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Abstract: The development of electronic-nose (e-nose) technologies for disease diagnostics was
initiated in the biomedical field for detection of biotic (microbial) causes of human diseases during
the mid-1980s. The use of e-nose devices for disease-diagnostic applications subsequently was
extended to plant and animal hosts through the invention of new gas-sensing instrument types and
disease-detection methods with sensor arrays developed and adapted for additional host types and
chemical classes of volatile organic compounds (VOCs) closely associated with individual diseases.
Considerable progress in animal disease detection using e-noses in combination with metabolomics
has been accomplished in the field of veterinary medicine with new important discoveries of
biomarker metabolites and aroma profiles for major infectious diseases of livestock, wildlife, and fish
from both terrestrial and aquaculture pathology research. Progress in the discovery of new e-nose
technologies developed for biomedical applications has exploded with new information and methods
for diagnostic sampling and disease detection, identification of key chemical disease biomarkers,
improvements in sensor designs, algorithms for discriminant analysis, and greater, more widespread
testing of efficacy in clinical trials. This review summarizes progressive advancements in utilizing
these specialized gas-sensing devices for numerous diagnostic applications involving noninvasive
early detections of plant, animal, and human diseases.

Keywords: bat white-nose syndrome; diagnostic pathology; disease biomarker metabolites; electronic
aroma detection; e-nose; early disease diagnosis; human diseases

1. Introduction

The development of electronic-nose (e-nose) technologies and devices for disease diagnostic
applications has accelerated rapidly over the past decade. The impressive rate of progress in
e-nose technological developments, specifically for disease-detection applications, has been achieved
largely through discoveries of new electronic methods and associated operational mechanisms for
chemical detection of complex gaseous mixtures, primarily consisting of volatile organic compounds
(VOCs). Improvements in sensor technologies and arrays, machine-learning methods such as
artificial neural networks (ANN), disease-specific reference libraries and databases, data-analysis
software, and identification of disease biomarkers also have contributed to advancements in e-nose
diagnostic methods [1-8]. These key advances have resulted in numerous new applications of e-nose
technologies useful for the detection and identification of diseases with many different causes (biotic,
abiotic, and genetic) which occur in various forms of living organisms including plants, animals,
and humans [7,9,10]. Applications of e-nose devices for identification of biotic causes of disease
primarily involve detection of microbial pathogens on or within diseased organisms [11-13].
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Electronic-nose devices have been used extensively since the 1980s by a wide range of governmental
agencies and commercial industries from aerospace [14-17], agricultural and forestry [10,13,18,19],
biomedical for point-of-care testing (POCT) [8,12,20,21], cosmetics, drug and pharmaceutical [5],
environmental protection [18,22-24], food science and technologies [12,25,26], to many other
specialized uses for biosecurity, disaster operations and recovery, forensics, military operations,
regulatory, law enforcement, transportation safety, and for scientific research [5,27]. One of the
most important e-nose applications common among various industrial uses has been for quality
assurance and quality control (QA/QC). E-nose devices are used to continually evaluate manufacturing
processes and methods to measure and maintain the quality of commercial products and to ensure that
products and services consistently meet consumer expectations. Assessments of quality controls in
manufacturing processes are essential for maintaining product uniformity and consistency for brand
recognition and consumer satisfaction [13]. In the biomedical and related drug industries, applications
of e-nose devices have increased dramatically over the past decade due to the need for new, simpler
and easy to use technologies with the capabilities of providing rapid, noninvasive accurate diagnoses
with minimal costs [20].

Electronic-nose devices also are potentially useful for confirming patient identity and determining
the necessity for nonreversible, critical medical procedures (e.g., biopsies, corrective surgeries, organ
and limb removals, or implantations of devices or prosthetics) applied to specific locations or parts of
the human body [28,29]. The greater ease-of-use of e-nose devices by doctors and clinical technicians
has made e-nose clinical trials and instrument-training operations simpler, allowing shorter startup
times for the development and initiation of electronic nose-based diagnostic clinical applications
and procedures.

Chemical studies of disease metabolomics have provided critical information explaining the
effects of disease-developmental processes (pathogenesis, mechanisms of disease, and effects on
host metabolic processes and pathways) on host pathophysiology which have provided effective
chemical clues into the identities (chemical classes) of disease-associated target molecules (chemical
biomarkers of disease) most indicative of and strongly correlated with the presence of disease within
living organisms [1,6,7,30-32]. The widely varying chemical composition of different living organisms
affected by disease processes (whether plant, animal, or human host types), has presented unique and
different challenges to diagnosticians in using e-nose devices for disease detection.

Most key advances in the development of e-nose instruments and applications for disease
diagnostics predominantly have been related to improvements in refining e-nose sensor arrays,
development and use of new sensor types (with novel operational mechanisms), pattern recognition
algorithms and analysis software, application-specific reference databases, and more effective
data-analyses procedures. A recent emerging trend in next-generation disease diagnostics has been the
use of e-nose devices for initial preliminary diagnoses, followed by confirmations (if necessary) through
detection and identification of key chemical disease biomarkers most correlated with or established as
chemical indicators of specific disease states found within a host body. The area of metabolic- chemistry
diagnostics known as metabolomics involves the identification and quantification of metabolites found
in clinical samples. This area of study is largely responsible for identifying disease biomarkers.
Specific chemical biomarkers have been determined for many types of diseases. A short list of disease
biomarkers discovered for specific diseases of plant, animal, and human hosts are summarized with
particular examples for each disease-type category and biomarker chemical class in Table 1. More
details on biomarkers will be covered in Section 2 on Biomarker Metabolite E-nose Signatures. Volatile
chemical biomarkers of disease occur in a wide range of chemical classes that generally provide clues
to the types of host metabolic pathways affected by individual diseases [7]. Studies in physiopathology
attempt to determine the pathways affected by disease in order to understand the precise mechanisms
by which unique diagnostic biomarkers are produced.
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Table 1. Chemical classes and molecular structures of representative volatile organic compounds (VOCs) biomarker metabolites associated with specific plant, animal,
and human diseases.

1

Disease Pathogen Host 2 Location Biomarkers Chemical Class Molecular Structure References
Fire blight Erwinia amylovora Apple Leaves Phaelr; };ﬁilyl Benzene alcohol [33,34]
OH
Gray mold Botrytis cinerea Tomato Leaves a-Copaene Tricyclic sesquiterpene [35]
Powdery mildew  Oidium neolycopersici Tomato Leaves 1-Fluorododecane  Fluoro-aliphatic HC [36]
Bovi 1,3-Dimethylbutyl MG
ovine . . ,3-Dimethylbu
tuberculosis Mycobacterium bovis Cattle Lungs cycloalkane Cycloalkane [37]
Infective . H.C—SH
endocarditis Staphylococcus spp. Human Heart Methanethiol Organosulfur 3 [38-41]
o o
Abiotic N,
COPD, CF . . Human Lungs Nitrotyrosine Tyrosine deriv. o~ H [42]
noninfectious AH,
HO

! Disease name abbreviations: CF = cystic fibrosis; COPD = chronic obstructive pulmonary disease; 2 Plant host scientific names: Apple (Malus domestica); Tomato (Lycopersicon esculentunt).
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An important controversy in disease diagnostics, debated among pathologists, diagnosticians,
physicians and other healthcare experts, involves determining which technologies are most useful for
facilitating the development of more efficient, rapid, and reliable clinical diagnostic procedures for
the future. Choices in selecting improved diagnostic technologies must take into account the trend
toward newer medical goals of achieving more rapid diagnostic results and effective disease treatment
solutions through accelerated clinical procedures, but with cheaper total healthcare costs. Among
the two major categories of noninvasive diagnostic technologies being most debated are the use of:
(1) sophisticated chemical-analysis instruments and (2) simpler sensor-array type devices (such as
e-noses) that do not identify specific chemical components in diagnostic samples. The salient facts and
details of viewpoints and arguments surrounding this debate will be considered here based on new
research findings. The ultimate aim for determining which new technologies are likely to improve on
disease diagnostic methods and procedures is to ascertain which approaches are most likely to meet
the needs and progressive goals of modern medical services.

The development of disease-detection methodologies utilizing e-nose devices requires a thorough
understanding of host physiology and metabolic pathways affected by disease processes, different
mechanisms of disease caused by biotic and abiotic causal agents, and chemical classes of abnormal
VOCs released due to effects of pathogenesis on host metabolisms. These unique characteristics of
host-pathogen chemical interactions are considered and explored for each type of living host (plants,
animals, and humans) to provide details and examples of how e-nose devices have been modified
and developed specifically as diagnostic tools for different host-disease systems. This approach
takes into account the particular chemical nature of disease interactions in living organisms that vary
depending on the unique biochemical characteristics of the host and those of disease etiological (causal)
agents. Knowledge of specific gaseous mixtures of VOCs produced in association with individual
hosts in response to different disease types and processes provides essential information about target
compounds (often referred to as chemical disease biomarkers) needed for developing the most effective
approaches for e-nose disease detection.

This review provides a detailed summary of recent electronic-nose technologies developed over
the past decade for specific applications in detecting and diagnosing diseases found in plant, animal,
and human living hosts. The literature search strategy adopted for this review was based on selection
criteria that are different from those specified by preferred reporting items for systematic reviews and
meta-analyses (PRISMA) or quality of reporting of meta-analysis (QUOROM) guidelines. The use
of these particular guidelines, relevant to reviews of diagnostic practices, are designed to provide
information for evaluating the safety, risks, benefits, efficacy, and potential harm or adverse effects
associated with the use of medical procedures, diagnostic methods, results or conclusions drawn
from research studies. Reporting such information is beyond the scope and objectives of this review
because of the potential for introducing bias in implied judgments of the significance or potential
usefulness of discoveries and in recognizing the inherent value of scientific contributions. For these
reasons, the author has selected papers for inclusion and reported information based on objective
criteria indicative of the absolute scientific value of presented information, including usefulness of
individual papers in: (1) providing new information relating to the full-range of e-nose detection
methods and techniques available, (2) offering new concepts associated with disease diagnostics and
theory relating to disease detection, (3) indicating potential improvements on existing diagnostic
methods, and (4) summarizing new (recent) potential applications for clinical diagnosis of diseases,
particularly those not previously treated or covered in the literature.

