most common M/Z among all files), abundance

(proportion of individuals having particular peak) and area (individual area values of that peak
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in each chromatogram). For the statistical analysis, only area is a relevant measurement. Area
was normalized using the ratio scale normalization principle (29), where area values were
rescaled between 0 and 1. First, squares of area values were summed up and square root
calculated. Then, the original area values were divided by the calculated square root value.

Normalization was done for each batch separately.

3.6.  Statistical methods for associations analysis

Association between measured compounds and factors of interest were assessed using the
implementation of the two-part test (183) in Stata 14. Two-part tests are statistical tests
combining information on differences in abundance of the peak between two groups (“zero” /
“non-zero”) together with information on differences in means of area (size of the peak)
among those who had that peak detected (98). Missing peak for a study participant can
indicate absence of that specific peak for a person, or it can come from technical specification,

e.g., peak below detection limit.

Correction for multiple testing was done using Bonferroni adjustment (28) corresponding to
the number of volatiles in the final dataset, i.e., fourteen. The alpha level for significance was
set to 0.05/14=0.00357.
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3.7. Results

In the following subchapters, the final dataset consisting of VOCs selected during data
preparation steps is described, followed by results on the association between these VOCs and

socio-demographic factors, lifestyle factors, medical conditions and diet.

3.7.1 VCOs included in the analysis

Overall, 14 VOCs were selected for this analysis (Table 7). These VOCs were mostly between
22 and 40 min, except from 3 VOCs appearing at 1.66, 3.45 and 11.80 min. The majority of
the selected compounds were present in 88-100% of the samples, meaning that these are
common compounds expected to be present in all people in general. Additionally, four VOCs
had substantially lower abundance levels, i.e., 30.3, 33.6, 37.7 and 41.0% corresponding to
VOC 10, VOC 5, VOC 9 and VOC 12, respectively.

Table 7. VOCs included in the association analysis.

VOC RT [range] M/iz1 M/Iz2 M/Z3 M/Z4 M/Z5 Abundance [range]
VOC 1 1.66 [1.54-1.92] 28 32 14 44 16 97.1
VOC 2 3.45 [3.38-3.51] 42 55 41 39 70 98.8
VOC 3 11.80[11.43-12.22] 91 92 39 65 63 97.7
VOC 4 22.22 [22.17-22.25] 93 91 39 92 41 96.9
VOC 5 22.44 [22.01-22.77] 57 28 43 41 29 33.6
VOC 6 26.86 [26.73-27.30] 57 41 43 29 71 93.6
VOC 7 29.92 [29.66-30.20] 43 57 41 71 29 90.9
VOC 8 31.07 [30.95-31.12] 73 267 45 268 69 99.7
VOC 9 32.26 [32.05-32.46] 71 41 81 43 55 37.7
VOC 10  33.54[33.25-33.73] 55 97 41 43 69 30.3
VOC 11  33.88[33.85-33.93] 43 57 41 71 29 88.7
VOC 12 34.88 [34.62-35.19] 55 57 70 41 28 41.0
VOC 13 37.55 [37.38-37.86] 43 57 41 71 29 91.8
VOC 14  39.90[30.68-40.16] 57 43 71 41 29 97.5

M/Z, mass to charge ration; RT, retention time; VOC, volatile organic compound.
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3.7.2 Study population

Characteristics of the study populations are presented in Table 8. In total, 1,447 individuals
from 4 different recruitment centers were included in the analysis. Statistically significant
differences (alpha<0.05) in distributions between the cities were observed for sex, smoking
and alcohol consumption, whereas distribution of BMI values between the cities was not
different (p-value=0.266). The majority of participants in all four centers were overweight or

obese.

Table 8. Study population characteristics: gender, smoking prevalence, alcohol consumption
and body mass index.

Aluksne Cesis Ludza Saldus Total p-value®
Total 245 284 412 506 1,447
Gender
Men 123 (50.2) 109 (38.4) 252 (61.2) 226 (44.7) 710 (49.1) <0.001
Women 122 (49.8)) 175 (61.6) 160 (38.8) 280 (55.3) 737 (50.9) '
Smoking
Non-smoker 133 (54.3) 157 (55.3) 189 (46.0) 266 (52.8) 745 (51.6)
Ex-smoker 44 (18.0) 52 (18.3) 92 (22.4) 120 (23.8) 308 (21.3) 0.034
Smoker 68 (27.8) 75 (26.4) 130 (31.6) 118 (23.4) 391 (27.1)

Alcohol consumption

Non-drinker 36 (14.9) 43 (15.2) 115 (28.2) 158 (31.2) 352 (24.5)

Light 28 (11.6) 24 (8.5) 22 (5.6) 58 (11.5) 132 (9.2) <0.001
Moderate 90 (37.3) 134 (47.4) 111 (27.2) 166 (32.8) 501 (34.8) '
Heavy 87 (36.1) 82 (29.0) 160 (39.2) 124 (24.5) 453 (31.5)

Body mass index (grouped)

Underweight 2(0.8) 3(1.1) 2(0.5) 2(0.49) 9 (0.6)

Normal 71 (29.0) 69 (24.3) 106 (27.7) 129 (25.5) 375 (25.9) 0.266
Overweight 83 (33.9) 111 (39.1)  145(35.2) 216 (42.7) 555 (38.4) '
Obese 89 (36.3) 101 (35.6) 159 (38.6) 159 (31.4) 508 (35.1)

% Chi square test between variables and cities (significant values in bold (alpha = 0.05)).
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3.7.3 Association between VOCs and socio-demographic and lifestyle factors

Statistically significant associations between socio-demographic and lifestyle factors and
VOCs are presented in Table 9. Five VOCs showed significant associations with sex and four
with nationality, i.e., between Latvians and Russians. Alcohol consumption showed significant
associations for 3 VOCs, although dose-response patterns were not present, as VOC 7 was
associated with moderate alcohol consumption while no significant association for this VOC

was found in heavy drinkers. No associations were found for smoking.

Table 9. Significant associations between VOCs and socio-demographic and lifestyle factors

- N M IO O~ 0 O

Compared groups 8 8 3|le 8 8l88s8
> > > > > > > >

VOC 10
VOC 11
VOC 12
VOC 14

x |vOoC 13

Latvians (1,131) vs. Russians (192) X X X
Latvians (1,131) vs. others (124)
Male (710) vs. female (737) X X | X X X
Menopause (yes (339) vs. no(398)
Non-smoker (745) vs. smoker (391)
Non-smoker (745) vs. ex-smoker (308)
Smoked today (352) vs. >1 month ago (1,056)
Non-drinker vs. light (354 vs. 134)
Non-drinker vs. moderate (354 vs. 501) X
Non-drinker vs. heavy (354 vs. 457) X X
Normal BMI vs. underweight (375 vs. 9)
Normal BMI vs. overweight (375 vs. 555) X
Normal BMI vs. obese (375 vs. 508)

BMI, Body mass index.

Quantitative description of mean, standard deviation, minimum and maximum values of each
of the VOCs in men and women are presented in Figure 8 and Table 10. Box plots represents
interquartile range of normalized area values (first-third quartiles) with median value
highlighted, and whiskers are the upper and lower adjacent values, which are the most extreme
area values within [upper end of IQR + 1.5*IQR] and [lower end of IQR — 1.5*IQR],
respectively. Outlier values in these graphs were excluded. Box plots were calculated with

Stata 14. Box plots for men and women are overlapping for all VOCs.
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Wilcoxon test alone that is used to check if two independent samples are selected from the
populations having same distribution did not indicate any significant differences between men
and women (data not shown). However, two-part test | used (combines a test for zero/non-zero
distribution comparison with Wilcoxon test for non-zero data) also calculates statistics for
distribution of zero data between the groups that in this specific case corresponds to significant
overall findings for several VOCs and sex.
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Figure 8. Boxplots of interquartile range of VOC values with median value and upper whisker at
[upper end of IQR+1.5*IQR] and lower whiskers at [lower end of IQR-1.5*IQR] (without outliers).

Boxes in blue are for men and boxes in red are for women.
IQR, interquartile range.
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Table 10. Descriptive summary of each VOC for men and women.

Men Women
“p»® "\,Ig,r;]b- Mean s.d. Min Max "\‘Ig,?b' Mean s.d. Min Max
VOC 1 42 695 22.3 170 4.6 64.7 710 19.4 15.5 0.1 64.4
VOC 2 17 699 19.3 18.9 1.6 148.0 731 18.3 18.0 1.2 176.7
VOC 3 33 694 14.1 26.2 0.2 298.3 720 11.3 19.9 0.1 152.5

VOC 4 45 687 19.3 213 16 226.8 715 17.3 16.9 13 138.4
VOC 5 961 252 17.1 584 0.1 5438 234 8.0 15.5 0.1 157.5
VOC 6 93 662 16.3 285 03 5119 692 12.0 16.2 0.2 147.7
VOC 7 132 664 11.0 243 0.1 206.0 651 11.6 255 0.1 224.6
VOC 8 5 709 145 215 0.1 283.0 733 13.4 22.8 0.6 309.6
VOC 9 902 249 26.5 347 0.2 246.5 296 27.0 32.3 0.6 2554
VOC 10 1,009 196 28.6 43.8 0.3 349.2 242 26.5 35.0 0.4 266.7
VOC 11 163 651 16.8 234 0.1 189.7 633 155 21.7 0.4 123.3
VOC 12 854 278 16.3 384 01 2928 315 155 37.4 0.1 248.4
VOC 13 119 670 16.4 244 0.2 220.8 658 14.2 20.8 0.3 179.3
VOC 14 36 698 17.5 225 01 1721 713 14.9 194 0.1 148.8

s.d., standard deviation; Max, maximum value; Min, minimum value; VOC, volatile organic compound.
#number of “zero” values
® humber of “non-zero” values

For this descriptive table, mean value, standard deviation and minimum and maximum values were
multiplied by 1,000.

Lines in bold mark VOCs that were associated with gender (Table 9).

Stratified analysis for each of the cities was performed to investigate the associations between
VOCs and gender, smoking status, alcohol consumption and BMI. Results are presented in
Table 11. In contrast to results in Table 9, no sex-specific significant associations were found
in any of the cities. Significant associations between non-smokers and ex-smokers were found
in the city Ludza for 7 VOCs. Furthermore, alcohol consumption was significantly associated
with 9 VOCs, where VOC 1 and VOC 2 were found to be significantly associated with

moderate alcohol intake in both Ludza and Saldus cities.
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Table 11. City-specific significant associations between VOCs and socio-demographic and

lifestyle factors.

< & o w o|l~ o o8 4d 919 F

Compared groups § § § § § § § § § 9 9 919 ¢
> > > | > >

Male vs. female
Non-smoker vs. smoker
Non-smoker vs. ex-smoker L L L L L L L
Smoked today vs. >1 month ago
Non-drinker vs. light
Non-drinker vs. moderate LS LS S|S S |S S S S
Non-drinker vs. heavy S S S S
Normal BMI vs. overweight
Normal BMI vs. obese

L, Ludza; S, Saldus, VOC, volatile organic compound

3.7.4 Association between VOCs and medical conditions and medications

Prevalences of self-reported medical
conditions are presented in Table
12. The most common self-reported
illness was gastric or duodenal
12.4%  of
participants), followed by thyroid

ulcers  (in study

disease reported by 8.1% of study

participants. Diseases more
common in women than in men
were thyroid illness, gallstone

disease and allergies other than
asthma with 12-fold, 5-fold and 2-
fold higher

respectively. Higher prevalence of

reported prevalence,

gastric or duodenal ulcers was
reported among men (16.1% versus

9.0%). Less common diseases that

Table 12. Number (prevalence in %) of self-reported
illnesses.

Disease Men Women Total
Slfjégf]glrulcer 114 (16.1) 66 (9.0) 180 (12.4)
Thyroid illness 9(1.3) 108 (14.7) 117 (8.1)
Other allergies 40 (5.6) 76 (10.3) 116 (8.0)
Gallstone disease 18 (2.5) 82 (11.1) 100 (6.9)
Asthma 41 (5.8) 46 (6.2) 87 (6.0)
Diabetes 2 20 (2.8) 25(3.4) 45 (3.1)
Tuberculosis 11 (1.6) 9(1.2) 20 (1.4)
Diabetes 1 10 (1.4) 9(1.2) 19 (1.3)
gclgrrttilccljlclfgsor 1(0.1) 5(0.7) 6 (0.4)
Ulcerative colitis 2(0.3) 3(0.4) 5(0.4)
ES‘QL?LZ s 0(0) 1(0.1) 1(0.1)
Crohn's disease 1(0.1) 0 (0) 1(0.1)
Celiac disease 0 (0) 1(0.1) 1(0.1)
HIV 1 (0.1) 0 (0) 1(0.1)

HIV, human immunodeficiency virus.
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were not included in the statistical analysis (less than 25 prevalence cases) were tuberculosis
(N=20), diabetes type 1 (N=19), diverticulitis or diverticulosis (N=6), ulcerative colitis (N=5)
and single cases of Barret’s oesophagus, Crohn’s disease, celiac disease and infection with

human immunodeficiency virus.

Associations between VOCs and self-reported medical conditions together with medication
used one month prior recruitment are presented in Table 13. No significant associations were
found for 4 out of 6 diseases. VOC 6 was associated with ulcerative colitis (although only 5
individuals had this diseases) and VOC 10 with allergies other than asthma. 5 out of 14 VOCs
were shown to be significantly associated with the presence of gastric or duodenal ulcers.

In total, 64 people (4.4%) used antibiotics in the last month before providing a breath sample,
however, no significant associations with analyzed VOCs were found. Acid reduction drugs
and anti-inflammatory drugs (i.e., aspirin and other NSAIDs) were associated with 1 and 5 out

of 14 VOCs, respectively.

Table 13. Significant associations between VOCs and medical conditions and medication use.

< N o 1w o~ 0 o8 d Y9 T
Compared groups 88888888888888
> > >35> > 3>|> > 38 351 3
Diseases (N. Yes versus N. No)
Gastric or duodenal ulcer (180 vs. 1,267) X | X X X X
Thyroid illness® (103 vs. 634)
Other allergies (116 vs. 1,331) X
Gallstone disease (100 vs. 1,347)
Asthma (87 vs. 1,360)
Diabetes 2 (45 vs. 1,402)
Medication use (N. Yes versus N. No)
Acid reduction drugs (199 vs. 1,248) X
Antibiotics (64 vs. 1,383)
Anti-inflammatory drugs (451 vs. 996) X | X X X X
N, number.

# only women. Participants with both thyroid illness and diabetes type 1 or 2 were excluded.
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3.7.5 Association between VOCs and food items

Dietary patterns were investigated by comparing people eating certain food items not often
with people eating them often. Associations between VOCs and food items are presented in
Table 14. Significant associations between VOCs and 15 out of 27 different analyzed foods
were demonstrated. Among these, VOC 7, VOC 9 and VOC 14 were associated with 8 food
items each. Consumption of onion leaves was significantly associated with 8 out of 14
analyzed VOCs. Five of those VOCs were also found to be associated with garlic
consumption, and two with onion (onion bulb) as well as garlic consumption. Instant coffee
and ground coffee were associated with 4 and 5 VOCs, respectively, and 4 of these VOCs

were the same for both.
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Table 14. Significant associations between VOCs and consumption of individual food items.

Food item (N. of eat less often versus N. of
eat often)
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VOC 10
VOC 11
VOC 12
VOC 13

Beef cooked (1,063 vs. 384)
Pork cooked (364 vs. 1,083)
Chicken (604 vs. 843)

Meat products (776 vs. 671)

Meat

x X |VOC®6

x x |VOC 14

Kefir (fermented milk) (725 vs. 722)
Curds (617 vs. 830)
Cheese (1,004 vs. 443)

Dairy
products

Vegetables (802 vs. 645)
Onions (867 vs. 580)

Onion leaves (1,095 vs. 352)
Garlic (985 vs. 462)

Fruits (local) (858 vs. 589)
Fruits (imported) (935 vs. 512)

Greens

X X X X

X X X X

Pickled products (836 vs. 611)
Salted products (899 vs. 548)
Smoked products (858 vs. 589)
Dried products (1,096 vs. 351)

Processed
products

Porridge (802 vs. 645)
Bread (dark) (496 vs. 951)
Legumes (902 vs. 545)
Fish cooked (1,065 vs. 382)
Eggs (509 vs. 938)

Other products

Tea (green) (902 vs. 545)

Tea (black) (842 vs. 605)

Coffee (instant) (942 vs. 505)
Coffee (ground) (589 vs. 858)
Carbonated drinks (1,139 vs. 308)

Drinks

N, number; VOC, volatile organic compound
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4. Use of breath testing for cancer screening

Preselection of screening populations for further invasive testing can improve overall
efficiency of the screening programs through reducing number of invasive follow-up
procedures and harms related to them, as well as through lowering the overall screening cost.
Clearly, both medically and economically, it is desired to minimize the number of false
positive results of a prescreening test which directly translates to the number of unnecessary
follow-up procedures. In general, screening tests are usually described based on their ability to
identify disease cases (sensitivity) and correctly identify healthy controls (specificity), which
are both fixed parameters of the test. In contrast, the numbers of true positive, true negative,
false positive and false negative results, as well as predictive values of a screening test are
additionally dependent on the prevalence of potentially detectable (preclinical) cancer in the
target population of screening (207). Accordingly, predictive values may be quite different for
the same screening test, translating into different screening performance in two different
populations with differing disease prevalence. However, data on the prevalence of such
preclinical cancers and resulting potential differences in screening performance in target

populations are seldom reported and remain sparse.

In this chapter, | aim to explore the potential of breath testing for CRC and GC detection. The
work flow of this chapter is demonstrated in Figure 9. First, | estimated the prevalence of
preclinical CRC and GC in the asymptomatic population, which is the target group for cancer
screening in various geographical regions and countries worldwide. Then | used these data
together with sensitivity and specificity of breath tests for CRC and GC detection to calculate
positive and negative predictive values (PPVs, NPVs) for breath tests in those populations.
Both actually reported breath tests as well as hypothetical screening tests are used in this
analysis. Additionally, I modeled the expected effect of preselection for more invasive
screening using breath tests in a population of 100,000 individuals with various GC prevalence

levels.

In this chapter, the terms “breath tests” or “breath testing” are used as a general term
describing any test that measures the changes in the concentrations of VOCs in exhaled breath.
The results on each of cancer type were prepared and submitted for separate publications — a
manuscript with results on CRC has been accepted for publication (95) and manuscript with
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results of GC was submitted for publication at the time of submission of this thesis (see List of

own publications).

AIM: explore the potential of breath testing for CRCand GC detection

Step 1: estimate the

prevalence of preclinical ———— Step 2: calculate positive and negative
CRC and GC predictive values for breath tests

Breath testsfor CRC = Breathtestsfor
detection: GC detection:

a) testsreportedin | a) testsreported
the literature inthe literature

Step 3: model the effect (meta-analysis)

) . b) various
of screening with breath o .
. combinations of b) various
testsforGCina e S
i sensitivity and combinations of
popualtions of 100,000 e e
specificity sensitivity and

individuals e
specificity

Figure 9. Flow diagram for the current chapter.

4.1. Methods

The performance of breath testing for CRC and GC detection will be described in the context
of positive and negative predictive values (PPVs, NPVs) expected in various target
populations for screening. The PPVs are of particular interest in this context as they reflect the
measured prevalence of CRC and GC in those populations with a positive result from a
screening test, and the reciprocal value, the number needed to screen (NNS), reflect the
number of participants that would have to undergo invasive screening to detect one cancer

case.
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4.1.1 Estimation of age- and sex-specific cancer prevalence (unselected target
population)

The development of both CRC and GC is a multi-step process (32, 47). The speed at which

one development stage turns into another is called annual transition rate between these stages.

In the preclinical stage, cancer is still asymptomatic but can be already detected with screening

tests (see Figure 10). Targets for screening are preclinical cancers, and the prevalence of

preclinical cancer (the proportion of people with of asymptomatic cancer cases in a target

population) can be estimated if annual transition rates and cancer incidence are known.

Yearn
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ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ cI_inicaIIy manifested
phokelelekekelekekelshokekeks okehs okels disease.
phokekekslelskokehel shekeielekerokeieions Top panel. A population with
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ number of already screening-

detectable, yet asymptomatic
Annual .
wansition  CANcers (labeled in green).
Yearn+l rate Bottom panel. Some cancers
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Using this concept, age- and sex-specific prevalence of preclinical CRC and GC, denoted Page,

sex, Was calculated as follows:
Page. ser Iage1 sexr / Tage, ser

where lage sex denotes age- and sex-specific cancer incidence and Tage, sex denotes age- and sex-
specific transition rates, i.e., the annual probability of transition from already existing but not

clinically manifest (preclinical) to clinically manifest cancer

Data sources on cancer type-specific transition rates and CRC and GC incidence rates, as well
as populations for which CRC and GC prevalence was estimated, are listed below.
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4.1.1.1 Transition rates
Colorectal cancer

Transition rates from preclinical to clinical CRC were based on previous analyses results from
the German screening colonoscopy registry data (32). Age-specific estimates of annual
transition rates ranged from 18.1% (95% CI, 16.7-19.5) to 22.5% (95% CI, 20.9-24.2) which
corresponds to mean sojourn times from preclinical to clinical cancers ranging from 5.5 years
to 4.5 years, respectively (see Appendix 7). Transition rates for the 50-54 year old population
were not available, therefore the same transition rates as for the age group 55-59 were applied.
Transition rates in the same order of magnitude, but without stratification by age and/or sex
have been estimated for a few other countries (100, 149, 188). Given the lack of detailed
transition rates by age and sex from other countries and assuming regional variation of such
transition rates to be small, the age- and sex-specific transition rates derived from the German

screening colonoscopy registry were applied for all calculations.
Gastric cancer

Transition rates from preclinical to clinical GC were based on results from a study from Korea
(14), where transition rates for 50-59 and 60-69 year old men were provided. Reported mean
sojourn time between preclinical and clinical GC was 3.18 years (which corresponds to an
annual transition rate of 31.4%) for 50-59 year old men and 3.74 years (corresponding to an
annual transition rate of 26.7%) for 60-69 year old men (see Appendix 7). The latter estimate
was applied for the 70-74 year old populations as well. Given missing data on transition rates
for women, we applied the same transition rates for women as for men. Given the lack of data
on transition rates from other populations, the age- and sex-specific transition rates derived

from the study in Korea (14) were applied for all calculations.

4.1.1.2 Incidence data

CRC and GC incidence data for major geographic regions (Europe: North, West, South and
Central-East; America: North, Central and South; Asia: West, South-Central, South-East and
East; Africa; and Australia) and individual countries for each of the cancer sites (see cancer-
specific subsections below) were taken from the GLOBOCAN 2012 database (57). The list of
countries in each geographical region is listed in Appendix 8.
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Colorectal cancer

Prevalence of preclinical CRC was estimated for major geographical regions and, to explore
the differences within European regions, for individual European countries. CRC prevalence
estimates were also calculated for six exemplary countries from each continent: Australia,
Brazil (South America), Germany (Europe), India (Asia), Morocco (Africa) and the U.S.
(North America).

Gastric cancer

Prevalence of preclinical GC was estimated for major geographical regions and for exemplary
countries with high GC incidence (Korea, Japan, China, Albania and Belarus) and relatively
low GC incidence (India, the United Kingdom and the U.S.).

4.1.2 Estimation of positive and negative predictive values of breath tests

PPV is the probability that a positive result from a screening test is truly a correct diagnosis,
whereas NPV is the probability of negative result from the screening test to be a correct
diagnosis. In the screening setting, PPVs is the prevalence of cancer in the populations

preselected with screening tests for further diagnostic workup.

Age- and sex-specific positive and negative predictive values, denoted PPVage, sex and NPVge,

sex, respectively, were calculated as follows:

Se x Page, sex
Sex Page, ser + (1= 5p) % (1 = Page, sea) and

PPVage, sexr —

SP * (]- - Page, se:n:)
(1 - Sp) * Page, sex T Sp * (1 - Page, SEI)

lVPVage. sexr —

where Page sex denotes the derived prevalence estimates of preclinical CRC and GC (see 4.3.2
and 4.4.1), and Se and Sp denote the sensitivity and specificity of the screening test for CRC
and GC detection. For the calculations of PPVs and NPVs, breath tests and other non-invasive
screening tests for comparison were included. These tests are listed in the cancer-specific

subsections below.
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4.1.2.1 Sensitivity and specificity of breath tests

Colorectal cancer

Age- and sex-specific and overall PPVs and NPVs were calculated for currently available
actual screening tests: FIT (sensitivity: 79%, specificity: 94% (102)), the Cologuard test
(sensitivity: 92.3%, specificity: 86.6% (82)) and Epi proColon test (sensitivity: 48.2%,
specificity: 91.5% (43)) as well as for two breath tests reported in the literature — “breath test
1” described by Amal et al. (sensitivity: 85%, specificity: 94% (6)) and “breath test 2”
described by Altomare et al. (sensitivity: 80%, specificity: 70% (4)).

Other hypothetical PPVs and NPVs potentially achievable with screening tests with various
levels of sensitivities and specificities were additionally calculated. Specifically, potential
screening tests with combination values of sensitivity and specificity of 70, 80, and 90% each,
as well as a test with very high performance level, i.e. a sensitivity and specificity of 95%,
were used to derive PPVs and NPVs for CRC detection.

Country-specific PPVs and NPVs were calculated for Australia, Germany, the U.S., Brazil,

Morocco and India.
Gastric cancer

To estimate the sensitivity and specificity of breath testing for GC detection, a meta-analysis
was performed using studies that evaluated GC detection through exhaled breath analysis.
Systematic literature search to identify these studies was performed on the 1* of May, 2017 in
Pubmed and Web of Science databases using the following combination of keywords: (cancer
OR carcinoma OR adenocarcinoma OR tumor OR malignancy OR malignant disease)
AND ((volatile AND (compound OR compounds OR marker OR markers OR biomarker
OR biomarkers)) OR VOC OR VOCs OR breathprint OR breath-print OR breath
print) AND (breath OR exhaled OR air) AND (gastric OR stomach). A similar search
strategy to identify studies on breath analysis for cancer detection, yet without restriction to
GC, is described in chapter 2. However, in this search, only original studies reporting
sensitivity and specificity of breath testing for GC detection or the numbers of true positive
and true negative results when discriminating GC patients from healthy controls were eligible

for inclusion. Pooled estimates of sensitivity and specificity of breath testing were obtained by
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performing a bivariate random-effects meta-analysis using methods proposed by Reitsma et al.
(153) in the R-package mada (52).

Other hypothetical PPVs and NPVs potentially achievable with screening tests with various
levels of sensitivities and specificities were calculated. Specifically, potential screening tests
with combination values of sensitivity and specificity of 70, 80, and 90% each were used to
derive PPVs and NPVs for GC detection.

Country-specific PPVs and NPVs were calculated for Korea, Japan, China, Belarus, Albania,
India, the United Kingdom and the U.S.

4.1.3 Overall estimates of prevalence and predictive values

Overall sex-specific prevalence of preclinical CRC and GC in the 50-74 year old population
(potential target population for cancer screening) was calculated by weighting age-specific
prevalence estimates by the proportions of people in the different age groups in each of
analyzed populations. Similarly, overall sex-specific PPVs and NPVs were calculated by
weighting age-specific PPVs and NPVs, respectively, by the proportions of people in each of
the age groups in each of analyzed populations. The underlying population size, i.e., the
proportions of men and women in each of the age groups can be found in Appendix 9.

Estimation of number needed to screen to detect one relevant cancer case

4.1.4 Overall estimates of number needed to screen

Age- and sex-specific and overall NNS to detect one CRC and GC case in the populations
without prescreening was assessed as one divided by age- and sex-specific and overall
prevalence estimates. However, in the population prescreened by breath testing, CRC and GC
prevalence is higher compared to that one in the average-risk population. Therefore, age- and
sex-specific and overall NNS to detect one CRC and GC case in the populations prescreened
with non-invasive tests was calculated as one divided by cancer prevalence in prescreened

population, i.e. age- and sex-specific and overall PPVs.

4.1.5 Sensitivity analysis — predictive values of screening tests for different cancer
prevalence levels

To demonstrate the impact of the disease prevalence in a target population on predictive

values, PPVs and NPVs were calculated for individual screening tests for each prevalence
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level between 0.2% and 3% by 0.2 units (such prevalences of preclinical CRC and GC were

estimated in different age- and sex- groups).

4.2.  Micro-simulation — screening with breath tests for GC in a population of 100,000

For modelling, the potential effect of screening among 100,000 individuals with breath tests
was estimated for GC using pooled sensitivity and specificity of breath tests (see 4.4.2). The
following parameters were calculated: number of true positive, true negative, false positive
and false negative results and NNS to detect one cancer case among 100,000 individuals
without preselection by breath tests, as well as PPV, NPV and NNS to detect one cancer case
after preselection by breath testing, together with number of total positive tests results.
Populations with GC prevalences between 0.01 and 1.6% (the range of GC prevalences
observed in different sex and age groups between 50-59 and 70-74 years in different countries,
see 4.4.1) were of interest. For this micro-simulation, PPVs were calculated as the ratio of true
positives to combined true and false positives, and NPVs were calculated as the ratio of true
negatives to combined true and false negatives. NNS in the population without prescreening
was assessed as one divided by prevalence and NNS in the population after prescreening by
breath testing was calculated as one divided by the GC prevalence in prescreened population,
i.e. PPV. The total positives were accessed as the sum of true positive and false positive

results from breath testing.

4.3. Results — colorectal cancer

In the following subchapters, the estimated prevalences of preclinical CRC in various
geographical regions are presented, followed by PPVs and NPVs of various screening tests
expected in exemplary countries from various parts of the world. Finally, detailed PPVs and

NPVs are given for populations with varying levels of preclinical CRC.

4.3.1 Prevalence of CRC

Age-specific prevalences of preclinical CRC in major geographical regions of the world are
presented in Table 15. Very low rates are found for the 50-54 year old populations in all parts
of the world (0.08-0.36% for men and 0.05-0.23% for women), while increasing variation is
seen in older age groups, e.g. prevalences of around 0.13% in 70-74 year old men in South-

Central Asia and Africa compared to 1.4-1.8% in Europe and Australia. The prevalence of
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preclinical CRC in men is higher than in women, with an overall male-to-female prevalence
ratio of 1.9 in Southern Europe (0.84% vs. 0.44%, respectively) compared to a male-to-female
prevalence ratio of 1.3 in South America (0.31% vs. 0.23%, respectively). The highest

prevalence of preclinical CRC is estimated for Australia in all age groups and for both sexes.

To assess the variation of cancer prevalence within geographical regions, age-specific and
overall prevalences of preclinical CRC for all European countries were calculated and are
presented in Appendix 10. High variation between prevalence estimates is seen even within
the same geographical regions. For example, estimated overall prevalence in 50-74 year old
men in Southern Europe varied from 0.19% in Albania to 1.01% in Slovenia. The highest
overall prevalences in men were found for Hungary (1.27%), Slovakia (1.19%) and Czech
Republic (1.13%), and in women for Denmark (0.68%), the Netherlands and Norway (0.64%,
both). The lowest overall prevalence estimates in Europe were seen in Albania, where 0.19%

of men and 0.14% of women would have screening detectable preclinical CRC.



Table 15. Prevalence of preclinical colorectal cancer and number needed to screen to detect one cancer case in various geographical
regions, by age and sex.

Region or country Prevalence [%] (humber needed to screen) _ Ratibos in pcrevale.nced
50-54 55-59 60-64 65-69 70-74 Overall Age” Sex” Region
Men
Northern Europe 0.26 (387) 0.49 (204)  0.77 (131)  1.07 (94) 1.51 (67) 0.74 (194) 58 1.6 1.2
Western Europe 0.32 (317) 0.58 (174) 0.87(116) 1.17 (86) 1.60 (63) 0.82 (168) 51 1.8 1.1
Southern Europe 0.35 (289) 0.62 (161)  0.92(109)  1.16 (86) 1.53 (66) 0.84 (157) 44 1.9 1.1
Central and Eastern Europe  0.27 (377) 0.53 (190) 0.83 (120) 1.12 (90) 1.42 (71) 0.69 (204) 54 1.7 1.3
Northern America 0.31 (320) 0.47 (213) 0.62(161) 0.76(132) 1.00(101)  0.56 (207) 32 15 1.6
Central America 0.10 (1041)  0.14(722) 0.18(565) 0.21(471) 0.29(351) 0.16 (715) 30 1.4 5.7
South America 0.15 (684) 0.23(432) 0.34(291) 0.46 (216)  0.67 (149)  0.31 (423) 46 1.3 2.9
Western Asia 0.17 (602) 0.27 (368) 0.39(258) 0.48(211) 0.62(162)  0.31(388) 3.7 16 2.9
South-Central Asia 0.08(1,284) 0.12(862) 0.15(677) 0.17(599) 0.22(466) 0.13 (891) 28 16 7.2
South-Eastern Asia 0.19 (527) 0.31(322) 0.45(220) 0.59(170) 0.82(123)  0.40 (313) 43 17 2.2
Eastern Asia 0.14 (694) 0.24 (422) 0.34(295) 0.41(245) 0.52(192)  0.27 (446) 43 17 2.2
Africa 0.08 (1,207) 0.12(867) 0.14(696) 0.17 (587) 0.20 (496) 0.13 (866) 24 14 7.1
Australia 0.36 (277) 0.66 (152)  0.99 (101)  1.30 (77) 1.77 (57) 0.90 (149) 49 16 n/a
Women
Northern Europe 0.18 (548) 0.30 (336) 0.43 (232) 0.66 (152) 0.94 (107) 0.46 (295) 5.1 n/a 1.2
Western Europe 0.20 (497) 0.31(328) 0.42(238) 0.61(164) 0.85(119)  0.44 (289) 42 nla 1.2
Southern Europe 0.22 (463) 0.33 (307) 0.44 (230) 0.60 (168) 0.79 (128) 0.44 (275) 3.6 n/a 1.2
Central and Eastern Europe  0.19 (536) 0.31(321) 0.43 (231) 0.60 (167) 0.76 (131) 0.42 (306) 4.1 n/a 1.3

(Table 15 continues on the next page)
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(Table 15 continued)

Region or country Prevalence [%] (number needed to screen) _ Ratibos in pcrevalehceUI
50-54 55-59 60-64 65-69 70-74 Overall Age” Sex  Region
Northern America 0.20 (497) 0.28 (360) 0.36(280) 0.51(196) 0.71(142) 0.36 (327) 35 nla 15
Central America 0.07 (1,469)  0.09 (1,071) 0.11(893) 0.16(630) 0.23(434)  0.11(1,027) 34 nla 4.9
South America 0.11 (892) 0.16 (629) 0.23(443) 0.35(283) 0.54(184) 0.23(568) 49 nla 2.4
Western Asia 0.12 (863) 0.16 (609) 0.22(463) 0.29(349) 0.37(270)  0.20 (589) 32 nla 2.8
South-Central Asia 0.05(1,853) 0.07 (1,375) 0.09 (1,166) 0.11(953) 0.14(738)  0.08 (1,357) 25 nla 6.9
South-Eastern Asia 0.11 (903) 0.17 (584)  0.24 (420)  0.34(299)  0.49 (203)  0.23 (545) 45 nla 2.4
Eastern Asia 0.10(1,000) 0.14 (703)  0.18(545) 0.24 (411) 0.32(314) 0.17 (687) 45 nla 2.4
Africa 0.06 (1,626) 0.08 (1,218) 0.10(1,000) 0.12(827) 0.14(703)  0.09 (1,186) 23 nla 6.0
Australia 0.23 (427) 0.38(265) 0.54(185) 0.82(122)  1.16 (86) 0.55 (243) 50 nla n/a

% Weighted sum of age-specific prevalence estimates (population size weights can be found in Appendix 9).
® Ratio in prevalence estimates between the age groups 70-74 and 50-54 years old;

¢ Ratio in overall prevalence estimates between men and women;

4 Ratio in overall prevalence estimates between Australia and other regions.
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4.3.2 Predictive values for CRC screening tests

Table 16 provides the calculated overall PPVs and NPVs for a screening test with various
levels of sensitivities and specificities in the populations of Australia, Germany, the U.S,,
Brazil, Morocco and India. In general, PPVs remain below 15% for any screening test, even in
countries with relatively high CRC prevalence, such as Australia and Germany. In populations
with low disease prevalence (below 0.2%, Morocco and India) all screening tests with the
studied characteristics would perform rather poorly - only a PPV of 2.4-3.5% can be achieved
with a test with 95% sensitivity and specificity. Age-specific PPVs and NPVs for each of the

countries are shown in Appendix 11-Appendix 16.

In Germany, a screening test with a sensitivity and specificity of 90% would result in PPVs of
7.0% in men and 3.6% in women, lower than the positive result from FIT test, which confers
10.5% probability for a true diagnosis for men and 5.2% for women, respectively. PPVs for
the Cologuard test (with 92.3% sensitivity and 86.6% specificity (82)) are very similar to those
with any screening test with sensitivity of 70% and specificity of 90%. A positive result from
the “breath test 2 (80% sensitivity and 70% specificity (4)) in Germany would have PPV of
2.2% in men and 1.1% in women, while a “breath test 1" (85% sensitivity and 94% specificity

(6)) would result into PPV of 10.5% in men and 5.6% in women.

The strong dependence of the PPV especially on the test’s specificity can be seen in Table 16.
Due to low disease prevalence in asymptomatic population, improving specificity of the
screening test from 70% to 90% (at the same sensitivity level) resulted in to 3-fold higher PPV
in Germany, e.g., among men aged 50-74, PPV increased from 2.0% to 5.6% (sensitivity =
70%), respectively. At the same time, an increase in the test’s sensitivity level from 70% to
90% (at 70% specificity) only would add 25 percent to PPV (PPV would increase from 2.0 to
2.5%).
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Table 16. Overall positive and negative predictive values of various screening tests for
colorectal cancer detection in selected countries.

Screening test Positive predictive value [%]® / Negative predictive value [%)]®
(sensitivity /

specificity [%]) Australia Germany the U.S. Brazil Morocco India
Men

Prevalence [%]* 0.90 0.85 0.53 0.30 0.19 0.13
70/70 2.1/99.6 2.0/99.6 1.2/99.8 0.7/99.9 0.5/99.9 0.3/99.9
70/80 3.1/99.7 2.9/99.7 1.8/99.8 1.1/99.9 0.7/99.9 0.5/100
70/90 5.9/99.7 5.6/99.7 3.6/99.8 2.1/99.9 1.3/99.9 0.9/100
80/70 2.4/99.7 2.2/99.8 1.4/99.8 0.8/99.9 0.5/99.9 0.3/100
80/80 3.5/99.8 3.3/99.8 2.1/99.9 1.2/99.9 0.8 /100 0.5/100
80/90 6.7/99.8 6.3/99.8 4.1/99.9 2.4/99.9 1.5/100 1.0/100
90/ 70" 2.6/99.9 2.5/99.9 1.6/99.9 0.9/100 0.6/ 100 0.4/100
90/80 3.9/99.9 3.7/99.9 2.3/99.9 1.3/100 0.9/100 0.6 / 100
90/90 7.5/99.9 7.0/99.9 4.6/99.9 2.7/100 1.7/100 1.1/100
95/95 14.3/100 13.5/100 9.1/100 5.4/100 3.5/100 2.4/100
Breath test 1° 11.2/99.9 10.5/99.9 7.0/99.9 4.1/100 2.7/100 1.8/100
FIT 10.5/99.8 9.9/99.8 6.5/99.9 3.8/99.9 2.5/100 1.7 /100
Cologuard® 5.8/99.9 5.5/99.9 3.5/100 2.0/100 1.3/100 0.9/100
Epi proCoIonf 4.9/99.5 4.6/99.5 2.9/99.7 1.7/99.8 1.1/99.9 0.7/99.9
Women

Prevalence [%]* 0.55 0.42 0.35 0.23 0.13 0.08
70/70 1.3/99.8 1.0/99.8 0.8/99.8 0.5/99.9 0.3/99.9 0.2/100
70/80 1.9/99.8 1.4/99.8 1.2/99.9 0.8/99.9 0.4 /100 0.3/100
70/90 3.7/99.8 2.8/99.9 2.4/99.9 1.6/99.9 0.9/100 0.5/100
80/70 1.5/99.8 1.1/99.9 0.9/99.9 0.6/99.9 0.3/100 0.2/100
80/80 2.2/99.9 1.6/99.9 1.4/99.9 0.9/99.9 0.5/100 0.3/100
80/90 4.2/99.9 3.2/99.9 2.7199.9 1.8/99.9 1.0/100 0.6 / 100
90/ 70" 1.6/99.9 1.2/99.9 1.0/99.9 0.7 /100 0.4/100 0.2/100
90/ 80 2.4/99.9 1.9/99.9 1.6/100 1.0/100 0.6/ 100 0.4/100
90/90 4.7/99.9 3.6 /100 3.1/100 2.0/100 1.1/100 0.7 /100
95/95 9.3/100 7.3/100 6.2 /100 4.2/100 2.4/100 1.5/100

(Table 16 continues on the next page)
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(Table 16 continued)

Screening test Positive predictive value [%]® / Negative predictive value [%)]*
(sensitivity /

specificity [%]) Australia Germany the U.S. Brazil Morocco India
Breath test 1° 7.2/99.9 5.6/99.9 4.7199.9 3.2/100 1.8/100 1.1/100
FIT® 6.7/99.9 5.2/99.9 4.4199.9 2.9/99.9 1.7/100 1.0/100
Cologuard® 3.7/100 2.8/100 2.4 /100 1.6/100 0.9/100 0.5/100
Epi proColon’ 3.0/99.7 2.3/99.8 1.9/99.8 1.3/99.9 0.7/99.9 0.4 /100

% Weighted sum of age-specific estimates using region-specific relative population size weights
(weights can be found in Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

¢ Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).

¢ Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).
¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).

4.3.3 Predictive values for CRC detection — sensitivity analysis

Positive and negative predictive values for CRC prevalences between 0.2 and 3% were
calculated. Based on the results of age- and sex-specific prevalence estimates in various
regions and countries (see Table 15 and Appendix 10), such prevalences would be expected

between different age groups in countries with low and high CRC incidence.

PPVs are presented in Table 17. In general, PPVs exceeded 10% in populations with the
prevalence as low as 1.2, 1.4 and 1.6% for the tests with 90% specificity and 90%, 80% and
70% sensitivities, respectively. Among the actual screening tests, PPVs higher than 10% are
also expected with FIT, Cologuard and Epi proColon in populations with at least 0.8, 1.6 and
2% CRC prevalence, respectively. PPVs of FIT and “breath test 1” are consistently similar —
the difference remains less than 2 percent units for all prevalence levels, with “breath test 1”

performing slightly better than FIT.

Table 18 presents calculated NPVs for prevalences between 0.2 and 3%. In general, NPVs
stayed between 98 and 100% for all tests and between 99.5 and 100% for most of the assessed
scenarios. The NPV drops to 98% only for the Epi ProColon test in populations with at least

2.8% prevalence of preclinical CRC.



Table 17. Positive predictive values for various screening tests for populations with different prevalence of preclinical CRC.

Screening test?

Positive predictive value [%)]

Prevalence [%)] 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
70/70 0.5 0.9 14 1.8 2.3 2.8 3.2 3.7 4.1 4.5 5.0 54 59 6.3 6.7
70/80 0.7 14 2.1 2.7 3.4 4.1 4.7 54 6.0 6.7 7.3 7.9 8.5 9.2 9.8
70/90 14 2.7 4.1 5.3 6.6 7.8 9.0 10.2 114 125 136 147 157 168 17.8
80/70 0.5 11 1.6 2.1 2.6 3.1 3.6 4.2 4.7 5.2 5.7 6.2 6.6 7.1 7.6
80/80 0.8 1.6 2.4 3.1 3.9 4.6 54 6.1 6.8 7.5 8.3 9.0 9.6 10.3 11.0
80/90 1.6 3.1 4.6 6.1 7.5 8.9 10.2 115 128 140 153 164 176 187 198
90/ 70° 0.6 1.2 1.8 2.4 2.9 3.5 4.1 4.7 5.2 5.8 6.3 6.9 7.4 8.0 8.5
90/80 0.9 1.8 2.6 3.5 4.3 5.2 6.0 6.8 7.6 8.4 9.2 10.0 10.7 115 122
90/90 18 3.5 5.2 6.8 8.3 9.9 11.3 128 142 155 168 181 194 206 218
95/95 3.7 7.1 10.3 133 161 188 212 236 258 279 299 318 337 354 370
Breath test 1° 2.8 5.4 7.9 10.3 125 147 167 187 206 224 242 258 274 29.0 305
FIT 2.6 5.0 7.4 9.6 11.7 138 158 176 194 212 229 245 260 275 289
Cologuard® 14 2.7 4.0 53 6.5 7.7 8.9 101 112 123 134 145 155 166 17.6
Epi proColon' 11 2.2 3.3 4.4 54 6.4 7.5 8.4 9.4 104 113 122 131 140 149

% sensitivity [%)] / specificity [%] of hypothetical test or actual test.
® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).
¢ Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
¢ Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
Positive predictive value in grey marks estimates exceeding 5%.
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Table 18. Negative predictive values for various screening tests for populations with different prevalence of preclinical CRC.