2. Biomarker Metabolite Electronic-Nose Signatures

Most forms of human cancers, and other terminal illnesses, often are detected in advanced stages
of the disease, resulting in poor patient survival rates. Consequently, there is an imminent need for the
development of prophylactic disease-screening procedures that provide means for detecting major
life-threatening diseases at early stages of disease development [8,21]. There is a growing trend over the
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past decade to develop dual approaches to disease diagnostics that utilize more rapid disease-screening
methods (e.g., electronic chemical sensors or sensor arrays) in combination with procedures based
on the detection of disease-specific chemical biomarkers to confirm diagnoses [7,43,44]. Diagnostic
clinical procedures allowing efficient, noninvasive, painless, and affordable disease-screenings with
high specificity and sensitivity are essential for achieving effective disease prevention. In order for
early disease-detection systems to be possible, specific and effective chemical biomarkers, most highly
correlated with disease incidence, must to be identified for individual diseases and detected at early
presymptomatic stages of pathogenesis within complex headspace volatiles (VOC-metabolite mixtures)
derived from diagnostic samples obtained from diseased individuals.

A recent study of urinary VOC headspace metabolites associated with head and neck cancer
(HNC) patients was performed using headspace solid phase microextraction (SPME) coupled to gas
chromatography mass spectrometry (GC-MS) to identify and characterize urinary VOC alterations
specific to HNC [45]. Univariate and multivariate statistical analyses revealed 28 metabolites with
highest contribution towards discrimination of HNC patients from healthy controls. Furthermore, four
VOC metabolites in the urine headspace volatile profile, including 2,6-dimethyl-7-octen-2-ol, 1-butanol,
p-xylene and 4-methyl-2-heptanone, were identified as possible chemical biomarker metabolites
with highest sensitivity and specificity to HNC. This information provided biochemical clues to
several dysregulated metabolic pathways in HNC patients which could potentially help unravel
novel mechanistic insights into HNC-disease pathophysiology by improving understanding of
HNC disease mechanisms to facilitate non-invasive biomarker-based approaches to HNC diagnosis.
The development of rapid analytical strategies for detecting and identifying urine and other disease
biomarkers, including determining limits of detection and limits of quantification of potential
biomarkers, have played a vital role in research, discovery and confirmation of biomarker metabolites
most associated with specific diseases [46]. The identification of tumor-specific VOC emission
signatures from clinical samples of diseased patients has increased significantly in recent years due to
studies focusing on the development of a cancer-characteristic “odor fingerprints”. This work has been
conducted through application of sensorial or senso-instrumental analyses that chemically characterize
associated complex headspace VOC mixtures of biological fluids, such as to identify prostate cancer
(PCa)-specific biomarkers in urine, to improve on traditional diagnostic procedures. [47].

The search for improved, more rapid and effective methods for accurate disease diagnoses have led
many researchers, physicians, and diagnosticians toward two newer approaches to disease diagnostics
for clinical POCT that differ considerably from conventional diagnostic methods that utilize expensive
time-consuming laboratory tests [7,8]. These two major approaches involve the use of electronic-nose
devices and metabolomic analyses. Recent reviews summarized the advantages and disadvantages
of e-nose vs. metabolomics approaches to disease diagnostics [7,44]. Metabolomics, relative to
disease diagnostics, involves the study of changes in the composition and concentrations of cellular
volatile and nonvolatile, primary and secondary metabolites produced as a result of disease processes
(pathogenesis). Metabolomic methods, such as proton and carbon nuclear magnetic resonance (NMR)
spectroscopy, are used to determine the precise chemical composition and quantitation of components
present in diagnostic clinical samples, including identifying disease-specific chemical VOC-biomarkers.

Studies of animal and human pulmonary diseases have identified potential biomarkers from
analyses of VOC profiles in exhaled breath which may be used to determine the cause of specific
diseases and improve the accuracy of disease diagnostic processes for pneumonia and other respiratory
diseases [48]. A summary of metabolomic data collected from several studies on pneumonia showed
the same consistent VOCs with changes in concentrations of healthy vs. diseased patients based on
VOC profiles based on breathomics. The study of ‘breathomics’ involves the analysis of VOCs in
exhaled breath that result from cellular metabolism. Analyses of the exhaled breath of pneumonia vs.
healthy patients indicated consistent increases or decreases in twenty-five VOCs derived from eleven
chemical classes [49-52]. Although the occurrence of changes in levels or concentrations of VOCs were
consistent, the direction of change was not always consistent. Some volatile metabolites increased or
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decreased in concentration within the breath of pneumonia patients compared to healthy patients, but
the involvement of the same VOCs indicated effects on certain metabolic pathways.

Different types of chemical biomarkers are produced that may serve as indicators or evidence
of specific disease. Disease biomarkers have been classified by different classification systems that
generally base the chemical biomarker type on the origin of the chemical species being detected.
The highest hierarchical categories of chemical biomarkers are divided into two primary groups.
The endogenous biomarkers include those that originate from within the body and are formed
from either normal physiological processes or from abnormal metabolic processes caused by disease.
Exogenous biomarkers originate from sources outside of the body and enter the body through
inhalation, ingestion, absorption through the skin, or by some other means [7,8]. Endogenous
biomarkers may be subdivided into additional categories including disease-predisposition biomarkers,
disease biomarkers, pathogen biomarkers, and gut-microbiome (microflora) biomarkers [7]. Exogenous
biomarkers generally are not considered direct indicators of infectious diseases, but may potentially
serve as predisposition indicators of disease [53,54].

A recent analysis of chemical biomarkers produced by the six most frequent pathogenic bacteria
causing human sepsis, including Staphylococcus aureus, Streptococcus pneumoniae, Enterococcus faecalis,
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia coli, indicated that specific VOCs could be
used as potential biological markers to diagnose sepsis in critically ill patients [1]. A systematic review
revealed that all six bacteria produced specific VOCs (in common) such as isopentanol, formaldehyde,
methyl mercaptan, and trimethylamine. Although humans do not produce these VOCs, they are of
microbial origin (pathogen biomarkers) and serve as sepsis-indicative chemical markers for these
six bacterial pathogens. Other different types of volatile biomarkers were found to be useful for
identifying and discriminating between each bacterial species: (1) isovaleric acid and 2-methylbutanal
for Staphylococcus aureus; (2) 1-undecene, 2,4-dimethyl-1-heptane, 2-butanone, 4-methylquinazoline,
hydrogen cyanide, and methyl thiocyanide for Pseudomonas aeruginosa; and (3) methanol, pentanol,
ethyl acetate, and indole for Escherichia coli.

3. Electronic-Nose Detection of Biotic Diseases

Most electronic-nose devices do not have the capability of identifying or quantifying individual
VOCs present in complex gaseous mixtures [9]. Nevertheless, e-nose devices have been used to
identify individual VOCs in simple mixtures and provide many advantages over complex analytical
instruments because they are easily operated at relatively low costs, have rapidly responding sensor
arrays with fast recoveries after analysis, good precision, and the flexibility of detecting a very
large variety of VOCs from many different chemical classes. A large number of e-nose instruments
have been developed based on a wide range of operating (VOC sensor-detection) principles [5,6].
Sensor responses from an e-nose sensor array are digitally translated by a transducer to generate a
characteristic response pattern (for all VOCs present in sample headspace) that indicates the source
of the volatile chemical emissions when compared to reference databases of response patterns from
known sample types [5,10,55]. Thus, differences in VOCs compositions are indicated by unique e-nose
profiles, which may be compared to the overall variation of a pool of reference gas samples.

Electronic-nose technologies previously have been developed for numerous applications in a wide
range of fields, including human and animal diagnostics, food quality, and environmental safety [5,26,56,57].
More recent uses of e-nose instruments in agriculture, botany, forestry and related plant sciences have
included plant and cultivar identification, wood identification, and detection of pesticide residuals
on the foliage of crop plants [13,19,22-24,58]. Additionally, e-noses have been tested for diagnostic
applications on a wide variety of plant pathosystems with excellent performances comparable to
GC-MS in terms of efficacy while requiring lower analytical and post-analysis time and with lower
operating costs [9]. The e-nose methods developed and used for diagnosis of diseases in plant hosts vary
significantly from the methods used for detection of human and animal diseases. For example, methods of
sample preparation and analysis required for e-nose detection of plant diseases are significantly different
due to structural and chemical differences in plant cell components within plant tissue samples.