Screening test® Negative predictive value [%]

Prevalence [%)] 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

70/70 99.9 998 99.7 99.7 996 995 994 993 992 991 99.0 99.0 989 98.8 98.7
70/80 999 998 99.8 99.7 996 995 995 994 993 99.2 992 99.1 99.0 989 98.9
70/90 999 999 998 99.7 997 996 995 995 994 993 993 99.2 991 99.0 99.0
80/70 999 999 998 998 99.7 997 996 995 995 994 994 993 99.2 99.2 991
80/80 999 999 998 998 997 99.7 996 99.6 995 995 994 994 993 993 99.2
80/90 100 999 999 998 998 99.7 99.7 996 996 995 995 995 994 994 993
90/ 70° 100 999 999 999 999 998 99.8 99.8 99.7 997 99.7 996 99.6 99.6 99.6
90/80 100 999 999 999 999 998 998 998 998 99.7 99.7 99.7 99.7 99.6 99.6
90/90 100 100 999 999 999 999 998 998 998 998 99.8 99.7 99.7 99.7 99.7
95/95 100 100 100 100 999 999 999 999 999 999 999 999 999 998 99.8

Breath test 1° 100 999 999 999 99.8 998 998 99.7 99.7 997 996 996 99.6 995 995

FIT 100 999 999 998 99.8 99.7 997 996 996 995 995 995 994 994 993
Cologuard® 100 100 999 999 999 999 999 999 998 998 998 998 998 99.7 99.7
Epi proColon' 999 998 997 995 994 993 99.2 991 99.0 989 987 986 985 984 983

% sensitivity [%)] / specificity [%] of hypothetical test or actual test.

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

¢ Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).

¢ Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).
¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).

Negative predictive value in grey marks estimates exceeding 99.5%.
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4.4. Results - Gastric Cancer

In the following subchapters, the estimated prevalences of preclinical GC in various
geographical regions and countries are presented, followed by the results on pooled sensitivity
and specificity estimates of breath testing for GC detection derived by meta-analysis. Then,
calculated expected PPVs in various populations achievable with breath testing are presented.
Finally, results describing the expected effect of screening an asymptomatic population of
100,000 individuals with various levels of GC prevalence are given.

4.4.1 Prevalence of preclinical GC

Age-specific and overall prevalence of preclinical GC in various regions of the world together
with NNS to detect one GC are presented in Table 19. The lowest detectable GC prevalences
are expected in Africa, Australia and North America, where only 1 out of >1,095 men (0.05-
0.09%) and 1 out of >2,495 women (0.03-0.04%) aged 50-74 years would have preclinical
GC. By contrast, 1 out of 220 men (0.46%) and 1 out of 608 women (0.16%) in Eastern Asia
are expected to have preclinical GC, followed by Central-Eastern Europe, with GC prevalence
of 0.28% among men and 0.12% among women. Among individual countries, estimated
prevalence of detectable GC was the highest in Korea in all age groups and for both men and
women. Higher than 1% prevalence was estimated for men in Korea and Japan, but only for
those older than 60 and 70 years of age, respectively. Compared to men, substantially lower
GC prevalence was estimated among women, for whom expected overall prevalence varied
from <0.05% in the U.S. and the United Kingdom to around 0.30% in Korea.
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Table 19. Prevalence of preclinical gastric cancer and number needed to screen to detect one
cancer case in various populations.

Region or country

Prevalence [%] (number needed to screen)

50-59 60-69 70-74 Overall®
Men
Northern Europe 0.04 (2,334) 0.13 (779) 0.24 (420) 0.10 (960)
Western Europe 0.05 (1,854) 0.15 (678) 0.28 (362) 0.12 (822)
Southern Europe 0.08 (1,289) 0.21 (480) 0.35 (287) 0.17 (602)
Central and Eastern Europe 0.15 (647) 0.39 (257) 0.60 (168) 0.28 (355)
Northern America 0.04 (2,781) 0.10 (1,018)  0.16 (634) 0.07 (1,385)
Central America 0.06 (1,560) 0.18 (559) 0.31 (320) 0.13 (775)
South America 0.09 (1,137) 0.25 (399) 0.44 (227) 0.18 (557)
Western Asia 0.08 (1,186) 0.22 (458) 0.33 (299) 0.15 (674)
South-Central Asia 0.07 (1,378) 0.17 (585) 0.23 (442) 0.12 (843)
South-Eastern Asia 0.07 (1,494) 0.14 (730) 0.20 (505) 0.10 (993)
Eastern Asia 0.23 (427) 0.62 (161) 1.00 (100) 0.46 (220)
Africa 0.04 (2,846) 0.07 (1,363)  0.11 (944) 0.05 (1,824)
Australia 0.04 (2,541) 0.12 (842) 0.21 (473) 0.09 (1,095)
Korea 0.50 (202) 1.19 (84) 1.60 (63) 0.84 (119)
Japan 0.27 (368) 0.91 (111) 1.54 (65) 0.76 (132)
China 0.22 (446) 0.56 (178) 0.88 (114) 0.41 (245)
Albania 0.18 (547) 0.42 (241) 0.70 (144) 0.32 (310)
Belarus 0.22 (446) 0.58 (174) 0.81 (124) 0.39 (255)
India 0.07 (1,462) 0.16 (609) 0.21 (484) 0.11 (894)
The United Kingdom 0.03 (3,164) 0.11 (905) 0.22 (455) 0.09 (1,115)
The U.S. 0.04 (2,847) 0.10 (1,053) 0.15 (663) 0.07 (1,432)
Women
Northern Europe 0.02 (4,857) 0.06 (1,791)  0.11 (945) 0.05 (2,100)
Western Europe 0.03 (3,341) 0.06 (1,635) 0.11 (879) 0.06 (1,807)
Southern Europe 0.04 (2,771) 0.09 (1,158)  0.15 (668) 0.07 (1,357)
Central and Eastern Europe 0.06 (1,594) 0.16 (637) 0.25 (396) 0.12 (804)
Northern America 0.02 (5,613) 0.04 (2,510) 0.07 (1,469) 0.03 (3,112)
Central America 0.06 (1,751) 0.13 (782) 0.21 (475) 0.10 (1,026)

(Table 19 continues on the next page)
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(Table 19 Continued)

Region or country

Prevalence [%] (number needed to screen)

50-59 60-69 70-74 Overall®
South America 0.04 (2,489)  0.11 (936) 0.21 (480) 0.08 (1,213)
Western Asia 0.05(1,936)  0.13(787) 0.20 (512) 0.09 (1,091)
South-Central Asia 0.04 (2,643)  0.07(1,514)  0.09 (1,175)  0.05(1,919)
South-Eastern Asia 0.03(3,014)  0.07(1,513)  0.09 (1,062)  0.05 (1,990)
Eastern Asia 0.09 (1,171)  0.21 (471) 0.36 (275) 0.16 (608)
Africa 0.02(4,398)  0.06(1,748)  0.07(1,342)  0.04 (2,495)
Australia 0.02(5,177)  0.05(2,020)  0.08(1,180)  0.04 (2,545)
Korea 0.17 (580) 0.39 (256) 0.55 (181) 0.30 (339)
Japan 0.11 (878) 0.25 (400) 0.45 (224) 0.23 (426)
China 0.08 (1,253)  0.20 (496) 0.34 (293) 0.15 (661)
Albania 0.09 (1,062)  0.27 (368) 0.42 (238) 0.20 (508)
Belarus 0.09 (1,157)  0.22 (460) 0.32 (310) 0.17 (605)
India 0.03(2,902)  0.06(1,722)  0.07(1,385)  0.05(2,162)
The United Kingdom 0.02(6,552)  0.05(2,172)  0.09(1,092)  0.04 (2,560)
The U.S. 0.02(5,629)  0.04(2,554)  0.07 (1,505)  0.03 (3,158)

®weighted sum of age-specific estimates (population size weights can be found in Appendix 9).

4.4.2 Performance of breath test for GC detection — meta-analysis

The pooled estimates of sensitivity and specificity of breath tests were derived by meta-
analysis from the studies identified in the systematic review. Details of the study selection
process for the systematic review are shown in Figure 11. In total, 51 papers were identified,
of which 10 remained for full text review after removal of duplicates and application of
eligibility criteria. Of these, 4 reported sensitivity and specificity of breath testing for GC
detection. (7, 96, 167, 202). Further details on the included studies can be found in Appendix
17. Data from a total of 98 GC patients and 255 healthy controls were available to derive
pooled sensitivity and specificity estimates of breath testing for GC detection.
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Records identified by Records identified by Web of
Pubmed: 20 Science: 31
I |
N
[ Total: 51 ]

H 14: Duplicates ]

[ Titles and abstracts reviewed: 37 ]

H 20: Not relevant to the topic

4: Gastric cancer detection using
other than breath samples
Additional papers found

through cross-referencing: H 1: Study on esophageal cancer

0

H 1: Not original study
H 1: Abstract only

[ Full papers reviewed: 10 ]

ﬂstudies excluded due to:

3: comparison of individual compounds between
groups, but no final classification model provided

1: only area under the receiver operating
characteristic curve reported. Sensitivity and
specificity of breath test could be extracted

2: comparison of classification models of individual
sensor array features, but no final classification model

Qrovided /

[ Studies which met inclusion creteria: 4]

Figure 11. Flow diagram for literature search process to identify studies on exhaled breath
analysis for GC detection.

Pooled summary estimates of sensitivity and specificity of breath test performance are shown
in Figure 12. Estimated sensitivity and specificity was 82.7% (CI, 71.0 - 90.4%) and 91.4%
(Cl, 80.4 - 96.5%), respectively.
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Sensitivity Specificity
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Figure 12. Summary pooled estimates of sensitivity and specificity of breath tests for gastric
cancer detection.

4.4.3 Prevalence of GC in populations preselected for screening with breath testing

To estimate the prevalence of GC among those with a positive breath test result, expected
PPVs were calculated combining estimates of sensitivity and specificity derived by meta-
analysis (82.7% and 91.4%, respectively) in different populations with various levels of GC
prevalence. These results and NNS to detect one GC case in prescreened populations are
presented in Table 20. PPVs in the 50-74 year old population varied between 0.5-4.2% in men
and 0.3-1.6% in women, with the highest PPVs in men seen in Eastern Asia, Central-East
Europe and South America, with overall PPVs of 4.2%, 2.6% and 1.7%, respectively. PPVs
between 5 and 14% may be achieved with breath tests in 60 years and older men in Korea,
Japan, Belarus and China and 70 years and older men in Albania. As for the women, overall
PPVs of 1.6 and 1.2% are expected in Eastern Asia and Central-East Europe. Highest PPVs
were estimated for women in Korea and Japan, where estimates increased from >1% up to 5%

between age groups 50-59 and 70-74.

A comparison of the prevalences of preclinical GC in the unscreened populations (provided in
Table 19) and the PPVs, which reflect the prevalences in those prescreened with the positive
breath test (provided in Table 20), shows that the latter estimates are close to 10-fold higher

than the former across all age groups, both sexes, and all populations.

The NPVs consistently stayed between 99-100% in all analyzed populations, regardless of

age, gender and geographical location (Appendix 18).
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Table 20. Positive predictive value of breath test for gastric cancer detection and number
needed to screen to detect one cancer in various geographical regions, by age and sex.

Prevalence [%] (number needed to screen)

Region or country

50-59 60-69 70-74 Overall®
Men
Northern Europe 0.41 (243) 1.23 (82) 2.26 (45) 0.99 (101)
Western Europe 0.52 (193) 1.41 (72) 2.60 (39) 1.16 (87)
Southern Europe 0.74 (135) 1.98 (51) 3.27 (31) 1.57 (64)
Central and Eastern Europe 1.47 (68) 3.65 (28) 5.47 (19) 2.64 (38)
Northern America 0.35 (289) 0.94 (107) 1.50 (67) 0.69 (145)
Central America 0.62 (163) 1.70 (59) 2.94 (34) 1.23 (82)
South America 0.84 (119) 2.37 (43) 4.11 (25) 1.70 (59)
Western Asia 0.81 (124) 2.07 (49) 3.14 (32) 1.41 (71)
South-Central Asia 0.70 (144) 1.63 (62) 2.15 (47) 1.13 (89)
South-Eastern Asia 0.64 (156) 1.31 (77) 1.88 (54) 0.96 (104)
Eastern Asia 2.22 (46) 5.69 (18) 8.92 (12) 4.18 (24)
Africa 0.34 (296) 0.70 (143) 1.01 (99) 0.53 (191)
Australia 0.38 (265) 1.13 (89) 2.00 (50) 0.87 (115)
Korea 4.60 (22) 10.42 (10) 13.54 (8) 7.46 (14)
Japan 2.57 (39) 8.12 (13) 13.11 (8) 6.76 (15)
China 2.13 (48) 5.19 (20) 7.92 (13) 3.77 (27)
Albania 1.74 (58) 3.87 (26) 6.36 (16) 3.01 (34)
Belarus 2.13 (48) 5.30 (19) 7.33 (14) 3.64 (28)
India 0.66 (153) 1.56 (64) 1.96 (51) 1.07 (94)
The United Kingdom 0.30 (329) 1.06 (95) 2.09 (48) 0.86 (117)
The U.S. 0.34 (296) 0.91 (110) 1.44 (70) 0.67 (150)
Women
Northern Europe 0.20 (505) 0.54 (187) 1.01 (99) 0.46 (219)
Western Europe 0.29 (348) 0.59 (171) 1.09 (92) 0.53 (189)
Southern Europe 0.35 (288) 0.83 (121) 1.43 (71) 0.71 (142)
Central and Eastern Europe 0.60 (166) 1.49 (67) 2.39 (42) 1.18 (85)
Northern America 0.17 (583) 0.38 (261) 0.65 (154) 0.31 (324)
Central America 0.55 (183) 1.22 (82) 2.00 (51) 0.93 (108)
South America 0.39 (259) 1.02 (98) 1.98 (51) 0.79 (127)
Western Asia 0.50 (202) 1.21 (83) 1.85 (54) 0.88 (115)

(Table 20 continues on the next page)
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(Table 20 continued)

Prevalence [%] (humber needed to screen)

Region or country

50-59 60-69 70-74 Overall®
South-Central Asia 0.36 (275) 0.63 (158) 0.82 (123) 0.50 (200)
South-Eastern Asia 0.32 (314) 0.63 (158) 0.90 (111) 0.48 (208)
Eastern Asia 0.82 (123) 2.02 (50) 3.41 (30) 1.56 (65)
Africa 0.22 (457) 0.55 (182) 0.71 (140) 0.39 (260)
Australia 0.19 (538) 0.48 (211) 0.81 (124) 0.38 (265)
Korea 1.64 (61) 3.66 (28) 5.09 (20) 2.76 (37)
Japan 1.09 (92) 2.36 (43) 4.15 (25) 2.21 (46)
China 0.77 (131) 1.91 (53) 3.20 (32) 1.44 (70)
Albania 0.90 (111) 2.56 (40) 3.92 (26) 1.86 (54)
Belarus 0.83 (121) 2.06 (49) 3.03 (34) 1.57 (64)
India 0.33 (302) 0.56 (180) 0.69 (145) 0.44 (225)
The United Kingdom 0.15 (680) 0.44 (226) 0.88 (115) 0.38 (267)
The U.S. 0.17 (585) 0.38 (266) 0.64 (157) 0.30 (329)

dweighted sum of age-specific estimates (population size weights can be found in Appendix 9).
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4.4.4 Predictive values for GC detection — sensitivity analysis

To consider different performances of breath tests, predictive values for tests with various
levels of sensitivity and specificity were calculated for selected countries and can be found in
Appendix 19. With a test having 70% sensitivity and 70% specificity, overall PPVs stayed
below 2% in all countries. In countries with low GC prevalence (India, the U.S. and the United
Kingdom), PPVs reached up to 1-2% only for 70-74 year old men and only with tests having
at least 90% specificity. For 70-74 year old women, even a screening test with 90% sensitivity
and 90% specificity would yield PPVs <0.4% in these countries. Overall PPVs higher than 5%
would be expected in men in Korea and Japan for tests with 90% specificity, while PPVs in

women for the same screening tests would remain below 3%.

4.5.  Screening a population of 100,000 individuals

Expected results when using breath testing (sensitivity of 82.7%, specificity of 91.4%) to
screen 100,000 individuals with various GC prevalence levels are presented in Table 21. In
general, PPVs, i.e., expected prevalences of preclinical GC after prescreening by breath testing
with a positive result, are consistently close to 10-fold higher than the corresponding
prevalences in the total population without prescreening, with PPVs ranging from 0.1% to
13.5% compared to population-wide prevalences between 0.01% and 1.6%. The NNS to detect
one GC are less than 100 in the population with initial GC prevalence of 0.1%. The expected
number of total positives is hardly affected by GC prevalence, with around 9-10% of the total
screened population having a positive result from breath tests. Among those with a negative

test result (around 90% of the total population), >99.7% would truly be GC-free individuals.



Table 21. Screening with breath tests 100,000 individuals with various gastric cancer prevalence

Pre"[ﬁi’]ance GC HC NNS? TP ™ FN FP Tc')\:? l pos'tlv(j: P[E;O\]/C ’\EOPA)\]/d NNS®
0.01 10 99,990 10,000 8 91,391 2 8,599 8,607 8.6 0.1 100 1,000
0.03 30 99970 3,334 25 91,373 5 8,597 8,622 8.6 0.3 100 334
0.06 60 99,940 1,667 50 91,345 10 8,595 8,645 8.6 0.6 100 167
0.09 90 99,910 1,112 74 91,318 16 8,592 8,666 8.7 0.9 100 112
0.1 100 99,900 1,000 83 91,309 17 8,591 8,674 8.7 1.0 100 100
0.3 300 99,700 334 248 91,126 52 8,574 8,822 8.8 2.8 99.9 36
05 500 99,500 200 414 90,943 87 8,557 8,971 9.0 4.6 99.9 22
0.7 700 99,300 143 579 90,760 121 8,540 9,119 9.1 6.3 99.9 16
0.9 900 99,100 112 744 90,577 156 8,523 9,267 9.3 8.0 99.8 13
1.0 1,000 99,000 100 827 90,486 173 8,514 9,341 9.3 8.9 99.8 12
1.2 1,200 98,800 84 992 90,303 208 8,497 9,489 9.5 10.5 99.8 10
1.4 1,400 98,600 72 1,158 90,120 242 8,480 9,638 9.6 12.0 99.7 9
1.6 1,600 98,400 63 1,323 89,938 277 8,462 9,785 9.8 13.5 99.7 8

FN, false negative; FP, false positive; GC, gastric cancer; HC, healthy controls; N, number; NNS, number needed to screen; NPV, negative
predictive value; PPV, positive predictive value; TN, true negative; TP, true positive.

®NNS =1/ prevalence * 100. Number needed to screen to detect one gastric cancer case before preselection by breath testing.
® Total positives = TP + FP

PPV =TP /(TP + FP) *100

NPV = TN/ (TN + FN) *100

®NNS =1/ PPV * 100. Number needed to screen to detect one gastric cancer case after preselection by breath testing.
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5. Discussion

In this chapter, the results of the systematic literature review on cancer detection with exhaled
breath analysis, potentially important covariates to be considered in breath analysis and the
potential of breath testing for cancer screening are discussed in the context of recent literature.
Strengths and limitations of the research are discussed, followed by an outline of current

challenges and the recommendations for further research.

5.1. Systematic review on breath analysis for cancer detection

Results of my systematic review present a comprehensive up-to-date overview of studies on
diagnostic performance of VOCs in cancer detection, paying particular attention to breath
sample collection, storage and analysis methods, whose standardization is a critical step
toward the practical breath analysis application. My review identified 73 studies which used
breath analysis for classification of cancer cases and controls or analyzed individual VOCs in
exhaled breath of cancer patients and healthy individuals. The majority of the studies focused
on lung cancer; however, recent reports addressed other common malignancies including
breast, gastric and other types of cancer. In general, very good diagnostic performance of
breath tests was reported. At the same time, it is notable that 25% studies lacked appropriate
correction for overoptimism (i.e., meaning that reported results might have been achieved by
the model overfitting the study population of that study), and studies exhibited large variation
with respect to breath analysis techniques as well as data analysis methods. Based on the
available published evidence, VOCs seem to hold a great potential in cancer diagnostics;
nevertheless, the role of these markers for cancer screening needs to be examined and
confirmed in large scale studies conducted in real life screening setting in diverse populations.

Despite the fact that it has been known for decades that hundreds of VOCs are present in
human breath (131), the studies reporting diagnostic performance of breath testing for cancer
detection accumulated only in the last decade. In the 1980s, the first studies reported higher
levels of some volatiles in the breath of lung cancer patients (66, 126, 148), whereas nowadays
breath analysis is employed to detect various types of cancer, including cancers of the ovaries
(8), thyroid (68), prostate (133) and the colon (4, 6). This is mostly due to better understanding
of the origin of individual VOCs and their connection to carcinogenesis, as well as due to

establishment of new analysis techniques (mainly e-noses) allowing faster and cheaper
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recruitment of patients and easier data handling compared to standard GC-MS analysis.
Nevertheless, MS methods are still often used, e.g., among the studies included in the
systematic review that were published in 2015, three used e-noses and two used MS
techniques. According to the analysis method, studies on exhaled breath analysis can be
grouped into two categories: studies using e-noses that aim to establish evidence on practical
application of breath analysis for cancer detection, and studies with MS techniques that aim
also to potentially find cancer-specific biomarkers in exhaled breath. Both of these directions
are important, and the combination of these techniques is also possible, where specific VOCs
identified by MS techniques can be used to select sensors in e-noses most sensitive to target

compounds (133).

Regardless of the analysis technique, breath sample collection and storage are challenging
tasks. Several different storage containers were used by the studies included in this systematic
review (e.g., Tedlar bags, Bio-VOC samplers, Tenax sorption tubes) that are not equally suited
for storage (in case analyses are not performed immediately after the collection). The stability
of compounds in different bags has been investigated (23, 123, 124), which showed that some
polar compounds, including water, diffuse rather quickly through Tedlar bag walls, while
other compounds are quite stable. Aldehydes were shown to be rather stable in Bio-VOC
sampler in the first 10 hours after collection (147). Sample storage times in studies included in
this review were generally very short — the five studies which exceeded few months for
storage, used thermal sorption tubes which were shown to be suitable for long-term storing
(9). Apart from loss of compounds due to diffusion through the bags' walls, some compounds
might be released by the bags themselves and accumulate in the collected air sample (120).
The absence of compounds possibly lost due to long storage and the presence of artificial
compounds arising from the storage container makes direct comparison of breath analysis
results rather complicated, which calls for the need of standardized sample storing protocols to
be established.

Reusing the same bag might represent another challenge as flushing and heating do not
remove some of the compounds from Tedlar bag (117). Finally, concentration of VOCs also
strongly depends on the breath collection method. Alveolar breath has higher levels of exhaled
components than the whole breath without separation (121, 187) and also the lowest

concentrations of contaminants (164). While the majority of the studies included in this
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systematic review used alveolar breath, deep breath or normal breath were also analyzed. This
might have resulted in different VOCs to be present in breath samples, as low concentrations

VOCs might be detected only in alveolar breath.

Overall, standardization of the breath collection process appears crucial for further advances in
breath-based biomarker research. Additionally to ambient air analysis or lung washout before
breath sampling (93, 155) (which were done by 44 and 18 studies in this systematic review,
respectively (8 studies did both)), other standardization processes including recommendations
for sample storage in thermal desorption tubes or ways to avoid some covariates while
recruiting hospital personnel rather than healthy individuals outside the hospital were recently
suggested as well (9). However, the latter suggestion might increase the risk of other biases,

such as selection bias.

A key issue in the analysis of high dimensional data such as those obtained from breath
analysis is rigorous control for overoptimism by internal and/or external validation. Internal
validation by performing, for example, random sample split or leave-one-out cross-validation
can help to initially verify a classification model, but does not guarantee good performance
once a different study population is targeted (84, 180). Therefore, external validation is a
particularly important step in which the performance of a classification model is demonstrated
on a population different from the one the model was calibrated with. Only 6 studies out of 73
reported performing external validation. Currently, the replication of the results in breath
analysis remains challenging as different methods and analysis techniques are being used by
different research groups. In fact, different results were achieved even in the same study while

applying different computational approaches for data analysis (50, 74).

Identifying factors potentially influencing a classification model for breath analysis are
another challenge, as little is known about covariates that should be taken into account. Both
significant differences as well as non-significant associations between VOCs measured with
MS techniques and age, gender and smoking status were reported (62, 97, 101, 141, 198),
suggesting that these factors might be important to consider when building a classification
model for cancer detection with data from MS techniques. On the other hand, results of
"breath-prints™ pattern analysis with e-nose showed to be insensitive to various covariates
including the ones mentioned above (71, 133). Still, it will require further research to clarify

factors that may influence study results using electronic nose. While matching or adjusting for
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covariates is crucial for evaluating the discriminatory potential of VOCs per se, combined use
of VOCs and covariates may provide the most powerful discriminatory algorithms for

screening practice.

To date, despite of research ongoing for several decades, cancer-specific biomarker has not
been discovered in exhaled breath, and the set of reported VOCs varies considerably among
the studies. The same VOCs were reported for several cancer sites, such as formaldehyde
(methanal) in studies on breast (55), prostate and bladder cancers (177), suggesting that breath
analysis might be sensitive not to a specific cancer site, but rather cancer in general.
Outstanding diagnostic performance has been reported for certain single markers in individual
studies (e.g.., hexadecanal for lung cancer (209)); however, enhanced accuracy for
classification of cancer cases and controls is likely to be achieved by the combination of
several compounds. Potential metabolic pathways for volatiles to arise in the body and their
transformations in a blood-breath pathway were addressed by Haick et al. (70), yet, further

research is needed to fully understand the origin of VOCs and their connection to cancer.

A particular strength of this systematic review is that it includes all cancer sites and analysis
methods in contrast to previous studies (31, 125, 152, 182) which were selective. Since the
publication of the review, breath testing studies for cancer detection were published on CRC
(6), GC or oesophageal cancer (167, 208) and lung cancer (64, 139, 159, 161). | extensively
discuss key shortcomings of methodological issues, such as correction for overoptimism,
performance of the validation studies and influence of potentially relevant covariates.
Nevertheless, this review has certain limitations that need to be acknowledged. Despite a
comprehensive research in two independent databases, | cannot rule out the possibility of
having missed relevant studies. Standardized summarization by meta-analysis and presentation

of results was hampered by heterogeneity in the reporting in the original studies.

In conclusion, breath analysis is a young field of research with great potential in cancer
screening. In order to foster implementation in practice, larger studies should be implemented
in true screening settings, paying particular attention to standardization in breath collection,
consideration of covariates, adjustment for overoptimism, and validation in independent
population samples. With further advancements in the area, breath tests may have the potential

to become a useful supplement and improve existing screening tools for a variety of cancers.
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5.2.  Association analysis of VOCs in breath with various factors from the
questionnaire data

Using exhaled breath analysis data from one of the biggest cohorts on cancer-free individuals
conducted so far, | investigated whether socio-demographic factors, lifestyle factors, medical
conditions and dietary patterns are associated with individual volatile compounds in exhaled
breath. Univariate analysis revealed that all of 14 analyzed VOCs are associated with at least
one of the analyzed factors. Statistically significant associations were found for gender and
nationality, as well as 10 out 26 analyzed food items, including coffee, onion leaves and
garlic. No significant associations were found between VOCs and vegetables or fruit
consumption, and neither for smoking. Same volatiles were associated with several factors,
such as VOC 6 with gender, nationality, consumption of coffee and onion leaves and presence
of gastroduodenal ulcers. Further research is needed to confirm the results from my analysis in
independent study populations. Further research is also needed on less common VOCs that

were not analyzed in the current work.

So far, reported results of breath analysis for cancer detection were based on rather small
sample size (number of participants in the studies varied from 14 to 477, see chapter 2), which
rendered the investigation of the influence of covariates on breath test results virtually
impossible. Studies on healthy, i.e., cancer-free, individuals are particularly suitable to
investigate the role of covariates for breath analysis, as it is easier to achieve larger sample
sizes. However, due to the batch effect that appeared in GC-MS analysis time in this study, |
limited statistical analysis to the compounds that were present in all batches, i.e., common
compounds. In total, 14 VOCs were included and 10 of them were present in more than 89%
of the samples. Analysis of the common compounds prohibits finding significant associations

for rare events, such as rare VOCs specific to the particular factor, e.g., underlying disease.

Recently, Blanchet et al. used GC-MS analysis to examined the profiles of VOCs in exhaled
breath of 1,417 healthy individuals, and correlated these VOC profiles to 14 characteristics of
all participants, including age, sex, BMI, smoking prevalence and various blood measurements
(26). Statistically significant associations were demonstrated between VOC profiles and
smoking, as well as age, BMI and gender. No associations between VOC profiles and standard
blood measurements, such as blood cell counts, were found. While this large study aimed to
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investigate potential covariates on breath analysis, results need to be confirmed in independent

populations when using same analysis approaches.

A previous review on the impact of dietary factors on the composition of exhaled breath from
2013 concluded that diet has an impact on the composition of exhaled breath (2). General
recommendations are to use standardized breath collection and analysis protocols in order to
minimize any distortion of breath analysis results, including the ones that might occur due to
recent food intake (e.g., breath sampling in the morning before breakfast is recommended). A
study using repeated stool samples from individuals switching from normal to gluten-free diet
demonstrated changes in the composition of the gut microbiome and alterations in the activity
of microbial pathways (27). Differences corresponding to gluten-free diet could also be
measured in significant changes in concentrations of 12 VOCs identified in exhaled breath
(18). Gluten-free diet is primarily used to treat celiac disease; however, among 1,447
individuals included in my study, only one had celiac disease. Differences in diet in diverse
populations are well-known, e.g. consumption of dairy products is less common in South-
Eastern Asia, where more than 80% of populations are lactose intolerant compared to only 1%
in the Netherlands, for example (122, 171). However, data on breath VOCs related to those
diet regimes remain sparse. Overall, 2 individuals reported to follow gluten-free diet (not
including the person with celiac disease, who indicated having normal diet), and very low
frequencies of other common diets were reported — vegetarian (N=2), vegan (N=1) and
lactose-free (N=0) — that made further statistical analysis regarding exhaled breath VOCs and

major dietary differences as a whole impossible.

Composition of exhaled breath between diverse populations was investigated by Amal et al.
(5), where individuals in two remote geographical locations (Latvia and China) were recruited
with the primary goal of GC detection through exhaled breath analysis. Variation in VOC
concentrations between Caucasian and Asian populations was observed, and authors reasoned
that genetics and nutrition might be linked to these findings. The gut microbiome is closely
connected to nutrition, and the presence of VOCs released by gut microbiota in exhaled breath
is highly expected. A study on VOCs in exhaled breath and colonoscopy use investigated
whether bowel cleansing has an effect on breath volatolome, and demonstrated that
individuals before bowel cleansing can be separated from individuals after bowel cleansing

(two repeated measurements of the same individuals) with 74% diagnostic accuracy (103).
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The authors concluded that bowel cleansing has an effect on breath volatiles and therefore

needs to be considered in breath testing.

My study is one of the largest studies to-date on exhaled breath samples from cancer-free
individuals. However, despite of similarities between my analysis and the study by Blanchet et
al. (26), including similar study population size (1,447 and 1,417 healthy individuals,
respectively), as well as several overlapping analyzed factors (e.g., smoking, BMI), the direct
comparison of the results is restrained due to differences in the used analysis approaches. In
my analysis, individual VOCs were analyzed, whereas in the study by Blanchet et al. all
VOCs together as profiles of breath samples were used. Furthermore, in my analysis | focused
on common compounds and 71% of VOCs (10 out of 14) were present in 89-100% of study
participants, while VOCs in at least of 20% of participants were included in the analysis by
Blanchet et al.

My study has several limitations that need to be addressed. First, multiple GC-MS data
preparation steps were performed to ensure the consistent list of VOCs between individual
files, and several decisions of these data preparations steps were based on visual data
inspection by one person, i.e., myself. However, all questions that arouse during the data
preparation phase were thoroughly discussed and determined with the experts in the
TECHNION group, who performed GC-MS analysis, as well with an expert from Maastricht
University, who also participated in the study by Blanchet et al (26).

| performed univariate analysis to estimate associations between individual VOCs identified in
exhaled breath and factors of interest determined from the questionnaire data. Univariate
analysis was used to fit a two-part test that is particularly designed for data with many zeroes,
such as mass spectrometry data (98). In MS, zeroes or missing data appear when a specific
peak or VOC is not present in that sample (true “zero”) or due to technical reasons, such as
peak concentration below detection limits. General solutions for dealing with zeroes in data
are imputation, which works reasonably well if missing values are up to 20% (79, 194), or
statistical tests which can handle missing data (two-part tests). Two-part models combine the
information from a binomial test for the difference in the proportion of zero/non-zero values in
a data and from a parametric or non-parametric test for the difference in means of the
continuous components. Without any distributional assumptions for the continuous part, two-

part Wilcoxon test, which was used in my analysis, shows good overall properties (65, 184).
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Study participants provided self-reported information in the study questionnaires, which
means that inaccurate recall or reporting may have been present, for example with items that
carry negative attributes (e.g., heavy alcohol consumption might be underreported (176)).
Nevertheless, recruitment of the participants in this study was conducted in the morning after
fasting, and self-reports for the alcohol use are generally accurate if conducted under
controlled conditions, e.g., collecting data from sober individuals (13). Also, questionnaire
data collection was done together with breath sampling and calculated frequencies of yearly
food item’s consumption might not directly reflect the composition of analyzed compounds in
exhaled breath in my analysis. For example, frequency of the consumption of seasonal food

items (e.g., local fruits) might be underestimated.

Caution is needed interpreting the results on medication use. Available data allowed grouping
study participants into two categories, i.e., whether individuals used certain medication over
the last month or not. However, exact information was lacking on the date when the
medication was taken and the period between medication usage and breath sampling, as well
as the interval length of the medication use and the reason why the person took that treatment

was unknown.

The usage of acid reduction drugs (including proton pump inhibitors) one month before
sampling was indicated by 199 individuals. Proton pump inhibitors relieve symptoms of acid
reflux or gastrooesophageal reflux disease. However, these diseases were not recorded in the
questionnaire — only the presence of gastroduadenal ulcers was available, and it was indicated
by 180 individuals. Data on these medications were collected to match the purpose of the
GISTAR study (evaluate the changes in GC mortality due to H. Pylori eradication). However,
high number of individuals (13.6%) reporting usage of acid reduction drugs suggests that the

presence of some medical conditions was not recorded.

In summary, associations between volatile compounds in exhaled breath and socio-
demographic factors, lifestyle factors, medical conditions and dietary patterns were
investigated using data on 1,447 healthy individuals. Numerous analyzed associations were
found to be significant, including associations of several VOCs with gender, nationality and
consumption of certain food items, such as coffee and onion leaves. Taking together these
results suggest that nutrition seems to be an important factor modifying breath composition.

Further research is needed to determine whether individuals VOCs or composition of all
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VOC:s together can be truly attributed to any socio-demographic factors or lifestyle factors or

dietary patterns.

5.3.  Preselection of screening populations with breath tests

To my knowledge, the prevalence of preclinical CRC and GC by age and sex in various
populations has not been estimated before. The same applies to PPVs, reflecting the
prevalence of cancer of interest in the populations preselected with non-invasive testing.
Substantial variation was demonstrated in the prevalence of preclinical CRC and GC between
geographical regions and countries, and consistent variation was found between men and
women and different age groups. As a consequence, PPVs for screening tests were found to
vary substantially between countries, while NPVs were generally high (mostly >99%) in all
populations. My results show that the prevalence of GC in the populations prescreened by
breath testing is expected to be approximately 10-fold higher than prevalence before
prescreening, which provides clear demonstration that preselection of the average risk
population for further, more invasive screening, might be a promising approach to enhance

effectiveness and cost-effectiveness of current screening programs.

Currently, no preselection criteria are used in GC screening programs, and CRC screening
programs, while often offering prior testing with FITs, suffer from low participation rates. For
example, a participation rate as low as 7% was reported from Belgium (91). Extensive
research is going on regarding the development and evaluation of novel non-invasive
screening tests, using a variety of different approaches, such as stool, blood, urine and breath
sample-based testing, while addressing different molecular targets, such as genetic, epigenetic
or proteomic markers (3, 11, 76, 204). Breath testing may be particularly suitable for mass
screening due to its non-invasiveness, potentially low cost and easy sampling processes.
However, there are uncertainties on potentially influencing factors for breath analysis.
Prevalence of these factors is expected to vary between different populations. Nevertheless,
studies using sensor array technologies demonstrated that differences in age, sex and smoking
prevalence between study groups have no influence on the results (7, 71, 133, 202). Further
validation of already published results in diverse populations together with more thoroughly
exploring of potential influencing factors for breath analysis remain essential steps in

establishing breath tests-based screening.
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Caution is required when diagnostic performance of a screening test is derived from the
published literature. The sensitivity and specificity of new screening tests are often estimated
in case-control studies, conducted in clinical settings and comparing clinically manifest cases
with healthy controls. Such studies may often overestimate sensitivity to be expected in a
screening setting (48). While a case-control setting facilitates evaluation of test performance
for rare conditions, such as specific cancers, clinically detected cancers often differ from
screening-detected cancers in many respects in general. In particular, there is often a shift of
the stage distribution towards more advanced cases that may result in overestimation of
sensitivity compared to a true screening setting. For example, reported sensitivity of Epi
proColon for detection of CRC ranged from 67 (196) to 96% (83) in case-control studies
compared to only 48% (the estimate | used in my analyses) when the test was validated in an
average-risk population (42).

Particular caution is warranted regarding the interpretation of PPVs reported from case-control
studies. Such PPVs, if not adjusted for the actual prevalence in a given population, are often
very high, sometimes even reaching 99-100% (185, 193). These seemingly high PPV levels
are due to the high “prevalence” of the disease in the study population which results from the
ratio of cases and controls determined by study design. As demonstrated in my results, even a
CRC screening test with sensitivity and specificity of 95% would result in PPVs below 10%
even in most populations with relatively high CRC prevalence. Caution is also required when
PPVs are reported from studies oversampling older adults within the target population from
the studies conducted in a screening setting, such as in a study on the Cologuard test (82),
which may lead to overestimation of the PPV due to the higher prevalence of CRC at older
ages. My results may therefore help to provide more realistic estimates of PPVs to be expected
in population-wide screening than those reported in many diagnostic studies.

With the results provided here (e.g., Table 16), expected realistic PPVs and NPVs in different
populations for any new test with known sensitivity and specificity can be easily estimated.
For example, a blood test based on a 29-gene expression panel for CRC detection, with
reported sensitivity of 79.5% and specificity of 90% (44), would have PPVs of around 4.1% in
men and 2.7% in women and NPVs of 99.9% in both genders in the average-risk population of
the U.S.
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Several limitations have to be kept in mind when interpreting these results. Firstly, only
limited data on transition rates from preclinical to clinical CRC and GC were available in the
literature, and | applied the same annual transition rates for CRC as well as for GC in all
populations. While transition rates might differ somewhat in distinct populations, reported
transition rates for CRC development from few other countries, including the U.S. and France
(99, 100, 149, 178, 181, 188), are in a similar range as those reported from Germany (32)
(annual transition rates used in my analysis), suggesting that CRC development speed may not
differ much between populations. The most precise available data on transition rates between
preclinical to clinical GC were used (14), although these data were available only for men, and
cancer development speed was assumed to be similar for women. While a transition rate
between preclinical and clinical GC stages has been reported for women aged 50-59 (15), this
estimate was rather imprecise due to the low number of GC cases, therefore these data were

not considered in my study.

Furthermore, | estimated a point-prevalence of preclinical CRC and GC, i.e. corresponding to
the year 2012. Changes in cancer prevalence and incidence over the time will affect the
relevance of derived predictive values. CRC incidence remains stable or even decreases in
highly developed countries, whereas incidence rates are rising rapidly in low- and middle-
income countries due to populations’ aging and adoption of Western lifestyle (12), suggesting
that screening for CRC will remain an important part in controlling the cancer burden. On the
contrary, incidence of GC worldwide is declining mainly due to decreasing levels of H. Pylori
infection and further declines in GC incidence are expected in the future (24). As a result, the
expected predictive values for GC screening tests will also decline over time with decreasing
GC incidence. Utilization of highly sensitive and specific tools to preselect subpopulations for
GC screening will become compulsory to make screening effective and the value of breath

testing may strongly increase.

Implementation of new CRC screening programs in countries shortly before the year 2012
could theoretically have artificially increased numbers of “incident” cancer cases, resulting in
apparently larger numbers of preclinical cancers and higher PPVs. This particularly applies for
derived CRC prevalence estimates in countries where screening was implemented in 2012,

e.g. Ireland, Norway and Malta (163). However, for this to have a substantial impact,
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presumably a powerful screening tool (e.g. sigmoidoscopy or colonoscopy) and high uptake of

screening would be required, which is not known to have occurred.

Screening tests are known to have different sensitivities for cancer subtypes. For example,
FITs are more sensitive for the detection of left-side colon cancer compared to right-side colon
cancer (73). While cancer subtype-specific prevalence estimates as well as cancer subtype-
specific PPVs would be beneficial for health care planners, such estimates could not be
derived given the lack of available data. However, variation between the proportions of colon
and rectum cancers between men and women and different age groups have been described
(69, 170), as well as variation between cardia and non-cardia GC prevalences (45), which may
be an additional source of variation in predictive values for tests whose diagnostic
performance varies for cancer subtypes. Performance of breath tests for small cell and non-
small cell lung cancer were reported (46, 115); however, to my knowledge, no studies on
exhaled breath analysis addressing CRC or GC-specific subtypes are available. Future
research will be required to assess the extent to which population level variation in cancer

subtypes may affect the potential performance of screening programs.

Other cancer type-specific limitations of my work include that | exclusively focused on the
prevalence of preclinical cancer, while detection and removal of precancerous lesions, such as
AA in CRC screening, is an important screening component (34, 128, 166). Removal of AA
prevents their further development to CRC, and for this reason CRC screening generally
targets not only cancers but all advanced neoplasms (CRC and AA). Data on performance of
breath testing for AA detection are sparse, with only one study reporting 91% diagnostic
accuracy for classifying CRC and AA, and 94% for classifying AA and healthy individuals
(6), and PPVs for AA detection could not be estimated. Nevertheless, the expected PPVs for a
combined endpoint of advanced neoplasms, i.e., either CRC or AA, would be much higher
than PPVs for CRC only, given a much higher prevalence of advanced adenomas in screening
populations (33, 156).

Furthermore, specific issues related to estimation of breath testing performance for GC
detection should be discussed. | derived estimates of breath testing performance from 4 studies
which used different analytical approaches to develop their GC detection models, including
pattern recognition of different sensor array data, as well as identification of individual

compounds in exhaled breath with analytical methods. While standardized procedures for
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breath sampling, analysis and interpretation of the results are yet to be agreed upon, 1, like
others, used a general term “breath testing”. With the understanding that the target of all
currently available breath analysis methods is differences in breath composition, this
approach, and derivation of summary estimates of diagnostic performance appears justified.

Finally, more comprehensive modeling is required to estimate the overall effectiveness of a
certain screening strategy in a particular population. Such analyses which can best be
performed by microsimulation models need to take multiple additional factors into account,
including time trends in cancer incidence, the composition of and changes in the underlying
population’s age structure, and effects of the screening program modalities on the detection
(and removal) of cancer precursors, as well as resulting cost implications. While such
modeling is beyond the scope of the work presented here, the detailed estimates of prevalence
of preclinical CRC and GC together with PPVs by sex and age should be helpful to inform

such models.

In summary, | estimated prevalences of preclinical CRC and GC cases in the target population
for screening in various regions of the world and found substantial geographic-, age- and
gender-specific variation. | demonstrate that these variations profoundly affect the expected
PPVs, and thereby the actual performance of screening tests. My analyses also provide
valuable, up-to-date information on the potential of using breath testing as a non-invasive
prescreening tool for preselecting average-risk people for CRC and GC detection with more
invasive and costly screening procedures, such as colonoscopy and UEG, respectively. My
results suggest that prescreening by breath testing might be a promising tool to achieve or
enhance effectiveness of screening programs. However, further validation of breath testing
results derived from diverse populations in screening setting is needed to fully determine the
value and potential of breath testing for cancer screening. In addition, comprehensive
modeling studies are required to evaluate effectiveness and cost-effectiveness of various
conceivable approaches to population-based CRC and GC screening by breath testing in
detail.

5.4.  Conclusion

As of today, individual cancer-specific biomarkers in exhaled breath are not discovered yet.

Cancer detection through exhaled breath analysis may only be possible based on systematic
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and consistent differences in the “breath print” of cancer patients and cancer-free individuals,
as opposed to usual screening tests that look for specific markers, such as blood in stool

(FITs), for example.

Mass spectrometry has allowed the identification of several compounds already that are
potentially related to cancer metabolism, but reported compounds are not unique for a specific
cancer site or not even for cancer in general, suggesting that a combination of inflammatory,
oxidative stress and other markers all together might contribute to a sensitive discriminatory
model to distinguish between cancer patients and controls.

Standardization of breath sampling, storing and preprocessing of data will be essential to
increase the quality of studies and derive reproducible and verifiable results. Further research
is also required on the influence of covariates on breath analysis results, specifically, whether
common factors that are present in general population (for instance, smoking) also affect the

discriminatory value of a cancer detection model.

Overall, MS data are enormously complex, and sample collection, storing and analysis are
time consuming and expensive, that makes exhaled breath analysis with MS methods not
suited for the mass screening. In cancer screening, a large throughput sampling protocol of
participants is required and “breath-print” pattern recognition by electronic noses is the
method most likely to be used for practical applications. Well-defined and accepted breath
sample handling and analysis protocols are also required for e-noses. Nevertheless, despite of
diversity between the published studies in all these aspects, the results on reported diagnostic
performance of breath testing for cancer detection are promising. E-noses, while being fast
and easy to handle tools, are particularly suitable for mass screening. Screening asymptomatic
average-risk population with breath testing and preselecting subpopulations for further

invasive testing could make screening effective even for rare cancers.

In conclusion, with further improvements in the field, breath testing could be used to preselect
high-risk populations for further invasive testing and substantially reduce the number of
following invasive and costly procedures. Further research is needed to confirm breath testing
diagnostic performance in diverse populations using standardized procedures for breath

sampling, storing and analysis methods.
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6. Summary

Cancer is a leading cause of death worldwide. Early detection is essential to improve
successful treatment and reduce cancer mortality, and cancer screening in the asymptomatic
general population might be a particularly promising approach to achieve this goal. However,
direct screening of the asymptomatic population may be suboptimal due to potential harms
arising from the invasiveness of the screening methods, high resource utilization and cost.
There is a need for reliable non-invasive screening tools that can preselect high-risk
populations for further invasive screening and that could achieve high levels of adherence at

virtually no risk in population-based screening.