Chemosensors 2018, 6, 45 7 of 36

3.1. Plant Disease Detection

Conventional methods used for disease diagnosis in plants have been based on host symptomology,
pathogen morphology (direct microscopic identification), serological tests, and disease-associated
metabolic assays [59-61]. These approaches are not sufficient or useful for disease detection and
identification when disease-associated symptoms occur in late phases of infection (pathogenesis),
pathogen identification is difficult, or when curative disease-control treatments are largely
ineffective [62,63]. Molecular techniques for direct detection of pathogens by their intra- or extra-genomic
DNA-sequences, such as polymerase chain reaction (PCR) for DNA-amplification followed by sequencing,
have been widely adopted internationally to achieve early diagnosis from plant materials independently
of host symptomology. Polymerase chain reaction has been recognized universally as a well-established,
often first method of choice for relatively quick diagnoses of numerous plant and animal diseases
largely because of the very large number of known DNA sequences now available from GenBank at
the National Center for Biotechnology Information (NCBI), and other genetic sequence databases, for
identification of specific pathogens associated with known biotic diseases. Pathogen-specific detection
by PCR and DNA sequencing is possible due to the high specificity of the method, high sensitivity
(achievable due to pathogen DNA-amplification), and low operational costs now possible due to
robotics, high throughput DNA-sequencing apparati available, and associated automatization [59].
However, there are a number of drawbacks to PCR such as: (1) requirements for the design
and validation of PCR-primers for targeted DNA sequences of specific phytopathogens, (2) the
unavailability of reference DNA sequences for certain pathogens, (3) insufficient pathogen template
DNA available at early stages of infection (requiring high host tissue-sampling rates), (4) devising
effective pathogen DN A-extraction methods for isolation from host tissue, (5) involves destructive
sampling of host tissue with potential associated economic losses (impacts on crop salability),
particularly if for post-harvest products (crops), (6) DNA-detection (especially with quantitative, gPCR)
does not necessarily indicate that the pathogen is alive within a host (it is a non-viability test of pathogen
DNA presence), and (7) many steps in PCR can potentially fail to amplify pathogen DNA (precluding
the yield of a product for sequencing), and (8) the always ubiquitous and numerous opportunities for
contamination of diagnostic samples (from many sources prior to PCR) may invalidate the results;
all of which can preclude effective diagnosis. These limitations have prompted pathologists and
diagnosticians to look for other diagnostic tools and methods with different, non-DNA-dependent
approaches to disease detection that are noninvasive (do not require destructive sampling).

New alternative methods for early diagnosis of plant diseases, besides the often cumbersome
traditional molecular techniques, have been developed to improve, simplify, increase effectiveness of
early detection, and minimize damage to sampled plant material. Many alternative methods of disease
detection have been reviewed previously [59,64,65]. Electronic-nose devises are particularly well
suited for noninvasive early disease detection due to their low cost, high precision, and sensitivity to
precise complex mixtures of VOCs [6,44]. E-nose detection of gaseous emissions, containing abnormal
VOC:s released from diseased host tissues (in sampled headspace), provide opportunities for effective
noninvasive detection of specific diseases that have been previously correlated and closely associated
with the production of particular combinations of volatile metabolites. Aroma signature databases
of different plant sample types (healthy vs. diseased), contained within reference libraries of e-nose
instruments, are generated from prior analysis of known clinical samples of specific host plants
(usually from particular healthy or diseased plant parts—i.e., from roots, stems, leaves, flower or other
reproductive parts) using neural net or similar training algorithms. These signature (VOC-profile)
databases consist of diagnostic patterns produced from the collective multisensory array outputs
assembled together to form a signature smellprint pattern with the outputs of each sensor type
usually represented by a bar graph [10]. The strength or intensity of each sensor response (from the
sensor array), represented by the smellprint pattern, is determined by the collective effects of all VOC
components within the sampled headspace. Validation of e-nose training databases of known sample
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types in reference libraries, using samples not used for training, is required to assure that classification
algorithms provide effective sample discriminations [66,67].

The main advantages of using e-nose instruments and methods for early disease detections are
that these allow for: (1) noninvasive (nondestructive) diagnostic sampling, (2) disease detection in
bulk host samples, (3) capabilities of detecting multiple diseases, (4) levels of detection can be adjusted
(through training and specification of discrimination levels), (5) sensor array selection for targeting
specific classes of disease-associated VOCs being detected, and (6) multiple classes of pathogens
may be detected using different reference databases with the same e-nose instrument [9]. The key
characteristics of e-nose devices which make them advantageous to disease-diagnostic applications are
portability, affordability, ease of use (with relatively minimal training), and effectiveness in detecting,
identifying and classifying the types and digital signature patterns of complex VOC mixtures released
from tissues of specific living (organic) sources without identifying individual chemical species in
diagnostic sample [10,44].

Initial investigations to assess biochemical changes in plant physiology associated with disease
have involved studying changes in VOC-emissions of fruit and vegetable crop plants using
GC-MS [34,62,68-76]. These studies were done with metabolomics analyses to assess both qualitative
and quantitative changes in specific volatile metabolites of diseased plants compared with healthy
plants. This work also included searches for specific chemical biomarkers compounds that may be
indicative of specific diseases.

Research investigating changes in plant VOC-emissions associated with plant diseases eventually
led to a new approach of collective-VOC analysis (of all volatile metabolites released from diseased
plant parts) using sensor arrays in electronic-nose devices. The first pioneering work to demonstrate
applications of e-nose devices and methods for detection of plant diseases was done based on research
of root and bole-rot fungi that cause diseases and decays of forest and landscape trees and other
woody plants [10,77]. Part of this initial work required developing the capabilities of discriminating
between volatiles from different species of plant hosts because host volatiles are essential background
VOC components present in addition to abnormal VOCs produce from pathogens themselves and
host-induced plant volatiles produced as a result of disease [19]. The importance of maintaining low
relative humidity (RH) in sampling air was found to be a key requirement for effective e-nose detection
and discriminations of headspace VOCs from different sample types. This work eventually led to
investigations of e-nose plant disease detection in woody, small fruit and vine plants (blueberries,
kiwis, grapes), herbaceous fruits (strawberries, pineberry), vegetables (potatoes, onions, carrots),
and field crop plants (corn, wheat, barley, cotton). An abbreviated list of a wide variety of plant disease
types detected using e-nose devices in various plant hosts are summarized in Table 2. The e-nose
applications developed for detection of individual diseases are organized based on an alphabetical
listing of plant hosts by common name. Some additional information provided includes the plant
part or location where the disease occurs on the host, the name of the disease, the pathogen or pest
known to cause the disease, the e-nose model (along with type and number of sensors within the
sensor array) used for disease detection, individual references documenting these results. A number
of variable factors may affect the performance and effectiveness of e-nose discriminations in plant
disease diagnoses. Some of the most important sources of variability in VOC profiles include RH of
sampling air, type of background VOCs that may enter into sampling air, level of disease severity, age
of plant and disease tissues sampled, plant physiological states, environmental factors affecting VOC
emissions (light, temperature, humidity, photoperiod), and occurrence of secondary opportunistic
microbes and infections. The VOC profiles of biological samples change and constantly evolve over
time as a result of natural ageing processes, plant hormone levels, and plant physiological activities [9].
The simplest, natural plant hormone (ethylene), which regulates many plant physiological activities,
controls the release of many plant VOC emissions associated with fruit ripening, senescence, abscission,
and host-defense metabolic pathways [26,78,79]. Factors that affect leaf stomatal closure also may
affect the plant’s VOCs profile [80].
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Table 2. Applications of electronic-nose devices to detect plant diseases associated with specific host-pathogen and pest combinations.
Plant Hosts ! Par t/PI}z?: tion Disease Type Pathogens/Pests E-nose Model E-nose Type/Sensor No. 2 References
Apple Fruit Post-harvest rot Unspecified FOX 4000 MOS 18 [81]
Leaves; shoots Fire blight, Bacterial blast  Erwinia amylovora, Pseudomonas syringae EOS-507C/PEN3 MOS 6, MOS 10 [34]
Leaves Fire blight Erwinia amylovora EOS-835 MOS 6 [74]
Barley Grain Toxigenic infestation 1‘;‘;51‘3;3;1152 Zz&:;iizz;ﬁspergl”'us corbonarits VCM 422 M%iif;éoéglzols 6 [82]
Fusarium. graminearum, Fusarium culmorum

Basswood Wood Bacterial wetwood Anaerobic bacteria Aromascan A325 CP 32 [83]
Beech, Black cherry Wood Bacterial wetwood Anaerobic bacteria Aromascan A325 CP 32 [84]
Blueberry Fruit Fruit rot ﬁ?:;y;frg’;";’gei"lletOtriCh“m glocosporioides, Cyranose 320 CBPC 32 [85]
Fruit Quality rating unspecified TGS 822 MOS 2 [86]

Corn Grain Aflatoxins Aspergillus flavus PEN 2 MOS 10 [87,88]
Toxigenic infestation Fusarium verticillioides EOS 835 MOS 6 [89]
Cotton Bolls Wounding Anthonomus grandis Cyranose 320 CBPC 32 [90]
Cottonwood Wood Bacterial wetwood Clostridium spp. Aromascan A32S CP 32 [10]
Cucumber Leaves Spider mite Unidentified Bloodhound ST214 CP 14 [66]
Elm Wood Bacterial wetwood Anaerobic bacteria Aromascan A32S CP 32 [83]

Grape Root Root galls Agrobacterium vitis PEN 3 MOS 10 [91,92]
Kiwi Fruit Bacterial canker Pseudomonas syringae pv. actinidiae EOS-507C/PEN3 MOS 6, MOS10 [76]
Fruit rot Botrytis cinerea, Sclerotinia sclerotiorum EOS 835 MOS 6 [93]

Oaks Sapwood Oak wilt Ceratocystis fagacearum Aromascan A325 CP 32 [10,94]
Roots Root rots I{‘IZ;;ZZ;Z d’:ﬂi‘;ﬂi:g;‘i”m” ucidum, PEN3 MOS 10 [95]

Bole Wood decay Many wood decay fungi Aromascan A325, CP 32, QMB 8, MOS 10 [10,77]