The aim of this dissertation is to provide further insight into exhaled breath analysis for cancer
detection and to explore the potential of non-invasive breath testing for cancer screening.

First, a systematic literature review was performed to summarize the current state of exhaled
breath analysis for cancer detection. Overall, 73 studies were identified that focused on
detecting cancers through exhaled breath, including common malignancies, such as lung,
breast and colorectal cancer (CRC), as well as more rare malignant diseases (e.g., malignant
mesothelioma). Very good diagnostic performance of breath tests was demonstrated for all
cancer types, but overoptimistic results could have been reported as one out of four studies did
not employ any validation procedures. Furthermore, substantial differences were revealed in
breath collection, storage and analysis methods between the studies. Further studies on
exhaled breath analysis for cancer detection, particularly, the validation of already reported
results, together with exploring factors that may have an influence on breath analysis results,

are needed.

Second, potentially important covariates that can influence breath test results were
investigated using data obtained by gas chromatography-mass spectrometry (the gold standard
for analytical methods) analysis. Breath samples from more than 1,400 healthy individuals
were used to explore whether socio-demographic (e.g., sex, nationality), lifestyle factors (e.g.,
smoking prevalence, diet) and various medical conditions (e.g., diabetes), can influence breath
analysis results. Fourteen volatile organic compounds which were present in the breath
samples in the majority of the patients were analyzed, and statistically significant differences

were demonstrated for sex and nationality, as well as between people consuming certain food
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products (e.g., coffee, fermented milk and onion leaves) at different frequencies. These results
suggest, that differences in socio-demographic and lifestyle factors can be measured in
exhaled breath and they might influence the results of breath testing for cancer detection as

prevalence of such factors varies between populations.

Finally, using available data on breath tests diagnostic performance for CRC and gastric
cancer (GC) detection, the potential of breath testing for cancer screening was examined. For
that, the prevalence of preclinical CRC and GC (the target for the screening) was estimated
and these data were used to derive positive predictive values (PPVs) of breath tests in various
populations worldwide. My results suggest that restricting the screening to high-risk
populations preselected by breath testing can substantially improve screening programs. For
example, the number needed to screen to detect one GC in populations positive for breath
testing is approximately 10-fold lower than that in populations without prescreening.
Prescreening by breath testing might improve overall screening effectiveness through reducing
the number of unnecessary invasive procedures and lowering overall cost, as well as
improving participation rate that currently is not satisfactory. However, more data on breath
testing for CRC and GC detection derived from diverse populations are needed to determine

the full potential of breath testing in cancer screening.

In summary, breath analysis as a non-invasive, harmless and potentially cheap method holds
great potential for cancer screening. Existing evidence on diagnostic performance for cancer
detection suggests that breath testing can be a powerful tool to enhance cancer screening
programs. While breath testing might not be suited to determine the final cancer diagnosis, the
use of breath testing for the preselection of high-risk groups for further screening by more
invasive methods could substantially improve effectiveness and cost-effectiveness of

screening programs.
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Appendix 1. Reasons for excluding full papers from the systematic review on breath analysis
for various cancers detection.

Improper study design: 1-Study on mice with results validated on people (3 cases and 3 controls); 2-Study on
stomach tissue with results validated on people (3 cases and 10 controls); 3-Study with simulated data, no real
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tissue by means of solid phase microextraction and gas chromatography-mass spectrometry. J Breath Res. 2007; 1(1):
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3. Peng G, Trock E, Haick H. Detecting simulated patterns of lung cancer biomarkers by random network of single-walled
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4. Na N, Liu H, Han J, Han F, Liu H, Ouyang J. Plasma-Assisted Cataluminescence Sensor Array for Gaseous
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Appendix 2. List of the studies included in the systematic review on exhaled breath analysis for

cancer detection.

First author Year Country Cancer site Reference
Altomare 2013 Italy Colorectal cancer 4)
Amal 2013 Latvia Gastric cancer (5)
Amal 2015 Latvia Gastric cancer (@)
Amal 2015 China Ovarian cancer (8)
Bajtarevic 2009 Austria Lung cancer (16)
Bousamra 2014 The U.S. Lung cancer (30)
Broza 2013 Israel Lung cancer (36)
Buszewski 2012 Poland Lung cancer (38)
Chapman 2012 Australia Malignant mesothelioma (39)
Chen 2005 China Lung cancer (40)
Dragonieri 2009 The Netherlands Lung cancer (53)
D'Amico 2010 Italy Lung cancer (49)
de Genaro 2010 Italy Malignant mesothelioma (50)
Di Natale 2003 Italy Lung cancer (51)
Dragonieri 2012 Italy Malignant mesothelioma (54)
Filipiak 2014 Austria Lung cancer (58)
Fu 2014 The U.S. Lung cancer (61)
Fuchs 2010 Germany Lung cancer (62)
Garcia 2014 Spain Head and neck cancer (63)
Gordon 1985 The U.S. Lung cancer (66)
Gruber 2014 Israel Head and neck cancer (67)
Guo 2015 China Thyroid caner (68)
Hakim 2011 Israel Lung cancer, head and neck cancer (71)
Handa 2014 Japan Lung cancer (72)
Hauschild 2012 Germany Lung cancer (74)
Hietanen 1994 The United Kingdom Breast cancer 77)
Hubers 2014 The Netherlands Lung cancer (81)
Kischkel 2010 Germany Lung cancer (89)
Kumar 2015 The United Kingdom Gastric cancer (96)
Leunis 2014 The Netherlands Head and neck cancer (105)
Li 2014 China Breast cancer (107)
Ligor 2009 Austria Lung cancer (108)
Ma 2014 China Lung cancer (110)
Machado 2005 The U.S. Lung cancer (1112)
Mangler 2012 Germany Breast cancer (112)
Mazzone 2007 The U.S. Lung cancer (114)
Mazzone 2012 The U.S. Lung cancer (115)
McWilliams 2015 Canada Lung cancer (118)

(Continues on the next page)
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First author Year Study population Cancer site Reference
Patterson 2011 The U.S. Breast cancer (130)
Peled 2012 The U.S. Lung cancer (132)
Peng 2009 Israel Lung cancer (134)
Peng 2010 Israel Colorectal, prostate, breast and lung cancer (133)
Phillips 1999 The U.S. Lung cancer (145)
Phillips 2003 The U.S. / the United Kingdom Lung cancer (141)
Phillips 2003 The U.S. Breast cancer (142)
Phillips 2006 The U.S. Breast cancer (143)
Phillips 2007 The U.S. Lung cancer (137)
Phillips 2008 The U.S. Lung cancer (138)
Phillips 2010 The U.S. Breast cancer (144)
Phillips 2014 The U.S. / the Netherlands Breast cancer (140)
Poli 2005 Italy Lung cancer (146)
Poli 2010 Italy Lung cancer (147)
Preti 1988 The U.S. Lung cancer (148)
Qin 2010 China Liver cancer (151)
Rieder 2001 Austria Heamatological and gynecological cancers (154)
Rudnicka 2011 Poland Lung cancer (157)
Rudnicka 2014 Poland Lung cancer (158)
Santonico 2012 Italy Lung cancer (160)
Shehada 2014 Latvia Gastric cancer (167)
Shuster 2011 Israel Breast cancer (169)
Song 2010 China Lung cancer (175)
Steeghs 2007 The Netherlands Lung cancer (179)
Ulanowska 2011 Poland Lung cancer (186)
Wang C 2014 China Colorectal cancer (189)
Wang C 2014 China Breast cancer (190)
Wang D 2012 China Lung cancer (191)
Wang Y 2012 China Lung cancer (192)
Wehinger 2007 Austria Lung cancer (195)
Westhoff 2009 Germany Lung cancer (198)
Xu H 2014 China Lung cancer (201)
Xuz 2013 China Gastric cancer (202)
Yu 2011 China Lung cancer (205)
Zou 2014 China Lung cancer (209)
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Appendix 3. Study population characteristics of studies included in the systematic review on
breath analysis for cancer detection.

Cases

Controls

Ref ldx? Comments
Sex” Age® Smoking® Sex” Age® Smoking®
) 20/17 63 £10 NA 13/28 47 £12 NA Training set
718 67 +11 NA 6/4 56 +10 NA Validation set
(5) 28/9 57 +2 NA 30/31 57 +2 NA
102 /223 59 +14 45/ NA/ NA Cn: OLGIM stages 0-1V
) 56/42 6313 29/NAINA | "3, 19 53+15  23/NA/NA | Cn: gastric ulcer
0/48 48 +9 0/0/48 Cn: healthy
8 0/48 51 £11 0/0/48 0/86 40 £13 0/0/86 Cn: benign conditions
/ 10/ / /0/ beni diti
0/134 43"* 0/0/134 | Cn:all
§_1078) 41/24 63 (37-84) 28/31/6 15/16 38 (21-87) 712122
107 +1 44/51/1 4 51 £15 12/14/14 n: benign conditions
30 0 66 +10 /51712 0 2/14/ Cn: beni diti
715 5 %7 5/5 4 +7 1 n: benign conditions
36 X / 6 /512 3/2 6 2/2/ Cn: beni diti
(38) 29 NA NA 44 NA NA
34/8 67 £14 0/12/30 Cn: healthy
(39) 1872 69£10 071218 18/0 71WA 0/12/6 Cn: lung diseases
(40) 20 NA NA 22 NA NA Training set
5 NA NA 5 NA NA Validation set
36 na (50-70) 0/0/36 Cn: healthy
(49) 28 62 +6 0/17/11 28 61 7 0/17/11 Cn: lung diseases
(50, 5/8 52 +16 0/0/13 Cn: healthy
54) 12 ez nisiE 9/4 67 +10 0/4/9 Cn: exposed to asbestos
35 NA NA Cn: normal
(51) 9 NA NA 18 NA NA Cn: after surgery
Cn: healthy
(53) 10/0 6649 21711 g; S 288 06’ /04’ 0| cn: chronic obstructive
- pulmonary disease
(58) 25/11 63 7 0/NA/NA 12/16 52 17 0/NA/NA
(61) 97 NA NA 32 NA NA Cn: benign conditions
(62) 11/1 68 +9 0/12/0 10/14 36 +12 12/0/12
(63) 10/1 61 +11 NA 6/4 45 15 5/0/5
(66) 1/1 61 +10 NA/NA/O 8/1 ? (25-70) 2/ NA/NA
6/14 50 £12 5/NA/NA Cn: healthy
Ty 124 el 15 A 1477 55 +14 12/ NA/NA | Cn: benign conditions
(68) 11/53 48"A 13/ NA/NA 6/26 40 13 4/ NA/NA
19/3 60 £9 Cs: head and neck cancer
@) 22/3 66 +8 S Lot P N Cs: lung cancer
(72) 31/19 68 +10 NA/NA/17 25/14 3218 NA/NA/32
(74) 54 NA NA 35 NA NA
(77) 0/20 61(37-85) NA NA NA NA Cn: benign conditions
@81) 12/8 65 +8 7/112/0 22/9 65 +9 12/19/0 Training set
10/8 64 +8 10/8/0 4/4 53 +7 4/4/0 Validation set
(89) 23/8 68 +? 0/29/2 19/43 34WA 35/0/27

(Continues on the next page)
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Ref ldx® Cases Controls Comments
Sex” Age® Smoking® Sex” Age® Smoking®
(96) 64/17 62 (53-71) 14/32/35 89/50 64 (51-72)  24/32/73
(205) 25/11 59 +NA 36/0/0 10/13 48 +NA 23/0/0
(207) 0/22 NA 0/0/22 0/24 NA 0/0/24
(110) 10/3 63 +7 5/0/8 16/9 35" 8/0/17
(111) 10/ 4 64 £3 2/12/0 18/27 m 6/17/22 | Training set
10/4 61 +13 NA 31/31 45 NA/NA /=30 | Validation set
(112) 0/10 65 £NA NA 0/10 59 +NA NA
(114) 2425 65 +NA 13/35/1 44/ 50 56"* 5/48/41
(115) 49 /43 69 tNA 25/58/9 65/72 59 +NA 28/71/35
(118) 12 /13 67 6 9/16/0 86 /80 63 7 87/79/0
(130) 0/20 53 tNA NA 0/20 55 £NA NA
132 X | 31/22 65 £7 19/261/8 15/4 61 £7 6/11/2 Cn: benign conditions
134 40 na(28-60) 0/15/25 56 NA (28-60) 17/0/39
18 NA 3/3/12 Cs: prostate cancer
o |5, M OWSE | = w wor | S e
30 NA 12/5/8 Cs: colorectal cancer
145 X | 34/26 67 £13 NA/NA/5 29/19 61 £13 NA/NA/12 | Cn: abnormal chest x-rays
(141) X | 48119 68 +10 NA/NATS }1(; ; gg ;g ii A /NNAA\/ e 82 Zgﬁgmal chest x-rays
(1133;37) 96/97  66+l11  33/134/24 | 106/105 686 781133/ 0
(114432)' X | 0/51  61+12  12/6/31 012 M. 3711720 %1; EEEE%&I
(144) 0/54 55 +7 2/0/38 0/204 55 +11 26/0/177
(140) X | 0/35 NA NA 9193 A NA o Aol
mammoaram
. 27/23 56 () 0/0/50 | N honsmokers
(146) 28/8 67 (?) 2/28/6 ig 5 g %1 E”; is/ /2 (l) 5 g mmco?]r;r%gz zt;zctive
(147) 28/12 68 £10 21/12/7 17/21 49 £15 0/10/28
@ | Ts esw w0 | 478 SE 4jnE | ongenahe
(151) 26174 53+12 870/22 2148//192 gg iﬁ ; ; (2); gg gz rr:g;llat\?c))/cirrhosis
(154) 16 NA NA 100 NA NA
(157) 17/6  NA (51-78) 21/0/2 10/20 36" 6/NA/NA
(158) 76 /31 514 NA 31/90 49%" NA
(160) 16/4 67 +8 8/71/5 8/2 65 +8 3/4/3 Cn: benign conditions

(Continues on the next page)
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Ref ldx? Cases Controls Comments
Sex” Age® Smoking® Sex” Age® Smoking®
(167) 19/11 60 10 9/0/19 24 /53 55 +16 14/0/63
0/7 NA 2/0/5 Cn: healthy
() Dy A BiLye 0/16 NA 4/0/10 Cn: cancer precursors
(175) 34/9 58 +8 0/21/22 34/7 48 £7 0/0/41
(279) 11 56 £5 11/0/0 57/0 60 £5 57/0/0
(186) 99/38 NA (38-86) NA 40/103 NA (20-58) 41/0/102
(189) 13/7 58 +14 5/NA/NA 8/12 50 +9 8/ NA/NA
(190) 0/39 53 11 2/NA/NA 0/91 42 1/NA/NA
(191) 35/12 NA (32-80) 24/0/23 14 /28 NA (30-75) 6/0/36
36/52 45 +9 29/0/59 Cn: healthy
(192) 2461 62 +10 47/0/38 26/44 54 +13 23/01/47 Cn: benign conditions
62/96 49"* 52/0/106 | Cn:all
(295) 13/4 62 +11 9/5/4 83/87 41 13 60/11/95
(198) 2418 65 10 711716 39/15 46 +12 12/0/42
(201) 6 NA NA 8 NA NA
15/ NA / 23/9 51+14 14/ NA/NA | Cn: gastric ulcer
(202) X 28/9 58 £9 NA 30/31 51 +9 13/NA/NA | Cn: less severe conditions
53/40 514 27/NA/NA | Cn:all
(205) 9 NA 71 NA/NA 9 NA 5/NA/NA
(209) 58/21 63 £8 15/40/24 63/29 574 21/45/26 | Training set
58 NA NA 20 NA NA Validation set

Cn, controls; Cs, cases; NA, data not provided; OLGIM - operative link on gastric intestinal metaplasia assessment.

# Studies that recruited patients before determining final diagnosis.

® Number of males / females or total number of participants if sex-specific data were not provided.

¢ Median age (range) or mean age *standard deviation.

4 Number of smokers / ex-smokers / non-smokers
WA Weighted average.
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Appendix 4. Differences in proportions of age, sex and smoking distributions between cases
and controls, restrictions applied before sampling, analysis time and inclusion criteria for all

studies.
Sex /age/ Restrictions Analysis )
ref smoking® before sampling R:i?bm time after H:ﬁ:c Exclusion/inclusion criteria Comments
(collection time) collection
A {lre Cs: no asthma, severe COPD,
@ A:N/N/NA 3r25rt1(i(f)0r?1(ijn/' g”r?]'l(: NA N GITER No unstable diabetes, other cancer. A: training
B: N/N/NA lun Was’hout Cn: no inflammatory bowel B: validation
9 disease or diverticulitis
no fr?gir/n?)ﬂrnks;lz h Cn: no grade IlI-IV atrophic
5) N/Y/NA alcohol: 3 min lun Yes <3 months NA gastritis, no patients following
WaShOU’t (morningg)’ stomach resections
AYIYIY 2 h/nglégﬁgl{ (r:‘c(;ffee A: no cancer, no chronic A: healthy
(8) B:Y/N/Y cosmetiCS"3 et Yes <4 months NA disease, no autoimmune B: benign
CY/YIY lung Was‘hout diseases C=A+B
no food / drinks; 3 h
A:N/YTY no smoking; 3 min A, B: no past stomach surgery ~ A: OLGIM 0-IV
) B:Y/N/N lung washout; Yes <6 months No B: no dysplasia B: peptic ulcer
(morning)
(16, 1 h no food; rest ]
108) N/N/N 5min (any time) Yes 3-6h Yes NA
A:NA/N/N ) . . . A: healthy
(30) B'NA/N/N (morning) NA At once No A: no active pulmonary disease B: benign
1 h no food / coffee . o .
36) YIY/Y /'smoking; 3min  NA <6h No &3 Rospitalized for benign
lung washout
(38) NA/NA/NA NA Yes NA NA NA
A: no recent respiratory tract
. £ h no fQOd/ . infection, no acute exacerbation A: healthy
AYIYIY drinks; 20 min rest; : . :
(39) : : NA At once NA of any underlying respiratory B: other
B:Y/Y/Y mouth wash with . ) k ;
distillated water disease in 4 weel s, no current diseases
uncontrolled medical conditions
A: NA/NA/NA . - _ A: training
(40) B NA/NA / NA 2 h no food NA At once Yes  Cn: bronchitis (N=7) B validation
Patients: no current therapy A: health
(49) A:NA/NA/Y no food / drinks NA At once No A: no other disease B: other y
B:NA/Y/Y (morning) B: COPD (N=16), bronchitis diéeases
(N=5), other diseases (N=7)
Cs: no other pulmonary or
cardiovascular abnormalities. A: healthy
(50) A:N/YIY 3 h no food / drinks; A: no history of respiratory tract :
(54) B:N/Y/Y 5 min lung washout Yes Atonce No infection in 4 weeks, no asthma, Eég:gt%zed to
COPD, systemic diseases (e.g.,
diabetes), no cancer, no drugs
. Cs: no therapy A: controls
(51) gj “2; “2; “2 no food (morning) NA At once No A: no apparent disease, no B: cases after
’ drugs surgery
Cs: no respiratory tract
infections in 4 weeks, no
no smoking; 2 h no systematic diseases / other
A:N/Y/N L2 . A: healthy
(53) B'N/Y/N food / drinks; 5min  Yes At once No cancer B: COPD

lung washout

A: no diseases
B: no asthma, pulmonary /
cardiovascular diseases

(Continues on the next page)
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(Continued)
Sex /age/ Restrictions Analysis )
ref smoking?® before sampling RO.OJ“ time after Treatc Exclusion/inclusion criteria Comments
g air ment
(collection time) collection
(58) NIN/Y 2N DIERE S g <5h NA  NA
min (morning)
(61) NA/NA/NA NA NA At once No NA
62) N/NI/N rest 10 min NA <6 h No dC.S: MO EETSEIG MO EIeE
isease
Cs: no comorbidities
66) y/NA/N 5 min lung washout ~ NA NA No Cn: no pulmonary / systematic
disease
(71)  NA/NA/NA lung washout Yes <3 days No NA
. -<12 h (if
(63) N/N/NA (morning) Yes possible) NA NA
12 h no food / A: no previous cancer, active
67) A:N/N/N drinks / alcohol; 3-5 Yes na No infectious disease, present A: healthy
B:N/Y/N min lung washout, antibiotic treatment, pregnancy  B: benign
(morning) or lactation
All: no pregnancy, lactation, no
congenital, chronic
©8) YIYIY no food / drinks Yes <3h NA inflammatory, acute or
(morning) infectious disease in 2 weeks,
no family history of mental
illness
(72) Y/NI/N NA NA At once No NA
A: NA/NA/NA A: healthy
(74) B: NA/NA /NA NA NA At once NA NA B: COPD
Cs: some comorbidities (N=5)
(77 YIY'/Y® NA Yes NA NA  Cn: hospitalized for benign
conditions
. 2 h no food / drinks Cn: no therapy .
(81) Aj NIYTY / smoking; 5 min Yes At once No Cs: no cancer, majority had Aj training
B:Y/N/Y lung washout COPD B: validation
All: no liver disease, small
bowel/colonic pathology, other
cancers, no acute infection.
6 h no food / drinks Some had comorbidities
(96) N/Y/Y (morning) Yes <1h No Cs: no squamous cell
9 carcinoma of the upper
gastrointestinal tract
Cn: Barrett’'s metaplasia (N=16),
benign condition (N=62)
A: healthy
A:N/N/N 1 h no food / drinks; . smokers
(89) B:N/N/Y rest 10min Yes <6h No A, B:no COPD B: healthy
non-smokers
(105) N/N/Y 8 hno food NA N GITEE No Cn: \/_l;ltlng hospital with some
(morning) conditions
A:Y/NA/Y . . . A: healthy
(207) B'Y/NA/Y rest 10 min Yes <12h No A: no cancer, no breast disease B: benign

(Continues on the next page)
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Sex /age / Restrictions Analysis )
ref smoking® before sampling R;’i(r’g“ time after H:ﬁ:c Exclusion/inclusion criteria Comments
(collection time) collection
24 h no spicy food;
10 h no smoking / Cn: no history of severe COPD,
alcohol; 2 h no asthma, neurological disorder,
(110) N/N/Y brushing; 30 minno  Yes <24 h Yes  Wilson's disease, diabetes, no
food / drinks; stay sedatives or narcotics within
30 min in ventilated 48 h
room (before lunch)
(111) Y/Y/N NA Yes  Atonce ves CN: nolung conditions,
cardiopulmonary symptoms
8 h no food / drinks;
(112) Y/Y/INA no tooth brushing Yes NA No Cn: no diseases
(morning)
(114) Y/Y/N NA Yes At once Yes Controls: no lung conditions, no
cardiopulmonary symptoms
Cn: no cancer in 5 years, not
requiring continuous
(115) Y/Y/IY No restrictions Yes At once No supplemental oxygen, no “’?de'
long-term immunosuppressive
therapies. All had COPD or
family lung cancer history
All: comorbidities present
Cs: therapy for breast cancer
(118) Y/YIN NA Yes At once No (N=1); previous cancer
diagnosis (N=4),
Cn: “High risk smokers”
2 h no food / drinks;
VOCs related to
(130) Y/Y/NA food, smoking, NA NA No NA
cosmetics were
excluded
(132) N/Y/Y 3 min lung washout ~ NA NA No  Cn: heartdisease or COPD
present
12 h no alcohol; 1 h . .
(134) NA/NA/N no coffee; 5 min NA <2 days No Cn_. no restrictions, a§t_hma_
(N=3), asthma+sinusitis (N=2)
lung washout
12 h no coffee /
(133) NA/NA/N°® a:ﬁ?\go\:\;’;ﬁoﬂn NA <4 days No Cn: no restrictions
(morning)
(145 v/ v/IN no {r?]%c:r:igg;ks Yes At once No Cn: no cancer
. A: healthy
(141) gj “;i; “A NA Yes NA No B: no cancer, chronic disease B: abnormal
' chest x-rays
5133;37) Y/Y/IN NA Yes NA No Cn: no cancer
A: cases
A:NA/NA/N oo i smokers
(147) B:NA/NA/N NA NA <h No Cn: no pulmonary disease, no : cases non-
C-N/N/N previous cancer and ex-
' smokers
C=A+B

(Continues on the next page)
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(Continued)
Sex /age/ Restrictions Analysis
ref smoking? before sampling R;’i(r’g“ time after Hsr?:c Exclusion/inclusion criteria Comments
(collection time) collection
A: no chronic/acute pulmonary A: controls
ANIY/Y VOCs related to disease; no changes on chest (a' e-matched)
(148) B: N/N/Y food and drugs NA <1 week No roentgenogram; no industrial B'gcontrols
’ were checked dust exposure; no drugs. ( 'oun er)
B - no diseases, no drugs young
All controls: no chronic A: controls
A:N/N/Y bronchitis nbn-smokers
(146) B:Y/N/N rest1h; Yes  ~30min No A\ NOpulmonary symptoms, no g ool
C.' YIYIY B: 1 h no smoking history of pulmonary diseases, sr-nokers
’ abnormal lung spirometry C: COPD
results '
(242, A:Y/YIN no food / drinks Yes NA No A, B: no cancer g:;lfnﬂtrrgal
143) B:Y/Y/NA (morning) A: no chronic disease mammogram
. Cs: no therapy
(144) YIYIY no restrictions Yes NA No Controls: no cancer
(140) Y /NA/NA NA Yes  Atonce hp o DT EETEED el bieaE
mass present
(151) N/Y/Y no food/drinks Yes  Atonce No Csinotherapy
(morning) Controls: no chronic diseases
2 hno food /
(154) NA/NA/NA smoking / gum Yes NA NA Cn: systemic inflammatory
chewing; rest 15 response syndrome present
min (morning)
(157) N/NA/N NA Yes NA NA NA
(158) N/Y/NA NA Yes 3-4h NA NA
Cn: benign conditions; under
(160) Y/YIY NA NA At once Yes therapy (N=2)
2 hno food / cn: retemes o ul
smoking / alcohol: n: no exclusions; gastric ulcer
(167) N/Y/N 3 min lung washotjt NA <3 months NA  or other gastric diseases
(morning) A
A:Y/NAnal/Y . . A: healthy
(169) B'Y/NA/Y NA NA NA No Cn: no exclusions, all volunteers B: precursors
(175) YIN/Y i el AR <6h No NA
(morning)
(A79) NA/Y/Y no restrictions Yes ~54 h No NA
(186) N/NA/Y NA Yes At once NA  Cn: no restrictions
Cs: no pregnancy, lactation;
congenital disease; family
history of mental illness; no
. current chronic inflammatory
(189) N/Y/N 8 hno food / drinks Yes <3h No disease; symptoms of an acute

(morning)

disease in 2 weeks; no history
of infectious disease.

Cn: no history of cancer, no
infectious disease.

(Continues on the next page)
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(Continued)
Sex /age / Restrictions Analysis )
ref smoking® before sampling R;’i(r’g“ time after ng{ﬁc Exclusion/inclusion criteria Comments
(collection time) collection
A: not currently breast feeding
or pregnant, no congenital
disease, cancer, COPD, A: healthy
AYIYIY T asthma, tuberculosis, other B: cyclo-
(190) B:Y/N/Y (morning) Yes <3 h No pulmonary diseases; chronic mastopathy
C:Y/N/Y 9 inflammatory or infectious C: mammary
disease; no manifestation of any gland fiboroma
acute disease symptoms during
2 weeks
no high-fat dinner
the night before; 12 cn: .
hno food / n.dnobresplrstory Eymptom;,
(191) N/NA/N smoking; gargle NA At once No no diabetes, ronc itis, peptic
ulcer, oxy hepatitis or coronary
water before breath heart disease
sampling;
(morning)
12 h no food /
A:N/N/N — A: healthy
(192) B:Y/Y/N S SEY 0y NA No NA B: benign
C-N/N/N min in ventllgted C=A+B
) room (morning)
(195) N/N/N NA Yes <12h No NA
(198) Y/N/Y NA Yes At once No Cn: no cancer, no disease
(201) NA/NA/NA NA NA NA NA NA
24 h no heavy .
. PP A: gastric
AYIYIY E?:)Slf%egda/cg\rﬁ%/kiﬁz A, B: no medication affecting ulcer
(202) B:N/Y/N / alcohol: 1 h rest'g Yes <4 months No gastric acid secretion and/or B: less severe
C:N/Y/N | ! ’ antibiotics in 1 month conditions
ung washout C=A+B
(morning) B
no food; stay 10
(205) NA/NA/N min in ventilated NA At once NA NA
room (morning)
12 h no food; rinse
AYIYIY out mouth with A: training
(209) B NA/NA/NA  distiled water ~ YeS ~ Atonce  No  NA B: validation
(morning)

COPD, chronic obstructive pulmonary disease N, no; NA, data not provided; Y, yes

2 differences in proportions of age, sex and smoking distributions between cases and controls (“yes” if difference <10 units),
®indication whether room air was analyzed

¢ indication whether cancer patients were undergoing the treatment.

4 as stated by authors.

¢ comparison of controls to lung cancer cases.
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Appendix 5. Breath analysis technique, analyzed breath part, breath collection system or
storage container and classifier.

Analysis technique

Analyzed breath Storage container

Statistical analysis method

Studies which used electronic nose (N=19)

Cyranose 320
Cyranose 320
Cyranose 320

Cyranose 320

Colorimetric sensors
DiagNose
LibraNose

MOS sensors
MOS-SAW sensors
NANOSE

QMS sensors

SAW sensors

TPS-SINW FET sensors

Vital capacity
NA

Vital capacity
Vital capacity

Tidal

Whole

Vital capacity
Alveolar

NA

Alveolar
Alveolar

No info

Alveolar

Mylar bag
Mylar bag
Rapak bag

Tedlar bag

No storing of samples
Tedlar bag

Sterile disposable bag
Tedlar bag

Tedlar bag

Mylar bag

Tedlar bag

Tedlar bag

Tenax sorption tubes

DFA (118)
SVM (111)
Linear canonical DA (39)

Linear canonical DA (53); canonical DA (54);
Multinomial linear RA (81)

Multinomial linear RA (115); Random forest (114)
Multinomial linear RA (105)

Partial least square DA (51)

PCA (205)

Artificial NN (191)

DFA (36); SVM (169)

Partial least square DA (49, 160)

ANN (40)

DFA (167)

Studies which used electronic noses and gas chromatography-mass spectrometry (N=6)

NANOSE, GC-MS Alveolar Tenax sorption tubes DFA (8, 67, 202)
NANOSE,
SPME/GC-MS Alveolar Mylar bag SVM (71)
NANOSE, .
SPME/GC-MS Alveolar Tenax sorption tubes DFA (132)
NANOSE, TD-GC-MS Alveolar Tenax sorption tubes DFA (7)
Studies which used gas chromatography-mass spectrometry (N=36)
SPME/GC-MS Alveolar bio-VOC breath sampler DA (147)
- a ) .
SPME/GC-MS Alveolar Glass vials No prediction model® (68); Partial least square DA
(189, 190)
SPME/GC-MS Alveolar Mylar bag No prediction model® (133, 134)
SPME/GC-MS Alveolar Sealed headspace vial No prediction model® (62, 89)

) DA (186); Linear DA (192); Fisher's DA (107);
SPHEECRLE Flhuzelen el oy Artificial NN (158); No prediction model® (38, 209)
SPME/GC-MS Mixed alveolar Tedlar bag No prediction model® (16) (108)

SPME/GC-MS NA Tedlar bag No prediction model® (63)
SPME/GC-MS Vital capacity Tedlar bag No prediction model® (175)
SPME/GC-TOF-MS NA Tedlar bag DFA (157)
SPME/TD-GC-MS Alveolar bio-VOC breath sampler  Multinomial linear RA (146)

SPME/TD-GC-MS

TD-GC-MS

Vital capacity

Alveolar

Tedlar bag
Tedlar bag

Fisher's linear DA (151)

No prediction model® (58);

(Continues on the next page)
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(Continued)

Analysis technique

Analyzed breath Storage container

Statistical analysis method

TD-GC-MS Vital capacity
TD-GC-MS Alveolar
TD-GC-MS Tidal
TD-GC-MS Alveolar
TD-GC-MS Alveolar
TD-GC-MS Alveolar

Tedlar bag
Teflon sampling bag
Teflon sampling bag

Tenax sorption tubes
Portable electrical device®

Tenax sorption tubes

DFA (50); Probabilistic NN (4)

Linear DA / Quadratic DA / SVM (130);
Linear DA (66)

No prediction modela (112, 148)

DA (141, 142, 145); Fuzzy logic (137, 143);
Weighted digital analysis (138, 144)

No prediction model® (5)

Studies which used other techniques (N=13)

Carbotrap/Carbosieve SllI-

TD-GC Alveolar
FT-ICR-MS Vital capacity
GC-SAW Alveolar
MCC/IMS Tidal
MCC/IMS Alveolar
MSPE Tidal
PTR-MS Vital capacity
PTR-MS Alveolar
PTR-MS Tidal
SIFT-MS Mixed alveolar
SPME/GCxGC Alveolar

Vacu-sampler can

Tedlar bag

Portable electrical device”
No storing of samples

No storing of samples
RTube collection system
No storing of samples
Tedlar bag

Tedlar bag

Nalophan bag

Tedlar bag

No prediction model® (77)

Custom rule® (30, 61)

Weighted digital analysis (140)
Decision Tree (72);

Random forest (74); Lin. DA (198)
No prediction model® (201)

No prediction model® (154)
Logistic RA (179);

Fisher's quadratic DA (195)
Logistic RA (96)

No prediction model® (110)

D(F)A, discriminant (factor) analysis; FT-ICR, Fourier transform ion cyclotron resonance; GC, gas chromatography; MCC/IMS,
multi capillary column/ion mobility spectrometry; MOS, metal oxide semiconductor; MS, mass spectrometry; MSPE, magnetic
solid-phase extraction; NA, data not provided; NN, neural networks; PTR, proton transfer reaction; QMS, quartz microbalance;
RA, regression analysis; SAW, surface acoustic wave; SIFT, selected ion flow tube; SPME, solid phase microextraction; SVM,
support vector machine; TD, thermal desorption; TPS-SiNW-FET, trichloro-(phenethyl)silane-silicon nanowire-field effect
transistor; TOF, time of flight.

& Statistics for two groups comparison provided only.

® A device designed specifically for collection and storage of exhaled breath (136).

¢ Levels of at least 2 out of 4 selected volatile organic compounds are elevated.

¢ dead space air excluded
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Appendix 6. Volatile organic compounds reported by at least 3 independent studies on cancer
detection through exhaled breath analysis.

Volatile organic compound

Studies that measured concentration

Studies that used compound for building a
classification model

Ethenylbenzene

Heptanal

Nonanal

Propan-2-ol
Hexanal
Butan-2-one

2-methylbuta-1,3-diene
Propan-1-ol

Dodecane

Pentane

Undecane

Decane

Octanal

Pentanal
3-hydroxybutan-2-one
Toluene
2,4-dimethylheptane
2-methylpentane

4-methyloctane
Benzene

Cyclohexanone
Decanal
Ethanol
Ethylbenzene

2,2-dimethyldecane

(methylsulfanyl)methane

1,2,4-trimethylbenzene

Gastric cancer (5); liver cancer (151);

ovarian cancer (8)

Lung cancer (72, 201); breast cancer (107);

gastric cancer (96)

Lung cancer (62, 72, 201); breast cancer
(107); ovarian cancer (8); gastric cancer (5,

96);

Lung cancer (38, 58, 89, 158)

Lung cancer (58, 62, 72); breast cancer

(107); gastric cancer (96)

Head and neck cancer (63); ovarian cancer
(8); lung cancer (30, 38, 61)

Gastric cancer (202); lung cancer (110)

Lung cancer(38, 89, 110)

Lung cancer (58, 72); colorectal cancer (189)
Lung cancer (110); breast cancer (77)

Head and neck cancer (67)

Liver cancer (151);

Lung cancer (58, 62); breast cancer (107);

gastric cancer (96)

Lung cancer (62, 201); gastric cancer (96)

Lung cancer (30, 61, 175); liver cancer (151);

Lung cancer (158)

Lung cancer (58)

Lung cancer (72); colorectal cancer (189);

thyroid cancer (68)

Lung cancer (58); gastric cancer (96);

ovarian cancer (8)

Lung cancer (58); head and neck cancer(63,

67)

Lung cancer (38, 72)

Colorectal cancer (189); thyroid cancer (68)

Lung cancer (89, 158)

Lung cancer (40, 134, 145, 146, 157); malignant
mesothelioma (50)

Lung cancer (40, 145-147); breast cancer (143)

Lung cancer (147); colorectal cancer (4)

Lung cancer (138, 157, 195); breast cancer
(143)

Lung cancer (40, 145, 147)

Lung cancer (17, 66, 108)

Lung cancer (17, 40, 145, 146); breast cancer
(144)

Lung cancer (17, 66, 108, 137)

Lung cancer (133); breast cancer (144);
malignant mesothelioma (50)

Lung cancer (108, 141, 146, 186)

Lung cancer (17, 40, 145) breast cancer (144)
malignant mesothelioma (50)

Lung cancer (40, 145, 146) malignant
mesothelioma (50)

Lung cancer (147)
Lung cancer (17, 147)

Lung cancer (17)

Lung cancer (133, 134, 146); malignant
mesothelioma (50); prostate cancer (133)

Lung cancer (134, 145); malignant
mesothelioma (50)

Lung cancer (108, 146); colorectal cancer (4)

Lung cancer (134, 141, 186); colorectal cancer

4
Lung cancer (40, 145, 146, 186)

Breast cancer (190)
Colorectal cancer (4)
Lung cancer (134)

Lung cancer (146, 157)

Head and neck cancer (71); prostate cancer
(133)

Lung cancer (186)

Lung cancer (40, 145, 146)

(Continues on the next page)
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(Continued)

1,4-xylene
1-phenylethan-1-one

2,6,11-trimethyldodecane

2,6-di-tert-butylcyclohexa-2,5-
diene-1,4-dione

2-methylbutane
3-methylhexane
3-methylpentane
5-(2-methylpropyl)nonane
6-methylhept-5-en-2-one
benzaldehyde

Butanal

Cyclohexane
Methanol
Methylcyclopentane
Prop-2-enenitrile
Propan-2-one
Propanal

Tridecane

Lung cancer (192, 209)

Lung cancer (192)

Lung cancer (58); breast cancer (112)

Lung cancer (192, 209)

Lung cancer (58); gastric cancer (5, 202)

Lung cancer (38); gastric cancer (96)

Lung cancer (58, 110)

Head and neck cancer (67); gastric
cancer(7, 202)

Lung cancer (110)
Lung cancer (58, 89)

Lung cancer (192, 209)

Lung cancer (145); colorectal cancer (4);
prostate cancer (133)

Lung cancer (17); breast cancer (143); malignant
mesothelioma (50)

Breast cancer (144)

Lung cancer (137); breast cancer (144)

Lung cancer (17, 186); colorectal cancer (4)
Lung cancer (141)
Lung cancer (108, 186); colorectal cancer (4)

Breast cancer (133)

Lung cancer (17, 108); malignant mesothelioma
(50)

Lung cancer (147)

Lung cancer (145); colorectal cancer (4);
malignant mesothelioma (50)

Lung cancer (17)

Lung cancer (40, 145); colorectal cancer (4)

Lung cancer (17, 66)
Lung cancer (147)

Breast cancer (144)
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Appendix 7. Annual transition rates between preclinical to clinical colorectal and gastric
cancer.

Age Transition rate Mean sojourn time
Cancer site  Gender
group Annual (%) 95% ClI Years 95% ClI
50-54" 18.1 (16.7, 19.5) 5.5 (5.1, 6.0)
55-59 18.1 (16.7, 19.5) 5.5 (5.1, 6.0)
Colorectal ;o) 6064 19.2 (18.1, 20.3) 5.2 (4.9, 5.5)
cancer
65-69 21.3 (20.3, 22.4) 4.7 (4.5, 4.9)
70-74 20.6 (19.5, 21.7) 4.9 (4.6, 5.1)
50-54° 21.3 (19.5, 23.4) 4.7 (4.3,5.1)
55-59 21.3 (19.5, 23.4) 47 (4.3,5.1)
Colorectal  \yomen  60-64 22.5 (20.9, 24.2) 45 (4.1, 4.8)
cancer
65-69 21.9 (20.6, 23.3) 4.6 (4.3, 4.8)
70-74 20.8 (19.4, 22.2) 4.8 (4.5,5.1)
50-59 31.44 3.18
Gastric Men and
cancer® women 60-69 26.72 3.74
70-74° 26.72 3.74

Cl, confidence intervals.

2 derived from the German screening colonoscopy registry (32);
® hot estimated, same as for the age group 55-59;

¢ derived from a two-rounds endoscopic screening in Korea (14);
% hot estimated, same as for the age group 60-69.
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Appendix 8. List of countries in each geographical region.

Continent Region Countries®
Denmark, Estonia, Finland, Iceland, Ireland, Latvia, Lithuania, Norway, Sweden, the
Northern Europe ) )
United Kingdom
Western Europe Austria, Belgium, France, Germany, Luxembourg, the Netherlands, Switzerland
Europe . . . . .
Albania, Bosnia and Herzegovina, Croatia, Cyprus, Greece, lItaly, Macedonia,
Southern Europe ] ) )
Malta, Montenegro, Portugal, Serbia, Slovenia, Spain
Central and Eastern Belarus, Bulgaria, Czech Republic, Hungary, Republic of Moldova, Poland,
Europe Romania, Russian Federation, Slovakia, Ukraine
Northern America Canada, the United States of America
. Belize, Costa Rica, El Salvador, Guatemala, Honduras, Mexico, Nicaragua,
) Central America
Americas Panama
. Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, French Guiana, Guyana,
Southern America ]
Paraguay, Peru, Suriname, Uruguay, Venezuela
Armenia, Azerbaijan, Bahrain, State of Palestine, Georgia, Iraqg, Israel, Jordan,
Western Asia Kuwait, Lebanon, Oman, Qatar, Saudi Arabia, Syrian Arab Republic, Turkey, United
Arab Emirates, Yemen
Afghanistan, Bangladesh, Bhutan, India, Islamic Republic of Iran, Kazakhstan,
Asia Southern-Central Asia Kyrgyzstan, Maldives, Nepal, Pakistan, Sri Lanka, Tajikistan, Turkmenistan,
Uzbekistan
. Brunei, Cambodia, Indonesia, Lao, Malaysia, Myanmar, Philippines, Singapore,
Southern-Eastern Asia . ) )
Thailand, Timor-Leste, Viet Nam
Eastern Asia China, Japan, North Korea, Mongolia, South Korea
Africa Africa All countries in the continent
Australia Australia Australia

% as defined in GLOBOCAN 2012 database (57).
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Appendix 9. Proportion of men and women in 5-year-old age groups in different regions and
countries calculated from GLOBOCAN 12 data.