LibraNose 2.1, PEN 3
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Plant Hosts 1 Part/Png:: tion Disease Type Pathogens/Pests E-nose Model E-nose Type/Sensor No. 2 References
Oil palm Lower bole Basal stem rot Ganoderma boninense Cyranose 320 CBPC 32 [62]
Onion Bulbs Sour skin Burkholderiacepacia Owlstone FAIMS [96]
Orange Fruit Citrus greening Liberibacter asiaticus Agilent 6890 GC MS1 [97]
Fruit rot Penicillium spp. LibraNose 2.1 QMB 8 [98]
Ornamental palm Cro;\ezg‘,liunk, Wounding Rhynchophorus ferrugineous PEN 3 MOS 10 [63]
Pear Fruit Post-harvest rot Unspecified FOX 4000 MOS 18 [81]
Pepper Plants Wounding Unidentified Bloodhound ST214 CP 14 [66]
Pine Wood in service Wood decay Serpula lacrymans Prototype CP 10 [99]
Ralstonia solanacearum,
Potato Tubers Storage soft rot Clavibacter michiganensis spp. sepedonicus, Prototype MOS 8 [100]
Pectobacterium species
St s, ot vos 10 o)
Pectobacterium carotovorum WOLF 4.1 EC9,NDIR 2 [102]
Rice Stalks Wilting Nilaparvata lugens PEN 2 MOS 10 [103,104]
Strawberry Fruit Fruit rot Botrytis, Fusarium, and Penicillium spp. PEN 3 MOS 10 [105]
Tomato Leaves Powdery mildew Oidium neolycopersici Bloodhound ST214 CP 14 [66]
Seedling Gray mold Botrytis cinerea PEN 2 MOS 10 [106]
Wheat Grain Decay IFJEZ;ZZ;T;%Z?Z%;ZM LibraNose 2.1 QMB 8 [107]
Fusarium spp. Prototype QMB 8 [108]
Rhyzopertha dominica PEN 2 MOS 10 [109]

1 Plant host scientific names: Apple (Malus domestica), Barley (Hordeum vulgare), Basswood (Tilia americana), Beech (Fagus grandifolia), Black cherry (Prunus serotina), Blueberry (Vaccinium spp.),
Corn (Zea mays), Cotton (Gossypium hirsutum), Cottonwood (Populus deltoides), Cucumber (Cucumis sativus), Elm (Ulmus americana), Grape (Vitis vinifera), Kiwi (Actinidia deliciosa), Oaks
(Quercus spp.), Oil palm (Elaeis guineensis), Onion (Allium cepa); Orange (Citrus sinensis), Ornamental palm (Phoenix canariensis), Pear (Prunus communis), Pepper (Capsicum annuum), Pine
(Pinus spp.), Potato (Solanum tuberosum), Rice (Secale cereale), Strawberry (Fragaria ananassa), Tomato (Lycopersicon esculentum), Wheat (Triticum aestivun); > Electronic nose (e-nose) sensor
types and numbers (in sensor array): CBPC = carbon black polymer composite; CO, = carbon dioxide; CP = conducting polymer; EC = electrochemical; FAIMS = field asymmetric
ion mobility spectroscopy; GC-FID = gas chromatography using flame ionization detector; GNP = gold nanoparticle; MOS = metal oxide semiconductor; MOSFET = membrane-oxide
semiconductor field-effect transistor; MS = mass spectroscopy; NDIR = nondispersive infrared; QMB = quartz crystal microbalance.
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Some key VOCs induced in plants due to microbial exposure to plant growth-promoting fungi
(PGPF) and plant pathogens may result in the induction of systemic resistance to specific plant diseases
and corresponding concomitant changes in the physiology of the entire plant. Previous studies have
shown that VOC mixtures emitted from Ampelomyces sp. and Cladosporium sp. (potential fungal
biocontrol agents) significantly reduced disease severity in Arabidopsis plants against the bacterial
plant pathogen Pseudomonas syringae pv. tomato [110]. Two VOCs, m-cresol and methyl benzoate, were
identified as major active VOCs of Ampelomyces sp. and Cladosporium sp., respectively, that elicited
induction of systemic resistance against the pathogen. Systemic resistance-induced defense-associated
VOCs significantly affect the VOC signature of diseased plants compared with diseased plants that
lack the systemic PGPF-induced resistance response. Volatile plant defense and protective compounds
include terpenoids, essential oils, plant hormones, secondary metabolites as well as other metabolic
byproducts, and compounds associated with cell damage [68,111-113].

3.2. Animal Disease Detection

The volatilome is defined as the entire set of VOCs produced by an organism, including animals
and higher vertebrates with complex metabolic processes that occur in various complex organs and
tissue systems [114]. The unique metabolic state of an organism, whether it is healthy or diseased,
is constantly changing, but is always reflected by the current accumulation of VOC-metabolites present
inside and continually released from the body to the outside through various excretory processes.
Scientists are developing e-nose technologies to non-invasively detect VOCs present in clinical samples
for purposes of medical diagnoses, disease monitoring, patient therapeutic recovery, disease outbreak
containment, and disease prevention. Thus, the analysis of volatilomic omissions from animals, using
gas-sensor arrays within e-nose instruments, provides an effective means of detecting disease states in
animals just as effectively as in higher mammals and humans.

Measured differences in concentrations of several specific VOC-metabolites previously have
been used in metabolomic studies with complex statistical models to discriminate between healthy
and diseased states within individuals. The advantages and disadvantages of using e-noses vs.
metabolomics in disease detection have been reviewed previously [44]. An important relevant inquiry
regarding the use of e-nose devices for this purpose, rather than metabolomics instruments, is whether
e-nose devices can be developed with sensor arrays capable of sensing differences or changes in
concentrations of only one or a few specific VOCs, particularly principal components of complex
headspace volatile mixtures which might serve as potential disease biomarkers. Traditionally-defined
e-nose devices provide only semi-quantitative indications of total collective VOC concentration
variations by proportional changes in sensor-output intensity responses (from sensor arrays) to all
VOCs present in sample analytes. If some sensors in the array are particularly sensitive to one or
more individual VOCs present in the sample, then the output pattern from the sensor array can vary
substantially. E-nose designers can take advantage of this fact by selecting sensors for the sensor array
(from a large library of available sensors) that are most sensitive to known healthy or disease-specific
VOC-biomarkers from very specific chemical classes. Consequently, e-nose sensor arrays can be made
capable of detecting changes in concentrations of specific types of VOCs due to recordable changes in
the molar ratios and concentrations of VOC constituents in the gas sample analyzed [10]. Cumulative
or collective differences in several major component VOCs and significant biomarkers of disease vs.
healthy states are accordingly measurable in VOC profiles and smellprint patterns of conventional
e-nose instrument outputs.

Other strategies are available for developing and using e-nose instruments having greater
capabilities of measuring changes or differences in VOC concentrations between sample types,
similar to metabolomic instruments. E-nose instruments may be used in tandem with metabolomic
instruments targeted to detect specific known VOC-biomarkers as was recently proposed [44]. Newer
generation e-nose instruments, having a much small number of sensors, rather than a sensor array, are
now available for identifying and quantifying individual potential biomarkers for disease diagnoses.
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These instrument types are described in Section 3.3. Combination-technology and dual-technology
e-nose devices that provide similar chemical-identification data are covered in more detail in Section 4.
Future e-nose technologies for improved disease diagnostics.

The recent use of e-nose technologies and devices in veterinary medicine for the detection of
animal diseases has aided in the diagnosis of diseases of great importance and significance in both
domesticated animals and wildlife, particularly because many animal diseases are caused by very
similar or identical pathogens to those that cause related human diseases and therefore the methods
useful for early disease detection are quite similar to comparable diseases in humans. Electronic-nose
devices have been used to detect different types of diseases in a wide diversity of animal species
including tuberculosis (TB) in badgers and cattle, white-nose syndrome (WNS) in bats, and cutaneous
myiasis (CM) in sheep as presented in Table 3. Tuberculosis is an example of an exceptionally important
disease that occurs worldwide and affects a wide variety of wild animal species such as badgers,
birds, deer, possums, rodents, reptiles, various wild carnivores (foxes and coyotes) and omnivores
(common brushtail possum, mustelids and rodents) [115-117]. Previous attempts at eradicating bovine
TB (caused by Mycobacterium bovis) in New Zealand cattle and deer herds was relatively successful, but
eradication treatments in the Great Britain have been only marginally successful [118-120]. Tuberculosis
was widespread in the U.S. among captive elephants in 2015 due to purported transmission from
humans by reverse zoonosis. Because TB microbes can be transmitted through the air to infect
both humans and animals, there is public health concern for high-hazard zones for TB infections in
circuses and zoos [121,122]. Bovine TB also causes a chronic infectious disease in several domesticated
mammalian hosts, including cattle, pigs, and house cats, but rarely affects equids (horses, donkeys,
and zebras) or sheep [123,124]. Besides transmission by direct contact with excreta of an infected
animal, TB pathogens also may be transmitted in water droplets from exhaled air, sputum, urine, feces
and pus through inhalation of aerosols.

Tuberculosis is an infectious disease caused by Mycobacteria (Mycobacterium species) which are
classified as mycoplasmas, characterized as prokaryotes that do not have cell walls and are therefore not
susceptible to cell wall-acting antibiotics such as Beta lactams (e.g., penicillin, cephalosporins etc.) with
modes of action that inhibit bacterial cell wall biosynthesis. Consequently, TB generally is considered
a consumptive disease due to its persistence and difficulty of control with traditional antibiotics.
The term “consumptive” refers to the common loss of body weight in the infected host over time as
the disease runs its course and continues to cause damage to affected tissues, eventually leading to
the shutdown of organs in the body if not controlled by an effective treatment [123]. Tuberculosis
infections usually warrant pre-symptomatic treatment when detected early by e-nose devices or other
diagnostic methods. Antibiotics that have been used specifically for control of TB through inhibition
of growth causing death of mycobacterial pathogens. Streptomycin, the most effective secondary
metabolite antibiotic derived from an Actinobacteria species (Streptomyces griseus), was first used as a
cure for TB in 1946. Streptomycin is often given together with isoniazid, rifampicin, and pyrazinamide
for more effective TB control [125].
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Table 3. Applications of electronic-nose devices used in veterinary diagnostic pathology to detect animal diseases.