Men Women
Country or region g, 83 5,5 $ 'S, L?? l?? 3; $ E,
s 8 8 ¢ 2|38 8 8 & 2
Northern Europe 245 21.6 21.6 18.6 13.8 23.6 21.0 21.4 18.9 15.0
Denmark 23.2 20.9 221 19.9 13.9 224 20.5 21.9 20.2 15.0
Estonia 26.5 24.4 20.4 155 13.3 225 224 20.5 17.2 174
Finland 22.8 22.4 23.9 18.5 12.4 21.5 21.7 23.7 19.0 14.1
Iceland 27.7 24.8 21.1 15.7 10.8 27.4 24.3 20.5 16.0 11.7
Ireland 26.1 23.4 21.2 17.0 12.3 25.9 23.1 20.9 17.0 13.2
Latvia 274 24.2 185 15.9 13.9 23.0 21.8 18.6 18.2 185
Lithuania 29.9 23.8 18.2 15.1 12.9 25.4 21.7 18.5 17.4 17.0
Norway 24.7 22.2 23.2 185 114 23.8 21.7 22.9 18.8 12.8
Sweden 22.0 20.5 22.0 20.7 14.8 21.3 20.2 22.0 20.9 15.7
The United Kingdom 247 21.3 21.4 18.5 14.1 24.0 20.9 21.3 18.8 15.0
Western Europe 2515 22.5 20.5 16.7 14.8 24.3 22.0 20.3 17.0 16.4
Austria 27.1 21.7 18.8 17.8 14.6 25.3 21.0 18.7 18.6 16.4
Belgium 25.7 23.4 21.4 16.4 131 24.6 22.6 211 16.9 14.8
France 24.4 23.2 22.9 17.1 125 23.7 22.9 22.6 17.1 13.6
Germany 26.1 22.0 18.6 16.1 17.3 24.4 21.4 18.5 16.5 19.2
Luxembourg 28.5 24.1 20.1 15.3 12.0 27.3 23.4 19.6 15.8 13.9
The Netherlands 25.1 22.5 22.1 17.8 12.4 24.5 22.2 21.8 17.9 13.5
Switzerland 25.9 22.3 211 17.7 13.0 24.6 21.6 20.9 18.2 14.7
Southern Europe 25.4 22.4 20.6 17.1 14.4 24.0 21.6 20.4 17.8 16.2
Albania 30.6 24.4 17.3 15.0 12.7 30.0 23.7 16.7 15.7 13.9
Bosnia and Herzegovina 27.7 25.8 20.1 13.6 12.8 26.5 24.6 20.1 14.5 14.4
Croatia 25.4 24.9 21.7 15.1 12.9 23.2 22.9 21.1 16.5 16.2
Cyprus 27.2 24.3 20.3 15.9 12.3 25.6 23.3 20.4 17.2 13.5
Greece 24.7 229 21.0 16.6 14.8 235 21.8 20.6 17.2 17.0
Italy 24.4 21.0 20.7 18.1 15.7 23.0 20.5 20.4 18.7 17.4
Malta 24.7 23.9 24.2 15.9 11.4 23.2 23.0 23.9 16.7 13.3
Macedonia 27.3 25.7 20.4 15.0 11.7 25.1 24.3 20.6 16.3 13.6
Montenegro 27.5 26.4 21.2 13.3 11.6 25.0 24.1 21.3 15.0 14.6
Portugal 25.1 22.7 20.5 17.2 14.6 23.4 21.7 20.4 18.1 16.4
Serbia 24.7 26.4 22.3 14.5 121 22.8 25.2 22.2 15.5 14.4
Slovenia 255 25.5 21.7 15.2 12.2 24.2 23.6 20.8 16.3 15.1
Spain 26.8 22.4 20.1 17.2 13.6 25.2 21.7 20.1 17.8 15.2
Central and Eastern Europe 28.8 26.8 20.8 12.6 11.1 25.0 24.9 20.9 14.1 15.1
Belarus 32.0 26.8 19.2 11.7 10.3 27.3 24.5 19.6 13.7 14.9
Bulgaria 23.9 23.2 22.3 17.7 12.9 21.2 21.7 22.5 19.2 15.5
Czech Republic 22.7 25.0 23.9 17.7 10.7 20.5 235 24.0 19.1 12.9
Hungary 23.2 25.7 22.0 16.8 12.3 20.2 23.8 21.8 18.4 15.8
Moldova 29.2 27.3 20.9 12.8 9.6 27.4 26.3 19.9 134 12.9
Poland 26.9 28.1 22.0 13.2 9.8 24.1 26.6 22.2 14.5 12.6

(Continues on the next page)
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(Continued)
Men Women

Country or region g, %, 5,5 8; '3, g, %, F? $ ;rl

2 4% 8 8 R |38 8 8 & ¢
Romania 24.0 26.2 21.5 15.1 13.2 21.5 24.7 215 16.3 16.0
Slovakia 27.7 27.2 21.3 14.2 9.6 24.4 25.3 21.3 16.1 12.8
Ukraine 28.7 25.4 19.6 12.9 13.3 24.5 23.3 19.7 14.8 17.7
Northern America 27.7 245 20.8 15.9 11.0 26.5 24.0 20.9 16.5 12.1
the U.S. 27.7 24.6 20.9 15.8 11.0 26.5 24.0 20.9 16.5 12.1
Central America 30.7 25.3 18.9 14.3 10.8 30.5 25.4 18.8 14.2 111
South America 30.8 25.1 19.6 14.2 10.3 29.5 24.6 19.6 14.9 11.4
Brazil 31.6 25.3 19.3 13.8 10.1 30.3 24.8 19.5 14.4 111
South-Central Asia 32.1 26.4 19.0 131 9.4 30.8 25.6 19.2 13.9 10.5
India 31.8 26.9 194 12.9 9.0 30.2 26.0 19.5 13.9 10.4
South-Eastern Asia 333 26.6 18.3 125 9.2 31.7 25.6 185 13.6 10.7
Eastern Asia 27.1 26.3 21.4 14.5 10.7 26.3 25.4 21.4 15.2 11.8
China 27.8 27.2 21.4 13.7 9.9 27.2 26.4 21.4 14.2 10.7
Japan 19.1 20.1 23.5 21.0 16.3 18.0 19.2 23.1 21.7 18.0
South Korea 31.7 25.0 18.2 141 11.0 29.8 24.0 18.0 14.9 13.3
Western Asia 33.3 26.7 18.9 12.2 8.9 30.8 25.8 19.3 134 10.7
Africa 314 25.3 19.6 14.2 9.6 30.1 24.9 19.8 14.8 10.5
Morocco 32.6 27.3 18.7 12.3 9.1 323 25.4 18.1 13.0 11.2
Australia 25.9 23.0 21.5 17.3 12.3 25.7 23.0 21.4 17.1 12.8
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Appendix 10. Age-specific and overall age-adjusted prevalence of potentially detectable
colorectal cancer cases in Europe.

Men Women
Country or region 2 3 2 N m(=£ x 3 2 3 2 < %5 x
g 8 8 B8 = 2 g |18 B8 8 8 o ¢ &
3 3

Northern Europe  0.26 049 077 1.07 151 0.74 018 030 043 066 094 046
Denmark 034 064 098 138 194 097 6 |027 044 063 095 133 068 1
Estonia 022 048 078 114 158 072 26 | 018 029 040 060 089 045 17
Finland 020 039 061 083 115 058 34 | 016 025 034 049 068 036 33
Iceland 015 039 074 090 123 057 35 | 026 039 049 064 093 048 14
Ireland 032 059 090 127 181 085 14 | 020 032 047 072 107 049 13
Latvia 018 040 066 094 134 060 32 | 014 026 039 060 082 042 24
Lithuania 020 040 068 099 143 061 30 | 014 025 037 054 074 038 31
Norway 028 055 088 127 183 084 17 | 024 042 062 095 136 064
Sweden 021 042 067 098 141 069 28 |019 032 047 073 104 052 8
;?negggx]ed 026 050 076 105 149 074 24 | 017 028 040 062 089 044 18
Western Europe 0.32 058 087 117 1.60 0.82 0.20 0.31 042 061 0.8 0.44
Austria 026 049 075 101 139 070 27 | 016 025 034 048 067 036 34
Belgium 038 067 102 130 172 091 10 | 023 036 052 074 101 052 7
France 031 052 077 107 148 074 25 | 020 029 040 062 08 043 21
Germany 032 060 090 118 1.61 085 15 | 019 029 039 055 078 042 25
Luxembourg 029 048 116 110 205 084 16 | 018 024 034 047 067 034 36
The Netherlands ~ 034 0.68 1.06 1.46 203 098 5 | 026 043 062 093 129 064 3
Switzerland 029 055 083 107 144 075 20 | 020 031 042 059 080 043 22
Southern Europe 035 0.62 092 116 153 0.84 022 033 044 060 079 044
Albania 010 015 022 027 031 019 39 | 009 011 014 018 023 014 39
E'gf;‘ézg\:ﬂa 020 034 052 058 063 041 37 |015 019 022 035 043 024 37
Croatia 031 062 098 136 189 090 11 | 019 031 044 065 091 046 15
Cyprus 023 039 060 077 110 054 36 | 020 029 036 052 075 038 30
Greece 012 021 031 042 062 031 38 | 008 013 017 024 035 018 38
Cyprus 023 039 060 077 110 054 36 | 020 029 036 052 075 038 30
Greece 012 021 031 042 062 031 38 | 008 013 017 024 035 018 38
Italy 036 067 100 125 162 092 7 |026 040 053 069 08 053 6
Malta 035 062 085 112 149 079 18 | 024 040 045 074 087 049 12
Macedonia 030 051 069 08l 098 059 33 | 016 027 038 059 08L 039 29
Montenegro 055 071 065 093 121 074 22 | 028 029 033 052 060 037 32
Portugal 038 068 097 122 159 089 12 | 022 032 042 057 076 043 19
Serbia 046 077 105 124 148 091 023 035 045 059 073 043 20
Slovenia 035 070 110 157 217 101 4 |02l 036 051 074 102 052 9
Spain 039 068 099 127 175 091 021 031 040 058 081 043 23
ESP;S"‘E"E?‘SW” 027 053 083 112 142 069 019 031 043 060 076 042
Belarus 025 050 076 099 128 061 31 | 017 029 042 062 079 040 26
Bulgaria 035 066 097 123 158 088 13 022 037 050 068 086 050 11

(Continues on the next page)
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(Continued)

Men Women
Country or region 2 3 2 N % x 3 2 3 2 NS @ x
) O = O o 0 < o O 1= O o Q 5]
0 [Te] © ] ~ = o n 0 © © ~ > hd
o] (@]
Czech Republic 039 080 125 167 227 1.13 3 019 033 049 073 101 0.50 10
Hungary 0.57 1.02 145 173 217 1.27 0.27 042 057 0.78 1.03 0.58 4
Moldova 0.27 055 098 130 1.56 0.75 19 0.21 036 050 0.67 0.82 0.45 16
Poland 029 058 088 1.16 1.55 0.74 23 0.16 025 035 051 0.72 0.35 35
Romania 0.33 060 085 105 1.32 0.75 21 0.18 0.28 0.38 054 0.70 0.39 28
Slovakia 045 086 140 194 271 1.19 2 023 036 052 079 114 0.53 5
Ukraine 025 049 0.78 099 1.20 0.64 29 0.19 032 042 054 0.65 0.40 27

@ Age-adjusted estimates (%) weighted by country-specific underlying population age structure.



134

LIST OF OWN PUBLICATIONSAPPENDIX

Appendix 11. Age-specific and overall positive and negative predictive values for various

screening tests for colorectal cancer detection in Australia.

Screening test (sensitivity [%] /

Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall®
Men

Prevalence (%)* 0.36 0.66 0.99 1.30 1.77 0.90
70/70 0.8/99.8 1.5/99.7 2.3/99.6 3.0/99.4 4.0/99.2 2.1/99.6
70/80 1.3/99.9 2.3/99.8 3.4/99.6 4.4/99.5 5.9/99.3 3.1/99.7
70/90 2.5/99.9 4.5/99.8 6.5/99.7 8.5/99.6 11.2/99.4 5.9/99.7
80/70 1.0/99.9 1.7/99.8 2.6/99.7 3.4/99.6 4.6/99.5 2.4/99.7
80/80 1.4/99.9 2.6/99.8 3.8/99.8 5.0/99.7 6.7/99.6 3.5/99.8
80/90 2.8/99.9 5.1/99.9 7.4199.8 9.6/99.7 12.6/99.6 6.7/99.8
90/ 70" 1.1/99.9 2.0/99.9 2.9/99.9 3.8/99.8 5.1/99.7 2.6/99.9
90/80 1.6/100 2.9/99.9 4.3/99.9 5.6/99.8 7.5/99.8 3.9/99.9
90/90 3.2/100 5.7/99.9 8.3/99.9 10.6/99.9 14.0/99.8 7.5/99.9
95/95 6.4 /100 11.2/100 16.0/99.9 20.1/99.9 25.5/99.9 14.3/100
Breast test 1° 4.9/99.9 8.6/99.9 12.4/99.8 15.8/99.8 20.3/99.7 11.2/99.9
FIT® 4.6/99.9 8.1/99.9 11.6/99.8 14.8/99.7 19.2/99.6 10.5/99.8
Cologuard® 2.4/100 4.4/99.9 6.4/99.9 8.3/99.9 11.0/99.8 5.8/99.9
Epi proCoIonf 2.0/99.8 3.6/99.6 5.4/99.4 7.0/99.3 9.3/99.0 4.9/99.5
Women

Prevalence (%)* 0.23 0.38 0.54 0.82 1.16 0.55
70/70 0.5/99.9 0.9/99.8 1.3/99.8 1.9/99.6 2.7199.5 1.3/99.8
70/80 0.8/99.9 1.3/99.9 1.9/99.8 2.8/99.7 4.0/99.6 1.9/99.8
70/90 1.6/99.9 2.6/99.9 3.7/99.8 5.5/99.7 7.6/99.6 3.7/99.8
80/70 0.6/99.9 1.0/99.9 1.4/99.8 2.2/99.8 3.0/99.7 1.5/99.8
80/80 0.9/99.9 1.5/99.9 2.1/99.9 3.2/99.8 4.5/99.7 2.2/99.9
80/90 1.8/99.9 2.9/99.9 4.2/99.9 6.2/99.8 8.6/99.7 4.2/99.9
90/ 70" 0.7 /100 1.1/99.9 1.6/99.9 2.4/99.9 3.4/99.8 1.6/99.9
90/80 1.0/100 1.7 /100 2.4/99.9 3.6/99.9 5.0/99.9 2.47/99.9
90/90 2.1/100 3.3/100 4.7/99.9 6.9/99.9 9.6/99.9 4.7/99.9
95/95 4.3/100 6.7 /100 9.4/100 13.6 /100 18.3/99.9 9.3/100
Breast test 1° 3.2/100 5.1/99.9 7.2199.9 10.5/99.9 14.3/99.8 7.2199.9
FIT® 3.0/99.9 4.8/99.9 6.7/99.9 9.8/99.8 13.4/99.7 6.7 /99.9
Cologuard® 1.6/100 2.5/100 3.6/100 5.4/99.9 7.5/99.9 3.7/100
Epi proCoIonf 1.3/99.9 2.1/99.8 3.0/99.7 4.5/99.5 6.3/99.3 3.0/99.7

® Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
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Appendix 12. Age-specific and overall positive and negative predictive values for various
screening tests for colorectal cancer detection in Germany.

Screening test (sensitivity [%] / Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall?
Men

Prevalence (%)* 0.32 0.60 0.90 1.18 1.61 0.85
70/ 70 0.7/99.9 1.4/99.7 2.1/99.6 2.7199.5 3.7/99.3 2.0/99.6
70/80 1.1/99.9 2.1/99.8 3.1/99.7 4.0/99.6 5.4/99.4 2.9/99.7
70/ 90 2.2/99.9 4.0/99.8 6.0/99.7 7.7199.6 10.3/99.5 5.6/99.7
80/ 70 0.8/99.9 1.6/99.8 2.4199.7 3.1/99.7 4.2/99.5 2.2/99.8
80 /80 1.3/99.9 2.3/99.8 3.5/99.8 4.6199.7 6.1/99.6 3.3/99.8
80 /90 2.5/99.9 4.6/99.9 6.7/99.8 8.7/99.7 11.6/99.6 6.3/99.8
90/ 70° 0.9/100 1.8/99.9 2.6/99.9 3.5/99.8 4.7/99.8 2.5/99.9
90 /80 1.4/100 2.6/99.9 3.9/99.9 5.1/99.9 6.9/99.8 3.7/99.9
90/ 90 2.8/100 5.1/99.9 7.5/99.9 9.7/99.9 12.8/99.8 7.0/99.9
95/ 95 5.7 /100 10.3/100 14.7 /100 18.5/99.9 23.7/99.9  13.5/100
Breast test 1° 4.3/99.9 7.9/99.9 11.4199.9 14.5/99.8 18.8/99.7  10.5/99.9
FIT 4.0/99.9 7.3/99.9 10.6/99.8 13.6/99.7 17.7/99.6 9.9/99.8
Cologuard® 2.2/100 4.0/99.9 5.9/99.9 7.6/99.9 10.1/99.9 5.5/99.9
Epi proColon’ 1.8/99.8 3.3/99.7 4.9/99.5 6.3/99.3 8.5/99.1 4.6/99.5
Women

Prevalence (%)* 0.19 0.29 0.39 0.55 0.78 0.42
70/ 70 0.4/99.9 0.7/99.9 0.9/99.8 1.3/99.8 1.8/99.7 1.0/99.8
70/80 0.7/99.9 1.0/99.9 1.3/99.9 1.9/99.8 2.7199.7 1.4/99.8
70/ 90 1.3/99.9 2.0/99.9 2.7199.9 3.7/99.8 5.2/99.7 2.8/99.9
80/ 70 0.5/99.9 0.8/99.9 1.0/99.9 1.4/99.8 2.0/99.8 1.1/99.9
80/80 0.8/100 1.1/99.9 1.5/99.9 2.2199.9 3.0/99.8 1.6/99.9
80 /90 1.5/100 2.2/99.9 3.0/99.9 4.2/99.9 5.9/99.8 3.2/99.9
90/70° 0.6 /100 0.9/100 1.2/99.9 1.6/99.9 2.3/99.9 1.2/99.9
90 /80 0.9/100 1.3/100 1.7 /100 2.4199.9 3.4/99.9 1.9/99.9
90/90 1.7 /100 2.5/100 3.4/100 4.7/99.9 6.6/99.9 3.6/100
95/ 95 3.5/100 5.2 /100 6.9/100 9.5/100 12.9/100 7.3/100
Breast test 1° 2.6/100 3.9/100 5.2/99.9 7.2199.9 10.0/99.9 5.6/99.9
FIT 2.5/100 3.6/99.9 4.9/99.9 6.7/99.9 9.3/99.8 5.2/99.9
Cologuard® 1.3/100 1.9/100 2.6/100 3.6/100 5.1/99.9 2.8/100
Epi proColon’ 1.1/99.9 1.6/99.8 2.2/99.8 3.0/99.7 4.2/99.6 2.3/99.8

& Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
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Appendix 13. Age-specific and overall positive and negative predictive values for various

screening tests for colorectal cancer detection in the U.S.

Screening test (sensitivity [%] /

Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall®
Men

Prevalence (%)* 0.31 0.45 0.59 0.70 0.92 0.53
70/70 0.7/99.9 1.0/99.8 1.4/99.7 1.6/99.7 2.1/99.6 1.2/99.8
70/80 1.1/99.9 1.6/99.8 2.0/99.8 2.4199.7 3.1/99.7 1.8/99.8
70/90 2.1/99.9 3.1/99.8 4.0/99.8 4.7199.8 6.1/99.7 3.6/99.8
80/70 0.8/99.9 1.2/99.9 1.5/99.8 1.9/99.8 2.4/99.7 1.4/99.8
80/80 1.2/99.9 1.8/99.9 2.3/99.9 2.8/99.8 3.6/99.8 2.1/99.9
80/90 2.4/99.9 3.5/99.9 4.5/99.9 5.4/99.8 6.9/99.8 4.1/99.9
90/ 70" 0.9/100 1.3/99.9 1.7/99.9 2.1/99.9 2.7199.9 1.6/99.9
90/80 1.4/100 2.0/99.9 2.6/99.9 3.1/99.9 4.0/99.9 2.3/99.9
90/90 2.7/100 3.9/99.9 5.0/99.9 6.0/99.9 7.7199.9 4.6/99.9
95/95 5.6 /100 7.9/100 10.1/100 11.8/100 14.9/100 9.1/100
Breast test 1° 4.2 /100 6.0/99.9 7.7199.9 9.1/99.9 11.6/99.9 7.0/99.9
FIT® 3.9/99.9 5.6/99.9 7.2199.9 8.5/99.8 10.8/99.8 6.5/99.9
Cologuard® 2.1/100 3.0/100 3.9/99.9 4.6/99.9 6.0/99.9 3.5/100
Epi proCoIonf 1.7/99.8 2.5/99.7 3.2/99.7 3.9/99.6 5.0/99.5 2.9/99.7
Women

Prevalence (%)* 0.20 0.27 0.34 0.48 0.67 0.35
70/70 0.5/99.9 0.6/99.9 0.8/99.9 1.1/99.8 1.5/99.7 0.8/99.8
70/80 0.7/99.9 0.9/99.9 1.2/99.9 1.7/99.8 2.3/99.7 1.2/99.9
70/90 1.4/99.9 1.9/99.9 2.4/99.9 3.3/99.8 4.5/99.8 2.4/99.9
80/70 0.5/99.9 0.7/99.9 0.9/99.9 1.3/99.9 1.8/99.8 0.9/99.9
80/80 0.8/99.9 1.1/99.9 1.47/99.9 1.9/99.9 2.6/99.8 1.47/99.9
80/90 1.6 /100 2.1/99.9 2.7199.9 3.7/99.9 5.1/99.9 2.7199.9
90/ 70" 0.6 /100 0.8/100 1.0/100 1.4/99.9 2.0/99.9 1.0/99.9
90/80 0.9/100 1.2/100 1.5/100 2.1/99.9 2.9/99.9 1.6 /100
90/90 1.8/100 2.4/100 3.0/100 4.2/99.9 5.7/99.9 3.1/100
95/95 3.7/100 4.9/100 6.1/100 8.5/100 11.3/100 6.2 /100
Breast test 1° 2.8/100 3.7/100 4.7/99.9 6.5/99.9 8.7/99.9 4.7/99.9
FIT® 2.6/100 3.4/99.9 4.3/99.9 6.0/99.9 8.1/99.8 4.4/99.9
Cologuard® 1.4/100 1.8/100 2.3/100 3.2/100 4.4/99.9 2.4/100
Epi proCoIonf 1.1/99.9 1.5/99.8 1.9/99.8 2.7199.7 3.7/99.6 1.9/99.8

® Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).



APPENDIX 137
Appendix 14. Age-specific and overall positive and negative predictive values for various
screening tests for colorectal cancer detection in Brazil.

Screening test (sensitivity [%] / Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall?
Men

Prevalence (%)* 0.16 0.25 0.35 0.44 0.63 0.30
70/ 70 0.4/99.9 0.6/99.9 0.8/99.9 1.0/99.8 1.5/99.7 0.7/99.9
70/80 0.6/99.9 0.9/99.9 1.2/99.9 1.5/99.8 2.2/99.8 1.1/99.9
70/ 90 1.1/99.9 1.7/99.9 2.4/99.9 3.0/99.9 4.2/99.8 2.1/99.9
80/ 70 0.4 /100 0.7/99.9 0.9/99.9 1.2/99.9 1.7/99.8 0.8/99.9
80 /80 0.6/100 1.0/99.9 1.4/99.9 1.8/99.9 2.5/99.8 1.2/99.9
80 /90 1.3/100 1.9/99.9 2.7199.9 3.4/99.9 4.8/99.9 2.4/99.9
90/ 70" 0.5/100 0.7/100 1.0/100 1.3/99.9 1.9/99.9 0.9/100
90 /80 0.7/100 1.1/100 1.5/100 2.0/99.9 2.8/99.9 1.3/100
90/ 90 1.4/100 2.2/100 3.0/100 3.9/100 5.4/99.9 2.7 1100
95/ 95 2.9/100 4.5/100 6.2/100 7.81100 10.7 / 100 5.4/100
Breast test 1° 2.2/100 3.4/100 4.7/99.9 6.0/99.9 8.2/99.9 4.1/100
FIT 2.1/100 3.1/99.9 4.4/99.9 5.6/99.9 7.7199.9 3.8/99.9
Cologuard® 1.1/100 1.7 /100 2.3/100 3.0/100 4.2199.9 2.0/100
Epi proColon’ 0.9/99.9 1.4/99.9 1.9/99.8 2.5/99.7 3.5/99.6 1.7/99.8
Women

Prevalence (%)* 0.12 0.17 0.22 0.35 0.53 0.23
70/ 70 0.3/99.9 0.4/99.9 0.5/99.9 0.8/99.9 1.2/99.8 0.5/99.9
70/80 0.4/100 0.6/99.9 0.8/99.9 1.2/99.9 1.8/99.8 0.8/99.9
70/ 90 0.9/100 1.2/99.9 1.6/99.9 2.4199.9 3.6/99.8 1.6/99.9
80/ 70 0.3/100 0.4 /100 0.6/99.9 0.9/99.9 1.4/99.8 0.6/99.9
80/80 0.5/100 0.7 /100 0.9/99.9 1.4799.9 2.1/99.9 0.9/99.9
80 /90 1.0/100 1.3/100 1.8/99.9 2.7199.9 4.1/99.9 1.8/99.9
90/70° 0.4 /100 0.5/100 0.7 /100 1.0/100 1.6/99.9 0.7 /100
90 /80 0.6 /100 0.7 /100 1.0/100 1.5/100 2.3/99.9 1.0/100
90 /90 1.1/100 1.5/100 2.0/100 3.0/ 100 4.6/99.9 2.0/100
95/ 95 2.3/100 3.1/100 4.1/100 6.2 /100 9.2/100 4.2 /100
Breast test 1° 1.7 /100 2.3/100 3.1/100 4.7199.9 7.0/99.9 3.2/100
FIT 1.6 /100 2.2/100 2.9/99.9 4.4/99.9 6.6/99.9 2.9/99.9
Cologuard® 0.8/100 1.1/100 1.5/100 2.3/100 3.5/100 1.6 /100
Epi proColon’ 0.7/99.9 0.9/99.9 1.3/99.9 1.9/99.8 2.9/99.7 1.3/99.9

& Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
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Appendix 15. Age-specific and overall positive and negative predictive values for various

screening tests for colorectal cancer detection in Morocco.