Animal ! Disease 2 VOC Sample Type Pathogens/Pests/Disorder E-nose Model E-nose Type, Sensor No. 3 References
Badgers (Eurasian) Bovine TB Blood serum Mycobacterium bovis Bloodhound BH-114 CP 14 [126]

White-nose syndrome  Pure culture of pathogen

Bats (cave-dwelling) (WNS) isolated from bat skin Pseudogymnoascus destructans Heracles II GC-FID 1, MOS 100s [127,128]
Catfish Flesh off-flavor Filleted meat isgiﬁ;;zseiudng aquatic Aromascan A32S CP 32 [129]
Chicken Sg;ﬂ?;iﬁion (SC) Meat product Salmonella typhimurium Spreeta SPRB [130]
Cows (cattle) BRD Blood serum Mannheimia haemolytica Bloodhound ST-214 CP13 [131]
Bovine TB Blood serum Mycobacterium bovis Bloodhound BH-114 CP 14 [126]
Exhaled breath Muycobacterium bovis NA-NOSE GNP 6 [37]
Hyperketonaemia Exhaled breath, milk Metabolic disorder Metabolomics MS [132]
Rats ALF Exhaled breath Liver cell necrosis, ischemia eNose MOS 8 [133]
Sheep CM Skin Lucilia cuprina (fly larvae) Prototype MOS 6 [134]

! Animal host scientific names: Badgers (Meles meles); Bats (Eptesicus spp., Myotis spp., Perimyotis spp.), Catfish (Ictalurus punctatus); Chicken (Gallus gallus subsp. domesticus); Cows
(Bos taurus); Rats (Rattus norvegicus); Sheep (Ovis aries); > Disease name abbreviations: ALF = acute liver failure; BRD = bovine respiratory disease; CM = cutaneous myiasis; SC = Salmonella
contamination and infection; TB = tuberculosis; WNS = white-nose syndrome; ® Electronic-nose sensor types and numbers (in sensor array): CP = conducting polymer; GC-FID = gas
chromatography using flame ionization detector; GNP = gold nanoparticle; MOS = metal oxide semiconductor; MS = mass spectroscopy; SPRB = surface plasmon resonance biosensor;
Model NA-NOSE = Nano Artificial NOSE.
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The Mycobacterium tuberculosis complex (MTBC) of species includes four other TB-causing
mycobacteria (in addition to M. tuberculosis) in humans including M. africanum, M. bovis, M. canetti,
and M. microti [135]. Mycobacterium africanum is a significant cause of TB only in certain regions of
Africa [136,137]. Mycobacterium tuberculosis rarely occurs in wild animals [138]. Mycobacterium bovis
was previously a very common and major cause of TB in developed countries, but this health
problem was almost completely eliminated, except in developing countries, with the introduction of
pasteurized milk, precluding bovine to human transmission via consumption of M. bovis-contaminated
milk [139,140]. Mycobacterium canetti rarely causes TB within the limited southern geographical
region of the Horn of Africa, although some cases also occur in African emigrants [141,142].
Mycobacterium microti also rarely causes TB and it primarily occurs only in immunodeficient people,
especially those with human immunodeficiency virus infection and acquired immune deficiency
syndrome (HIV/AIDS), although its prevalence may be significantly underestimated [143].

The highest risk factors of TB in humans are malnutrition, high population densities, and HIV. Other
known pathogenic mycobacteria include M. leprae, M. avium, and M. kansasii. Mycobacterium leprae causes
leprosy whereas the latter two species are classified as “nontuberculous mycobacteria” (NTM) that neither
cause TB nor leprosy, but they are capable of causing lung diseases that resemble TB [144].

Attempts at diagnosing active tuberculosis based on signs and symptoms alone or in patients
who have a weakened immune system is difficult [145-147]. Initial evaluations of potential TB
infections in individuals with signs or symptoms of lung disease usually involve a chest X-ray and
multiple sputum cultures for acid-fast bacilli with a definitive diagnosis indicated by identifying
M. tuberculosis in a clinical sample (e.g., sputum, pus, or a tissue biopsy), although the culturing
process is slow and may take 2-6 weeks [146,148]. Consequently, treatment is normally begun before
cultures are confirmed to avoid unnecessary risks of no treatment [149]. Polymerase chain reaction and
adenosine deaminase testing, although not routinely recommended, may allow rapid TB diagnosis,
but these tests rarely alter how a patient is treated [145,149]. Detection of TB-antibody production
using blood tests usually are not recommended [150]. Other tests such as Interferon-y release assays
and tuberculin skin tests are of limited use in the developing world [147,151,152]. All of these methods
of TB-detection have considerable limitations due to the long time requirements for determinations
and confirmations of diagnosis. The need for early, more rapid detection methods became obvious
and the early developments of noninvasive e-nose devises arrived fortuitously at the right time.

E-nose instruments, utilized hitherto for early diagnosis of TB, caused by M. bovis, in badgers and
cattle contained sensor arrays, consisted of a conducting polymer (CP) and gold nanoparticle (GNP)
sensor arrays, respectively [37,126,131]. In both cases, the instruments detected unique mixtures of
VOC-metabolites characteristic of the disease in different animal species. Blood serum empirically was
found to be most useful for detecting TB detection in badgers and cattle using the Bloodhound BH-114
e-nose with 14 CP sensors. By contrast, VOCs in exhaled breath samples were the preferred sample
types used in the diagnosis of TB in cattle using the Nano Artificial NOSE (NA-NOSE) with six gold
nanoparticle (GNP) sensors. Other wildlife diseases such as WNS in bats, ALS in rats, and CM in sheep
were preferentially detected in headspace volatiles from either culture, breath, or skin VOC samples,
respectively, using e-noses with metal oxide semiconductor (MOS) sensor arrays [127,128,133,134].
The clinical sample types best suitable for e-nose detection of disease related volatiles depend on the
nature of the pathogen, the classes and volatility of organic compounds produced, the host metabolic
pathways affected, and the ease with which disease-associated VOCs are translocated and concentrated
in different parts of the body.

The discovery of disease biomarkers in veterinary and aquaculture sciences has facilitated
diagnosis of animal diseases and provided clues to the identity of possible biomarkers of similar
diseases in humans [44]. Research in the field of veterinary medicine has been credited with the
identification of new potential disease biomarkers of bovine TB disease. Peled et al. [37] analyzed
VOCs in breath samples of healthy (TB-negative) and M. bovis-infected (TB-positive) cattle based on
GC-MS and e-nose signature patterns. They utilized a nanotechnology-based on an e-nose sensor
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array, an artificial olfactory system called the NA-NOSE, tailored for detection of TB disease from
exhaled breath. The NA-NOSE correctly identified and discriminated between cattle naturally infected
with M. bovis and 79% of TB-negative animals. Three potential VOC-biomarkers for bovine TB were
identified by GC-MS, including 2,2-dimethylundecane, octadecanoic acid, and hexadecanoic acid [37].
In addition, nonanal appeared to be a strong, relatively abundant VOC-metabolite produced by
uninfected cattle, indicative of a healthy metabolism. Profile analysis of headspace VOCs from cattle
serum samples previously was used to distinguish between diseased cattle infected with Brucella,
(MAP), and M. bovis using an e-nose [126,153]. Tuberculosis also has been detected in humans by
breath analysis of VOCs with some success [154,155]. A study by du Preez and Loots [156] provided
evidence that TB-detection could be accomplished based on detection of tentative VOC-biomarkers
in four chemical classes including amino sugars, monosaccharides, sugar alcohols, and glycoside
derivatives. Bruins et al. [157] detected TB in humans by analysis of exhaled breath with a DiagNose
e-nose that contained a sensor array with 12 MOS sensors.

Disease biomarkers identified for catfish, livestock, and several wildlife diseases may facilitate
e-nose early disease detections in aquatic and terrestrial environments [37,126-131,134]. The discovery
of geosmin (1,10-trans-dimethyl-trans-(9)-decanol) and 2-methylisoborneol (MIB), VOC-biomarker
secondary metabolites associated with systemic infection of live catfish by aquatic Actinobacteria,
were determined to be the main VOCs present or absent in the headspace of raw skinless catfish
flesh [158,159]. These effective VOC-biomarker detections were found to be responsible for the
effective e-nose discriminations between “off-flavor” and “good-flavor” catfish meat fillets [129].

3.3. Human Disease Detection

A variety of e-nose technology types have been used for detection of a wide range of human
diseases which are summarized in Table 4. The e-nose instrument types most frequently tested
for diagnostic applications in detecting human diseases include devices with carbon black polymer
composite (CBPC), CP, electrochemical sensor (EC), MOS, GNP, and quartz crystal microbalance
(QMB) sensor arrays. Some non-traditional newer technology types investigated for used in human
disease diagnoses have included field asymmetric ion mobility spectroscopy (FAIMS); ion molecule
reaction-mass spectrometry (IMR-MS), ion mobility spectrometry (IMS), non-dispersive infra-red
(NDIR) and photo-ionization detector (PID) instruments that do not contain multisensory arrays.

The Cyranose 320 (C320) e-nose (Sensigent, Baldwin Park, CA, USA) has been tested for efficacy
in detecting more human diseases than probably any other portable electronic aroma detection
(EAD) device. Over 100 biomedical and related journal articles have been published using this
device. It contains a sensor array with 32 CBPC sensors that are sensitive to a wide range of VOCs.
This instrument in somewhat unique in that the CBPC sensors are not highly responsive to moisture
and therefore have an advantage in being able to discriminate between VOCs in gas samples with
high moisture content. This feature enhances the capabilities and options of using the instrument
for analysis of diagnostic samples containing high relative humidity, such as for breath and liquid
excretory samples. Consequently, the C320 instrument may be used to diagnose a wide range of
diseases that are detectable from VOC profiling and analysis of air expelled from the lungs.

Diagnosis of invasive pulmonary aspergillosis (IPA) in patients, particularly those with
prolonged chemotherapy-induced neutropenia (PCIN), remains a difficult challenge due to nonspecific
signs and symptoms [160-165]. High patient mortality often occurs when IPA-diagnoses are
delayed [163,166,167]. The acquisition of bronchoalveolar lavage-fluid clinical samples for the Platelia
galactomannan assay, the only test with sufficient sensitivity and specificity to rule out IA, is invasive
and highly uncomfortable to patients [168-173].
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Table 4. Clinical applications of electronic-nose devices for detection of human diseases in Point-Of-Care (POC) testing.

16 of 36

Disease Name ! Location 2 VOC Sample Type Pathogen/Disorder 2 e-Nose Model e-Nose Type, Sensor No. > References
Pseudomonas aeruginosa, Haemophilus influenza,
ABI Lung Exhaled-air cultures Streptococcus pneumoniae, Moraxella catarrhalis, Cyranose 320 CBPC 32 [174,175]
Staphylococcus aureus
ALS Muscles Exhaled breath Neurodegenerative muscular disease Cyranose 320 CBPC 32 [176]
ARDS Lung Exhaled breath Lung inflammation Cyranose 320 CBPC 32 [177]
Arthritis Joints Exhaled breath Joint inflammation Cyranose 320 CBPC 32 [178]
Asthma Lung Exhaled breath Bronchial inflammation & obstruction Cyranose 320 CBPC 32 [179]
Lung Exhaled breath Bronchial inflammation & obstruction Prototype, NIOX QMB 8, NOS 1 [180]
Escherichia coli, Klebsiella pneumoniae, Osmetech Microbial
Bacteriuria Urinary tract Urine Proteus mirabilis, Staphylococcus aureus, Analvzer CP4 [181]
Staphylococcus saprophyticus, Enterococcus faecalis 4
BAD Bowel Urine Bile acid malabsorption Fox 4000 MOS 18 [182]
BV Vagina Intravaginal swab Ngzsserm gonorrﬁoea?, Chlamydia trachomatis, Osmetech Microbial CP4 [183]
culture Trichomonas vaginalis Analyzer
Cancer Lung Exhaled breath Abnormal cell growth Prototype QMB 8 [184]
CF Lung Exhaled breath Genetic disease of the mucus and sweat glands ~ Cyranose 320 CBPC 32 [185]
Hemophilus influenzae, Streptococcus pneumoniae,
Lune bacterial Moraxella catarrhalis, gram negative-bacilli,
COPD Lung & Pseudomonas aeruginosa, Staphylococcus aureus, Cyranose 320 CBPC 32 [174]
cultures iy ! .
Streptococcus viridans, Candida species,
Corynebacterium spp., Staphylococcus epidermidis
CKD Kidney Exhaled breath Multiple causes Prototype MOS 6 [186]
CRC Colon Urine Abnormal cell growth WOLF EC8,NDIR2,PID 1 [187]
Colon Fecal Abnormal cell growth Cyranose 320 CBPC 32 [188]
Colon Breath Abnormal cell growth Prototype GNP 14 [189]
DFI Foot Wound bacterial Staphy‘locgccus. aureus, Pseudomonas aeruginosa, Cyranose 320 CBPC 32 [190]
cultures Escherichia coli
DM Systemic Exhaled breath Insufficient insulin production Prototype MOS 6 [186]
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Table 4. Cont.
Disease Name ! Location 2 VOC Sample Type Pathogen/Disorder 2 e-Nose Model e-Nose Type, Sensor No. > References
Staphylococcus aureus, Haemophilus influenzae,
EI Eye Eye swab broth Streptococcus pneumoniae, Escherichia coli, Cyranose 320 CBPC 32 [191]
cultures . .
Pseudomonas aeruginosa, Moraxella catarrhalis
ENT Ear, nose, & Sputum swab Staphylococcus uureus,‘Staphylococcus epzdermzs, Cyranose 320 CBPC 32 [191]
throat cultures Streptococcus pneumoniae, Pseudomonas aeruginosa
HNC Head, neck Breath Cancer NA-NOSE GNP 5 [192]
IBD Intestine Urine Unknown cause Owlstone FAIMS [193]
Colon Fecal Unknown cause Cyranose 320 CBPC 32 [194]
Colon Urine Unknown cause WOLF EC8,NDIR 2, PID 1 [186]
IBS Colon Fecal Gastrointestinal disorder Prototype GC-MOS 1 [195]
Colon Aveolar breath Gastrointestinal disorder V&F Airsense IMR-MS [196]
ID Colon Fecal Gastroenteritis Prototype GC-MOS 1 [197]
IEC Heart Oral cavity air Bacterial inflammation of the endocardium Prototype MOS 6 [198]
ILD Lung Exhaled breath Unknown cause NIOX NOS 1 [199]
IPA Lungs Exhaled breath Aspergillus species Cyranose 320 CBPC 32 [160,200]
IRC Teeth Root canal culture Prevotella, Pprp hymrr‘lonas, Fusobacterium, Shimadzu FF-1 MOS 10 [201]
and Bacteroides species
LOS Systemic Fecal Bacteremia Cyranose 320 CBPC 32 [202]
MPM Lung Exhaled breath Cancer of pleura tissue caused by inhalation of 1 o0 35 CBPC 32 [177,203]
asbestos fibers
NEC Colon Fecal Unknown cause Cyranose 320 CBPC 32 [204]
PA Joints Exhaled breath Inflammatory joint disease Cyranose 320 CBPC 32 [178]
PD Systemic Exhaled breath Neurodegenerative disease Prototype GNP, CNT 40 [205]
Pneumoconiosis  Lung Exhaled breath .Occupatlopal inhalation of dust causing Cyranose 320 CBPC 32 [206]
inflammation
Pneumpma Lung Exhaled breath Bacterial lung infection Cyranose 320 CBPC 32 [207]
(bacterial)
Lung Exhaled breath Bacterial lung infection Prototype BS [208]
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Table 4. Cont.

18 of 36

Disease Name Location 2 VOC Sample Type Pathogen/Disorder 2 e-Nose Model e-Nose Type, Sensor No. > References
PS Lung Exhaled breath Systemic granulomatous disease Cyranose 320 CBPC 32 [209]
RA Joints Exhaled breath Inflammatory joint disease Cyranose 320 CBPC 32 [178]
SI Skin, others Skin swab culture Staphylococcus aureus Cyranose 320 CBPC 32 [210]
TB Lung Exhaled air Mycobacterium tuberculosis DiagNose MOS 12 [157]
Ulcer Stomach Exhaled breath Helicobacter pylori Prototype NHy [211]
URTI igg;z tory tract Exhaled breath Bacterial pathogens Cyranose 320 CBPC 32 [212]
UTI Urinary tract Urine ;th Izgclgi‘c’ffs’; jfﬂgp ggﬁfil fjg;‘g’i”“ coli ChemPro 100i IMS 8, MOS 6 [213]
VAP Lung Exhaled air Bacterial pathogens Cyranose 320 CBPC 32 [207,214]
Lung Exhaled breath Bacterial pathogens DiagNose MOS 3 [215]
Staphylococcus aureus, Staphylococcus epidermis,
WI Skin Skin wound cultures ;Zehiﬁ‘izg;L;Z?%gg;;;:;ﬁ;ﬁiﬁgfaum’mnii’ Prototype MOS6,EC 1 [216]
Pseudomonas aeruginosa
Staphylococcus aureus (MSSA),
Skin Skin wound cultures  Tethicillinresistant Staphylococcus aureus ChemPro 100i IMS 8, MOS 6 [217]

(MRSA), Streptococcus pyogenes, Escherichia coli,
Pseudomonas aeruginosa, Clostridium perfringens

! Disease name abbreviations: ABI = Airway bacterial infection; ALS = amyotrophic lateral sclerosis; ARDS = acute respiratory distress syndrome; BAD = Bile acid diarrhea; BV = bacterial
vaginosis; CF = cystic fibrosis; CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; CRC = colorectal cancer; DFI = diabetic foot infection; DM = diabetes mellitus;
EI = eye infections; ENT = ear, nose and throat infections; HNC = head and neck cancer; IBD = inflammatory bowel disease; IBS = irritable bowel syndrome; ID = Infectious diarrhea;
IEC = infective endocarditis; ILD = inflammatory lung disease; IPA = invasive pulmonary aspergillosis; IRC = infected root canal; LOS = late-onset sepsis; MPM = malignant pleural
mesothelioma; NEC = Necrotizing enterocolitis; PA = psoriatic arthritis; PD = Parkinson’s disease; PS = pulmonary sarcoidosis; RA = rheumatoid arthritis; SI = Staphylococcus infection;
TB = tuberculosis (active); URTI = upper respiratory tract infection; UTI = urinary tract infections; VAP = Ventilator-associated pneumonia; WI = wound infection; 2 Pathogen/Disorder
indicates the biotic causal agent (microbe) of infectious diseases or abiotic disorders and their disease mechanism or category; 3 Electronic-nose gas sensor type symbol abbreviations:
BS = biosensor; CBPC = carbon black polymer composite; CNT = carbon nanotubes; CP = conducting polymer; EC = electrochemical sensor; FAIM = field asymmetric ion mobility
spectroscopy; GNP = gold nanoparticles; IMR-MS = Ion Molecule Reaction-Mass Spectrometry; IMS = ion mobility spectrometry; MOS = metal oxide semiconductor, NH; = ammonia
sensor; NDIR = Non-Dispersive Infra-red (optical devices); NOS = nitric oxide sensor, PID = Photo-Ionization Detector; QMB = quartz crystal microbalance.
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Recent analyses of exhaled breath VOC-profiles (breathprints) of IA patients using the C320 e-nose
showed that they have a distinct aroma signature profile that can be discriminated from non-IPA
patients within minutes [160]. In this study, Aspergillus fumigatus- colonization was detected using the
e-nose on 27 cystic fibrosis (CF) patients. E-nose data were classified using canonical discriminant
analysis after principal component reduction. Cross-validated accuracy of e-nose determinations,
defined as the percentage of correctly classified subjects using the leave-one-out method, were
conducted with cultures of sputum samples. Results showed that only three subjects were misclassified
as IPA positive, resulting in a cross-validated accuracy for the C320 detecting IA of 89% (p < 0.004;
sensitivity, 78%; specificity, 94%). Receiver operating characteristic (ROC) curve analysis showed an
area under the curve (AUC) of 0.89. These results indicated that A. fumigatus colonization produced a
distinctive breathprint in CF patients that could be detected noninvasively for the first time using a
Cyranose C320 e-nose (Sensigent, Baldwin Park, CA, USA).