Screening test (sensitivity [%] /

Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall®
Men

Prevalence (%)* 0.11 0.18 0.25 0.27 0.3 0.19
70/70 0.3/100 0.4/99.9 0.6/99.9 0.6/99.9 0.7/99.9 0.5/99.9
70/80 0.4 /100 0.6/99.9 0.9/99.9 1.0/99.9 1.0/99.9 0.7/99.9
70/90 0.8/100 1.2/99.9 1.77/99.9 1.9/99.9 2.0/99.9 1.3/99.9
80/70 0.3/100 0.5/99.9 0.7/99.9 0.7/99.9 0.8/99.9 0.5/99.9
80/80 0.4/100 0.7 /100 1.0/99.9 1.1/99.9 1.2/99.9 0.8/100
80/90 0.9/100 1.4/100 2.0/99.9 2.2/99.9 2.3/99.9 1.5/100
90/ 70" 0.3/100 0.5/100 0.8/100 0.8/100 0.9/100 0.6 /100
90/80 0.5/100 0.8/100 1.1/100 1.2/100 1.3/100 0.9/100
90/90 1.0/100 1.6 /100 2.2/100 2.41100 2.6/100 1.7 /100
95/95 2.1/100 3.3/100 4.6 /100 5.0/100 5.3/100 3.5/100
Breast test 1° 1.6/100 2.5/100 3.5/100 3.8/100 4.0/100 2.7/100
FIT® 1.5/100 2.3/100 3.2/99.9 3.5/99.9 3.8/99.9 2.5/100
Cologuard® 0.8/100 1.2/100 1.7 /100 1.9/100 2.0/100 1.3/100
Epi proCoIonf 0.6/99.9 1.0/99.9 1.4/99.9 1.5/99.8 1.7/99.8 1.1/99.9
Women

Prevalence (%)* 0.09 0.13 0.14 0.16 0.17 0.13
70/70 0.2/100 0.3/99.9 0.3/99.9 0.4/99.9 0.4/99.9 0.3/99.9
70/80 0.3/100 0.4 /100 0.5/99.9 0.6/99.9 0.6/99.9 0.4/100
70/90 0.6 /100 0.9/100 1.0/100 1.1/99.9 1.2/99.9 0.9/100
80/70 0.2/100 0.3/100 0.4/100 0.4/100 0.5/100 0.3/100
80/80 0.4/100 0.5/100 0.6/100 0.6 /100 0.7 /100 0.5/100
80/90 0.7 /100 1.0/100 1.1/100 1.3/100 1.3/100 1.0/100
90/ 70" 0.3/100 0.4 /100 0.4/100 0.5/100 0.5/100 0.4/100
90/80 0.4/100 0.6 /100 0.6 /100 0.7 /100 0.8/100 0.6 /100
90/90 0.8/100 1.1/100 1.3/100 1.4/100 1.5/100 1.1/100
95/95 1.7 /100 2.4/100 2.6/100 3.0/100 3.1/100 2.4/100
Breast test 1° 1.3/100 1.8/100 2.0/100 2.2/100 2.3/100 1.8/100
FIT? 1.2/100 1.6/ 100 1.8/100 2.1/100 2.2/100 1.7 /100
Cologuard® 0.6 /100 0.9/100 1.0/ 100 1.1/100 1.2/100 0.9/100
Epi proCoIonf 0.5/99.9 0.7/99.9 0.8/99.9 0.9/99.9 1.0/99.9 0.7/99.9

# Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
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Appendix 16. Age-specific and overall positive and negative predictive values for various
screening tests for colorectal cancer detection in India.

Screening test (sensitivity [%] / Positive predictive value [%)] / Negative predictive value [%]

specificity [%]) or actual test 50-54 55-59 60-64 65-69 70-74 Overall?
Men

Prevalence (%)* 0.08 0.12 0.15 0.18 0.23 0.13
70/ 70 0.2/100 0.3/99.9 0.4/99.9 0.4/99.9 0.5/99.9 0.3/99.9
70/80 0.3/100 0.4 /100 0.5/99.9 0.6/99.9 0.8/99.9 0.5/100
70/ 90 0.5/100 0.8/100 1.0/99.9 1.2/99.9 1.6/99.9 0.9/100
80/ 70 0.2/100 0.3/100 0.4 /100 0.5/99.9 0.6/99.9 0.3/100
80 /80 0.3/100 0.5/100 0.6 /100 0.7 /100 0.9/99.9 0.5/100
80 /90 0.6 /100 0.9/100 1.2/100 1.4 /100 1.8/99.9 1.0/100
90/ 70" 0.2/100 0.4 /100 0.5/100 0.5/100 0.7 /100 0.4/100
90 /80 0.4/100 0.5/100 0.7 /100 0.8/100 1.0/100 0.6/100
90/ 90 0.7 /100 1.0/100 1.3/100 1.6 /100 2.0/100 1.1/100
95/ 95 1.5/100 2.2/100 2.8/100 3.2/100 4.2/100 2.4 1100
Breast test 1° 1.1/100 1.6/100 2.1/100 2.41100 3.1/100 1.8/100
FIT 1.0/100 1.5/100 1.9/100 2.3/100 2.9/99.9 1.7 /100
Cologuard® 0.5/100 0.8/100 1.0/100 1.2/100 1.6/100 0.9/100
Epi proColon’ 0.4 /100 0.7/99.9 0.8/99.9 1.0/99.9 1.3/99.9 0.7/99.9
Women

Prevalence (%)* 0.05 0.07 0.08 0.11 0.14 0.08
70/ 70 0.1/100 0.2/100 0.2/100 0.2/100 0.3/99.9 0.2/100
70/80 0.2/100 0.2/100 0.3/100 0.4 /100 0.5/99.9 0.3/100
70/ 90 0.4 /100 0.5/100 0.6 /100 0.7 /100 0.9/100 0.5/100
80/ 70 0.1/100 0.2/100 0.2/100 0.3/100 0.4 /100 0.2/100
80/80 0.2/100 0.3/100 0.3/100 0.4/100 0.5/100 0.3/100
80 /90 0.4 /100 0.6 /100 0.7 /100 0.8/100 1.1/100 0.6 /100
90/70° 0.2/100 0.2/100 0.2/100 0.3/100 0.4 /100 0.2/100
90 /80 0.2/100 0.3/100 0.4 /100 0.5/100 0.6 /100 0.4/100
90 /90 0.5/100 0.6/100 0.7/100 0.9/100 1.2/100 0.7/100
95/ 95 1.0/100 1.3/100 1.5/100 2.0/100 2.5/100 1.5/100
Breast test 1° 0.7 /100 1.0/100 1.2/100 1.5/100 1.9/100 1.1/100
FIT 0.7 /100 0.9/100 1.1/100 1.4 /100 1.8/100 1.0/100
Cologuard® 0.4 /100 0.5/100 0.6 /100 0.7 /100 0.9/100 0.5/100
Epi proColon’ 0.3/100 0.4 /100 0.5/100 0.6/99.9 0.8/99.9 0.4 /100

& Weighted sum of age-specific estimates using region-specific relative population size weights (weights can be found in

Appendix 9).

® Breath test 2 by Altomare et al., sensitivity 90%, specificity 70% (4).

° Breath test 1 by Amal et al, sensitivity 85%, specificity 94% (6).
4 Fecal immunochemical test (FIT), sensitivity 79% and specificity 94% (102).

¢ Cologuard, sensitivity 92.3% and specificity 86.6% (82).

f Epi proColon, sensitivity 48.2% and specificity 91.5% (43).
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Appendix 17. Study description of the studies included in the meta-analysis for the estimation
of breath tests performance for gastric cancer detection.

Studies included in meta-analysis

First author, year Amal, 2016 Kumar, 2015 Shehada, 2015 Xu, 2013
Reference ©) (96) (167) (202)
Country Latvia the United Kingdom Latvia China

Cancer group

Controls

Method

True positives
False negatives
False positives
True negatives
Sensitivity [95% CI]
Specificity [95% CI]

gastric cancer

OLGIM 0-IV

sensor arrays: gold
nanoparticles and
single-wall carbon
nanotubes

22
8

2

93

73% [56-86]
98% [93-99]

gastric cancer +
oesophageal cancer

HC+ Barrett’s
metaplasia + benign
conditions

selected ion flow tube
mass spectrometry

20
3

9

39

87% [68-95]
81% [68-90]

gastric cancer

HC + early intestinal
metaplasia, gastric
ulcer

sensor arrays: silicon
nanowires
a
a
za
17°
71% [36-92]
89% [69-97]

gastric cancer

HC + early intestinal
metaplasia, gastric
ulcer

sensor arrays:
nanomaterial-based
sensor

33

4

84
899% [75-96]
90% [83-95]

Cl, confidence intervals, HC, healthy controls; OLGIM, operative link on intestinal metaplasia assessment; TN

2 values calculated from sensitivity and specificity.
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Appendix 18. Negative predictive value of breath tests for gastric cancer detection, by age and
sex.

NPV for men (%) NPV for women (%)
Population 50-59 60-69 70-74 Overall® 50-59 60-69 70-74 Overall®
Northern Europe 99.99 99.98 99.96 99.98 100 99.99 99.98 99.99
Western Europe 99.99 99.97 99.95 99.98 99.99 99.99 99.98 99.99
Southern Europe 99.99 99.96 99.93 99.97 99.99 99.98 99.97 99.99
Central and Eastern Europe 99.97 99.93 99.89 99.95 99.99 99.97 99.95 99.98
Northern America 99.99 99.98 99.97 99.99 100 99.99 99.99 99.99
Central America 99.99 99.97 99.94 99.98 99.99 99.98 99.96 99.98
South America 99.98 99.95 99.92 99.97 99.99 99.98 99.96 99.98
Western Asia 99.98 99.96 99.94 99.97 99.99 99.98 99.96 99.98
South-Central Asia 99.99 99.97 99.96 99.98 99.99 99.99 99.98 99.99
South-Eastern Asia 99.99 99.97 99.96 99.98 99.99 99.99 99.98 99.99
Eastern Asia 99.96 99.88 99.81 99.91 99.98 99.96 99.93 99.97
Africa 99.99 99.99 99.98 99.99 100 99.99 99.99 99.99
Australia 99.99 99.98 99.96 99.98 100 99.99 99.98 99.99
Korea 99.91 99.78 99.70 99.84 99.97 99.93 99.90 99.94
Japan 99.95 99.83 99.71 99.86 99.98 99.95 99.92 99.96
China 99.96 99.89 99.83 99.92 99.99 99.96 99.94 99.97
Albania 99.97 99.92 99.87 99.94 99.98 99.95 99.92 99.96
Belarus 99.96 99.89 99.85 99.93 99.98 99.96 99.94 99.97
India 99.99 99.97 99.96 99.98 99.99 99.99 99.99 99.99
The United Kingdom 99.99 99.98 99.96 99.98 100 99.99 99.98 99.99
The U.S. 99.99 99.98 99.97 99.99 100 99.99 99.99 99.99

NPV, negative predictive value.
@ Weighted sum of age-specific estimates using region- and country-specific relative population size weights (weights can be

found in Appendix 9).
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Appendix 19. Age-specific predictive values for tests with various levels of sensitivity and
specificity, by country and sex.

Country

PPV / NPV®in men (%)

PPV / NPV®in women (%)

50-59 60-69 70-74 Overall® 50-59 60-69 70-74 Overall®
70% sensitivity and 70% specificity
Korea 1.2/99.8 2.7/99.5 3.6/99.3 1.9/99.6 0.4/99.9 0.9/99.8 1.3/99.8 0.7/99.9
Japan 0.6/99.9 2.1/99.6 3.5/99.3 1.8/99.7 0.3/100 0.6/99.9 1.0/99.8 0.5/99.9
China 0.5/99.9 1.3/99.8 2.0/99.6 0.9/99.8 0.2/100 0.5/99.9 0.8/99.9 0.4/99.9
Albania 0.4/99.9 1.0/99.8 1.6/99.7 0.8/99.9 0.2/100 0.6/99.9 1.0/99.8 0.5/99.9
Belarus 0.5/99.9 1.3/99.8 1.9/99.7 0.9/99.8 0.2/100 0.5/99.9 0.7/99.9 0.4/99.9
India 0.2 /100 0.4/99.9 0.5/99.9 0.3/100 0.1/100 0.1/100 0.2/100 0.1/100
The UK 0.1/100 0.3/100 0.5/99.9 0.2 /100 0.0/100 0.1/100 0.2/100 0.1/100
The U.S. 0.1/100 0.2/100 0.4/99.9 0.2/100 0.0/100 0.1/100 0.2/100 0.1/100
70% sensitivity and 80% specificity
Korea 1.7/99.8 4.0/99.6 5.4/99.4 2.9/99.7 0.6/99.9 1.4799.9 1.9/99.8 1.0/99.9
Japan 0.9/99.9 3.1/99.7 5.2/99.4 2.6/99.7 0.4/100 0.9/99.9 15/99.8 0.8/99.9
China 0.8/99.9 1.9/99.8 3.0/99.7 1.47/99.8 0.3/100 0.7/99.9 1.2/99.9 05/99.9
Albania 0.6/99.9 1.4/99.8 2.4199.7 1.1/99.9 0.3/100 0.9/99.9 15/99.8 0.7/99.9
Belarus 0.8/99.9 2.0/99.8 2.8/99.7 1.4799.9 0.3/100 0.8/99.9 1.1/99.9 0.6/99.9
India 0.2/100 0.6/99.9 0.7/99.9 0.4/100 0.1/100 0.2/100 0.3/100 0.2/100
The UK 0.1/100 0.4 /100 0.8/99.9 0.3/100 0.1/100 0.2/100 0.3/100 0.1/100
The U.S. 0.1/100 0.3/100 0.5/99.9 0.2/100 0.1/100 0.1/100 0.2/100 0.1/100
70% sensitivity and 90% specificity
Korea 3.4/99.8 7.8/99.6 10.2/99.5 55/99.7 1.2/99.9 2.7/99.9 3.7/99.8 2.0/99.9
Japan 1.9/99.9 6.0/99.7 9.9/99.5 5.0/99.7 0.8/100 1.7/99.9 3.0/999 16/99.9
China 1.6/99.9 3.8/99.8 5.9/99.7 2.8/99.9 0.6 /100 1.47/99.9 23/999 1.0/99.9
Albania 1.3/99.9 2.8/99.9 4.7/99.8 2.2/99.9 0.7 /100 1.9/99.9 29/999 1.4/99.9
Belarus 1.6/99.9 3.9/99.8 5.4/99.7 2.7/99.9 0.6 /100 1.5/99.9 22/999 1.1/99.9
India 0.5/100 1.1/99.9 1.4/99.9 0.8/100 0.2 /100 0.4 /100 0.5/100 0.3/100
The UK 0.2 /100 0.8/100 1.5/99.9 0.6 /100 0.1/100 0.3/100 0.6 /100 0.3/100
The U.S. 0.2 /100 0.7 / 100 1.0/99.9 0.5/100 0.1/100 0.3/100 0.5/100 0.2 /100
80% sensitivity and 70% specificity
Korea 1.3/99.9 3.1/99.7 4.1/99.5 2.2/99.8 0.5/100 1.0/99.9 15/99.8 0.8/99.9
Japan 0.7/99.9 2.4/99.7 4.0/99.6 2.0/99.8 0.3/100 0.7/99.9 1.2/99.9 0.6/99.9
China 0.6/99.9 1.5/99.8 2.3/99.7 1.1/99.9 0.2/100 0.5/99.9 0.9/99.9 0.4 /100
Albania 0.5/99.9 1.1/99.9 1.8/99.8 0.9/99.9 0.3/100 0.7/99.9 1.1/99.9 05/99.9
Belarus 0.6/99.9 1.5/99.8 2.1/99.8 1.0/99.9 0.2/100 0.6/99.9 0.9/99.9 0.4 /100
India 0.2/100 0.4 /100 0.5/99.9 0.3/100 0.1/100 0.2/100 0.2/100 0.1/100
The UK 0.1/100 0.3/100 0.6/99.9 0.2/100 0.0/100 0.1/100 0.2/100 0.1/100
The U.S. 0.1/100 0.3/100 0.4/100 0.2/100 0.0/100 0.1/100 0.2/100 0.1/100
80% sensitivity and 80% specificity
Korea 2.0/99.9 4.6 /99.7 6.1/99.6 3.3/99.8 0.7 /100 1.5/99.9 22/999 1.2/99.9
Japan 1.1/99.9 3.5/99.8 5.9/99.6 3.0/99.8 0.5/100 1.0/99.9 1.8/99.9 0.9/99.9
China 0.9/99.9 2.2/99.9 3.4/99.8 1.6/99.9 0.3/100 0.8/99.9 1.4/99.9 0.6 /100
Albania 0.7 / 100 1.6/99.9 2.7/99.8 1.3/99.9 0.4 /100 1.1/99.9 1.7/99.9 0.8/100

(Continues on the next page)
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Country PPV / NPV®in men i PPV / NPV®in women i
50-59 60-69 70-74 Overall 50-59 60-69 70-74 Overall

Belarus 0.9/99.9 2.3/99.9 3.2/99.8 1.6/99.9 0.3/100 0.9/99.9 1.3/99.9 0.7 /100
India 0.3/100 0.7 /100 0.8/99.9 0.4/100 0.1/100 0.2/100 0.3/100 0.2/100
the UK 0.1/100 0.4 /100 0.9/99.9 0.4 /100 0.1/100 0.2/100 0.4 /100 0.2 /100
The U.S. 0.1/100 0.4 /100 0.6 /100 0.3/100 0.1/100 0.2/100 0.3/100 0.1/100
80% sensitivity and 90% specificity

Korea 3.8/99.9 8.8/99.7 11.5/99.6 6.3/99.8 1.4/100 3.1/99.9 4.3/99.9 2.3/99.9
Japan 2.1/99.9 6.8/99.8 11.1/799.7 5.7/99.8 0.9/100 2.0/99.9 3.5/99.9 1.8/99.9
China 1.8/100 4.3/99.9 6.7/99.8 3.2/99.9 0.6 /100 1.6/100 2.7/99.9 1.2/100
Albania 1.4/100 3.2/99.9 5.3/99.8 2.5/99.9 0.7 /100 2.1/99.9 3.3/99.9 1.5/100
Belarus 1.8/100 4.4/99.9 6.2/99.8 3.0/99.9 0.7 /100 1.7/100 25/99.9 1.3/100
India 0.5/100 1.3/100 1.6/100 0.9/100 0.3/100 0.5/100 0.6 /100 0.4 /100
The UK 0.3/100 0.9/100 1.7 /100 0.7 / 100 0.1/100 0.4/100 0.7 /100 0.3/100
The U.S. 0.3/100 0.8 /100 1.2/100 0.6 /100 0.1/100 0.3/100 0.5/100 0.3/100
90% sensitivity and 70% specificity

Korea 1.5/99.9 3.5/99.8 4.6/99.8 2.5/99.9 0.5/100 1.2/99.9 1.6/99.9 0.9/100
Japan 0.8/100 2.7/99.9 4.5/99.8 2.2/99.9 0.3/100 0.7 /100 1.3/99.9 0.7 /100
China 0.7 /100 1.7/99.9 2.6/99.9 1.2/99.9 0.2/100 0.6 /100 1.0/100 0.5/100
Albania 0.5/100 1.2/99.9 2.1/99.9 1.0/100 0.3/100 0.8/100 1.3/99.9 0.6 /100
Belarus 0.7 /100 1.7/99.9 2.4/99.9 1.2/99.9 0.3/100 0.6 /100 1.0/100 0.5/100
India 0.2/100 0.5/100 0.6 /100 0.3/100 0.1/100 0.2/100 0.2 /100 0.1/100
The UK 0.1/100 0.3/100 0.7 / 100 0.3/100 0.0/100 0.1/100 0.3/100 0.1/100
The U.S. 0.1/100 0.3/100 0.5/100 0.2 /100 0.1/100 0.1/100 0.2 /100 0.1/100
90% sensitivity and 80% specificity

Korea 2.2/99.9 5.1/99.8 6.8/99.8 3.7/99.9 0.8/100 1.7/100 2.4/99.9 1.3/100
Japan 1.2/100 4.0/99.9 6.6/99.8 3.3/99.9 0.5/100 1.1/100 2.0/99.9 1.0/100
China 1.0/100 25/99.9 3.9/99.9 1.8/99.9 0.4/100 0.9/100 1.5/100 0.7 /100
Albania 0.8/100 1.8/99.9 3.1/99.9 1.4/100 0.4/100 1.2/100 1.9/99.9 0.9/100
Belarus 1.0/100 2.5/99.9 3.6/99.9 1.7/100 0.4/100 1.0/100 1.4/100 0.7 /100
India 0.3/100 0.7 / 100 0.9/100 0.5/100 0.2/100 0.3/100 0.3/100 0.2 /100
The UK 0.1/100 0.5/100 1.0/100 0.4 /100 0.1/100 0.2/100 0.4 /100 0.2/100
The U.S. 0.2/100 0.4 /100 0.7 / 100 0.3/100 0.1/100 0.2/100 0.3/100 0.1/100
90% sensitivity and 90% specificity

Korea 4.3/99.9 9.8/99.9 12.7/99.8 7.0/99.9 1.5/100 3.4/100 4.8/99.9 2.6/100
Japan 2.4/100 7.6/99.9 12.3/99.8 6.3/99.9 1.0/100 2.2/100 3.9/100 2.1/100
China 2.0/100 4.9/99.9 7.41/99.9 3.5/100 0.7 /100 1.8/100 3.0/100 1.3/100
Albania 1.6/100 3.6/100 6.0/99.9 2.8/100 0.8/100 2.4/100 3.7/100 1.7/100
Belarus 2.0/100 5.0/99.9 6.9/99.9 3.4/100 0.8/100 1.9/100 2.8/100 1.5/100
India 0.6 /100 1.5/100 1.8/100 1.0/100 0.3/100 0.5/100 0.6 /100 0.4 /100
The UK 0.3/100 1.0/100 1.9/100 0.8 /100 0.1/100 0.4/100 0.8 /100 0.4 /100
The U.S. 0.3/100 0.8 /100 1.3/100 0.6 / 100 0.2/100 0.4/100 0.6 /100 0.3/100

The UK, The United Kingdom, The U.S., The United States of America.
& NPVs >99.95% are listed as 100%.
P Weighted sum of age-specific estimates using region- and country-specific relative population size weights (weights can be

found in Appendix 9).
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