Lung diseases are ranked as the third most common cause of death worldwide [218].
Approximately 15% of lung diseases are attributed to pneumoconiosis, a lung disease attributed to
occupational exposure to various types of dust, asbestos, or smoke [219,220]. Diagnosis of early-stage
pneumoconiosis is difficult in clinical practice using conventional methods [221]. Yang et al. [206]
analyzed the exhaled breath VOCs of 34 subjects with pneumoconiosis and 64 healthy patients using a
(320 e-nose. Performance of the e-nose using a prediction model based on linear discriminant analysis
(LDA) indicated that C320-discriminations of sample types had high specificity (88.0%), acceptable
sensitivity (67.9%), and good accuracy (80.8%) in the training set. In the test set, sensitivity was 66.7%,
specificity was 71.4%, and accuracy was 70.0% by LDA suggesting that C320 e-nose-based breath tests
may have good potential as a screening tool for pneumoconiosis.

Brekelman et al. [178] investigated the C320 e-nose as a potential diagnostic tool for inflammatory
arthritis (IA) to differentiate between inflammatory joint diseases and healthy controls. They analyzed
and compared the exhaled breath of 21 rheumatoid arthritis (RA), 18 psoriatic arthritis (PsA) patients
with active disease and 21 healthy controls using principal component analysis, discriminant analysis,
and area under curve (AUC) of receiver operating characteristics (ROC) curves. VOCs were identified
by GC-MS and the relationships between breathprints and potential biomarkers of disease activity
were explored. Breathprints of RA patients were distinguished from controls with an accuracy of 71%,
sensitivity of 76% and specificity of 67%. Similarly, breathprints from PsA patients were separated
from controls with 69% accuracy, sensitivity of 72% and specificity of 71%. Distinction between exhaled
breath of RA and PsA patients exhibited an accuracy of 69%, sensitivity 71% and specificity of 72%.
There was a positive correlation between RA patients of exhaled breathprints with disease activity
score (DAS28) and number of painful joints. Seven key potential VOC-biomarker compounds were
identified with GC-MS which significantly differed between the sample types of test groups. These
VOCs included four aliphatic alcohols (1-propanol, 2-propanol, 2,2-dimethyl propanol, n-hexanol),
and a single aliphatic ketone (2-pentanone).

A recent review provided a thorough summary of human diseases that may be detected by e-nose
analysis of urine samples [222]. Urothelial cancer (carcinoma) of the bladder, known as transitional
cell carcinoma (TCC), is by far the most common type of bladder cancer which may be detected
from urine analysis. A urinary pathology pilot study was initiated in 2015 to examine the potential
for noninvasive early detection of bladder cancer (BC) through VOC analysis of urine headspace by
aroma or olfactory distinction using an experimental MOS e-nose [223]. Urine samples were collected
from 15 patients with clinical suspicion of primary or recurrent bladder cancer and from 21 control
patients without BC, but having benign urological conditions (e.g., benign prostatic hyperplasia (BPH),
inflammatory disease) were randomly selected and evaluated for the presence of BC by MOS e-nose
analysis. In addition, patients with clinical suspicion of BC underwent transurethral resection (TURB)
for histopathological verification. Histopathology of resected bladder specimens revealed 53% of
patients had urothelial cancer. Of these, 63% had pTa, 2 T1 and 1 Cis only. In addition, 63% of patients
had low grade tumors and 38% had high grade tumors. Histopathology findings revealed no cancer
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in 47% of patients. Among the controls, 13 had BPH, four inflammatory disease, one nephrolithiasis
and three other benign diseases. The electronic nose correctly detected cancer in 75% of BC patients,
but missed two pTa tumors, resulting in 75% sensitivity. For patients without BC, 86% of patients
with negative TURB were correctly diagnosed with a specificity of 86%. False positive tests were
found in four patients of whom all four had urocystitis based on histopathology. Considering only the
BC-control group all patients were correctly classified with a specificity of 100%. The results suggested
the high potential of the experimental MOS e-nose in detection of BC with an overall sensitivity of 75%
and specificity of 86%.

Saidi et al. [185] evaluated an experimental MOS e-nose as an exhaled breath VOC-analysis tool
for detection of chronic kidney disease (CKD) diabetes mellitus (DM) compared with healthy subjects.
They also used gas chromatography quadrupole time-of-flight mass spectrometry (GC/Q-TOF-MS) to
identify individual breath volatiles. Urine samples also were collected to measure creatinine levels by
UV-vis spectrophotometry as a reference method. E-nose data from 44 test subjects were analyzed
using principal component analysis (PCA), support vector machines (SVMs), hierarchical cluster
analysis (HCA) and partial least squares-regressions (PLSR). The PLSR model revealed a positive
relationship between breath and urinary creatinine levels. The results indicated that e-nose data in
combination with pattern recognition algorithms provided an inexpensive basis for non-invasive
diagnosis and distinguishing between exhaled breath of CKD and DM patients as well as healthy
controls based on breath VOC-analysis.

Inflammatory bowel diseases (IBD) are a group of autoimmune diseases that have been increasing
in worldwide incidence, prevalence and severity particularly in children [43,44]. The disease complex
of IBD includes Crohn’s disease (CD), ulcerative colitis (UC), and microscopic colitis (including
both collagenous colitis and lymphocytic colitis forms). Individuals suffering from these diseases
are profoundly affected in terms of quality of life and frequently unpleasant Gl-related symptoms.
The creation of models based on VOCs profiles, precise instrumentation and advanced statistical
methods have been used to develop new relatively inexpensive diagnostic tools for IBD diagnoses
with high sensitivity and specificity. Studies involving VOC-profile model development are providing
critical information towards better understanding the etiology of IBD through analysis of specific
VOCs produced as a result of disease-modifications of host metabolic processes. Analysis of VOC
patterns in alveolar air of pediatric patients with IBD was investigated in a recent study of young
CD and UC patients compared to controls with and without gastrointestinal symptomatology [196].
Alveolar breath was analyzed by ion molecule reaction mass spectrometry (IMR-MS). Four separate
molecular models were built for IBD analyses based on different numbers of specific VOCs included
from a list of 81 total molecules plus the age of subjects as independent variables, adopting a penalizing
LASSO logistic regression approach. The four models included: (1) IBDs vs. controls, based on
18 VOCs (sensitivity = 95%, specificity = 69%, AUC = 0.925), (2) CD vs. UC based on 13 VOCs
(sensitivity = 94%, specificity = 76%, AUC = 0.934), (3) IBDs vs. gastroenterological controls based
on 15 VOCs (sensitivity = 94%, specificity = 65%, AUC = 0.918), and (4) IBDs vs. controls, initially
based on 21 molecules, but finally on 12 VOCs (sensitivity = 94%, specificity = 71%, AUC = 0.888).
The VOCs identified by the models as contributing most to IBD effects were studied relative to
concerned outcomes.

The microbial cause of soft tissue wound infections, including post-operative wound infections,
are conventionally based on identification of bacterial or fungal pathogens by swab cultures,
microscopic examinations, laboratory tests and PCR assays which require several hours to days to
obtain a diagnosis [217]. Consequently, broad-spectrum antibiotic treatment generally is administered
early as a precautionary measure before a specific diagnosis. This common practice often results
in the inappropriate and overuse of antibiotics, based purely on educated guess-work that may be
ineffective in treating the particular strain of microbes involved in soft-tissue infections. The need for
real-time, rapid and accurate diagnoses, allowing for more effective early targeted pathogen-specific
treatments, require the development and use of methods for identifying pathogens much earlier
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based on chemical surveillance methods that detect the unique microbial metabolite signatures
(VOC-profiles) produced by individual microbial species due to their particular use of specific
combinations of metabolic pathways [10]. Saviauk et al. [217] recently tested a handheld ion
mobility spectrometry (IMS)-type e-nose device for POCT to rapidly differentiate between the most
common SSTT and life-threatening pathogens causing gas gangrene infections. They examined
the most relevant bacteria causing wound infections by analyzing gaseous headspace VOCs of
clinical bacterial blood cultures on standardized culture media. The IMS-e-nose system was capable
of distinguishing between methicillin-sensitive Staphylococcus aureus (MSSA), Streptococcus pyogenes,
Escherichia coli, Pseudomonas aeruginosa, and Clostridium perfringens with an accuracy of 78%, sensitivity
of 83%, and specificity of 100% within minutes without prior sample preparation. With an overall
accuracy of 91%, they concluded that this IMS-e-nose methodology could be used for the rapid
detection and identification of most bacteria causing wound infections.

Volatile Organic Compound -Biomarkers of Human Diseases

Research involving the discovery of new potential VOC-biomarkers of specific human and
animal diseases has accelerated over the past decade as novel metabolomic-type instruments have
been invented to assist in the identification of volatile metabolites. Summaries of many putative
volatile biomarkers associated with specific diseases, including many gastrointestinal diseases, are
available in recent reviews [7,44]. Additional reviews provide extensive information on specific
e-nose devices that have been used for detection of complex mixtures of VOC-biomarkers, based on
unique smellprint signatures (VOC profiles), found in exhaled breath and headspace gases derived
from clinical samples [12,27,32,43,44]. The use of dual-technology e-noses or traditional e-noses in
combination with targeted known biomarker detection with metabolomic instruments was recently
proposed to improve the accuracy and effectiveness of noninvasive early disease diagnoses [44].

Progress in the discovery of reliable VOC-biomarkers of disease has been slow due to difficulties
in identifying single compounds strongly correlated with disease and metabolomic changes in
pathophysiological (disease-associated metabolic) pathways that are clearly indicative of specific
mechanisms of disease. Isolating the effects and possible roles of single biomarker compounds in
pathogenesis is a major challenge particularly when the mechanisms of disease are not fully understood.
Nevertheless, some progress in identifying unique, relatively well-established disease biomarkers has
been achieved through metabolomic studies of human diseases [7,32]. Other indications of possible
disease-associated VOC-biomarkers are tentative and require additional research for confirmation.

The increase in nitric oxide (NO) production throughout the body as a healing response to fight
inflammation has been well established [224,225]. As a consequence, many human diseases causing
inflammation potentially are detectable by electronic measurements of NO levels in the human breath
or blood serum, particularly when used in combination with other disease-specific VOC-biomarkers.
Portable NO-sensitive e-noses (eNO devices) are already routinely used in the U.S. to detect asthma
severity in clinical patients. Similar elevated exhaled NO levels have been reported to be associated
with many other pulmonary diseases besides asthma. Hypoxia associated with acute mountain
sickness (AMS) may be a good candidate disease for potential detection by eNO measurements in
exhaled breath. Evidence of lung inflammation in AMS patients, most likely mediated by high-altitude
hypoxia and associated concomitant increase in NO production, has been suggested as the most
plausible physiological mechanism explaining observed differences in e-nose derived VOC profiles
between AMS-resistant and AMS-susceptible individuals [226]. Inflammation associated with higher
NO production also has been observed for other human diseases including hypertension [227,228],
arthritis [229,230], lung diseases such as acute respiratory distress syndrome (ARDS), bronchiectasis,
and cystic fibrosis [231], and inflammatory bowel disease (IBD) in the colon and small intestine [232].

A wide range of statistical methods developed for pattern recognition are increasingly being used
for data analysis in VOC-emission studies involving detection of disease-related VOC profiles. Univariate
methods are not suitable for the investigation of VOC profiles because they consider possible disease
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biomarker compounds separately and are not able to discover VOC patterns. A controlled-animal study
on paratuberculosis recently compared the pattern-recognition approach, using the random forest
classification method, to a disease- prediction approach based on single biomarker compounds [233].
A comparison of both strategies, based on VOC data using cross-validation procedures, revealed
that random forests achieved higher sensitivities and specificities than predictions based on single
compounds. They concluded that the pattern-recognition approach is more likely to be fruitful for
disease prediction than single biomarkers for this disease. In situations where a very large number
of VOCs are present in clinical samples, such as analysis of exhaled breath, VOC profiles generally
are more useful for disease detection unless well-established disease biomarkers have been clearly
identified and consistently demonstrated.

Duran-Acevedo et al. [234] recently reported on the development of a new chip-based gold
nanoparticle (AuNP) e-nose sensor technology, amenable for early disease screening, which correctly
predicted gastric cancer (GC) with 97% accuracy. They identified six new GC VOC-biomarkers
using GC-MS analyses, indicating that concentrations of these biomarkers in the breath of patients
diagnosed with GC were statistically different from those of a control group of patients diagnosed
with other gastric diseases. Four of the biomarkers increased in concentration within the exhaled
breath of GC patients, while the other two biomarkers decreased in concentration compared with
controls. The putative identities of these GC biomarkers, found in Colombian patients, included
trans-2,2-dimethyl-3-decene, octadecane, m-xylene, hexadecane, 1-cyclohexyl-2-(cyclohexylmethyl)
pentane, and eicosane. The GC-biomarker compounds found in the breath of Latin American patients
were different from those identified previously in individuals from separate populations with high
incidence of GC from China (eastern Asia region) and Latvia (a Baltic State) [235,236]. The differences
in breath GC biomarkers from different regions of the world were attributed to geographical variations
in culture, lifestyle, diet, and genetics differences.

4. Future Electronic-Nose Technologies for Improved Disease Diagnostics

Affordable and portable, electronic-nose devices with multisensory arrays generally do not have
the capability of providing analytical (qualitative) identifications of individual VOCs in complex gas
mixtures, but are most useful for the recognition and discrimination of differences in VOC-composition
of headspace volatile gas mixtures from particular sample types, providing information about the
origin, chemical characteristics and aroma classification of the sample [5,6]. Each e-nose type, regardless
of operating principle, simultaneously records sensor responses (from all sensors within the array) to
all VOCs present in sample analytes to form a collective VOC sample profile or smellprint. E-nose
technologies also do not usually provide suitable information for quantitative determinations [9].
The usefulness of having both analytical and quantitative chemical data for disease diagnoses has
come to light in numerous metabolomics studies that have elucidated documented changes in host
metabolic pathways that occur as a consequence of disease. These changes result in the production
and release of different quantities and types of VOCs from diseased tissues, resulting from disease
alterations in host metabolic processes, which are detectable in clinical samples [7,27].

Commercial combination-technology e-nose instruments, capable of sensory outputs that provide
both VOC aroma signatures and chemical analysis data, recently are becoming more available as
new-generation e-noses are designed with greater chemical-identification capabilities. These newer
e-nose instruments have been developed to fulfill the need for some chemical analyses associated
with VOC profiles. The combined-technology e-noses likely will not totally eliminate the need
for analytical metabolomic-type instruments, due to the important function of metabolomics in
identifying chemical disease biomarkers and disease-associated changes in metabolite concentrations,
but these newer e-nose instruments may serve a role as possible effective and cheaper options
in prophylactic screenings for noninvasive early disease detections. One combination-technology
instrument, the Heracles II GC/Electronic-nose system (Alpha MOS, Toulouse, France), composed
of a dual-column gas chromatograph with a very large metal-oxide (MOS) e-nose sensor array
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and an extensive (>83,000 organic compounds) searchable Kovats Index chemical reference library
database that may be used in combination with analytical standards, provides a means for the
tentative identification of VOC metabolites and chemical biomarkers associated with disease as
well as smellprint signatures of VOC profiles that may be compared using PCA and other statistical
methods. Other dual-technology e-nose systems have been described previously [5]. Some advantages
of combining an e-nose instrument combined with GC capabilities is the potential for determining
not only how many VOCs are present in the clinical sample analyte, their relative molecular weights
and amounts produced, but also tentative compound identities, gas chromatograms for peak-pattern
comparisons of sample types, and similar e-nose aroma signature patterns (VOC profiles) of headspace
analyte composition.

The development of smaller, lightweight and more portable electronic-nose devices provide
more effective means of achieving early disease diagnoses in field situations where access to hospitals
is difficult in geographically isolated locations. The continued development of improved portable
e-noses also increases the potential for using analytical tools that help to simplify and accelerate POCT
clinical diagnostic processes that facilitate more rapid noninvasive early disease detection. The result
of using an accelerated approach to disease diagnostics is to achieve a more efficient healthcare
system with greater potential for administering earlier more effective and targeted disease-control
treatments that improve disease prognoses and significantly shorten patient recovery times following
disease treatments.

5. Conclusions

Electronic noses are EAD devices with the capability of high-throughput analysis of complex
gaseous VOC mixtures as composite metabolite profiles [21,22]. These instruments are innovative
diagnostic tools with great potential for non-invasive earlier detection of numerous types of plant,
animal and human diseases based on analysis of headspace VOC-metabolites derived from clinical
samples. They are affordable, have low operation and maintenance costs and provide real-time
measurement capabilities [44].

The need for simpler and portable e-nose devices to provide rapid, accurate diagnostic results and
replace conventional cumbersome and time-consuming clinical and laboratory methods have resulted
from the growing demand for improved healthcare instruments and procedures that are noninvasive
and speed up POCT, allowing faster treatments for diseases, improved prognoses, shorter hospital
stays, more rapid disease recovery and reduced healthcare costs [6,8]. Continued advances and POCT
of new e-nose technologies along with development of standardized diagnostic methodologies will
continue to help bring these instruments into routine clinical practice [44].

A significant portion of cited papers, reporting test results of diagnostic methods (primarily for
disease detection) in this review, are proof-of-concept pilot studies utilizing diagnostic models based
on relatively few (a small subset) of the total VOCs derived from clinical samples. It should be noted
that external validation studies must use identical VOC-models when evaluating these methods by
efficacy tests in clinical trials. Such evaluations usually require that scientists or clinicians (testing
the methods) consult the advice of the paper’s authors to assure precise duplication of diagnostic
models and methods used in external validation tests. Acquisition of model-input and statistical data
as well as test results from the original model-development studies also is recommended because this
information is particularly useful in facilitating duplication of identical test methods.

Electronic-nose devices are attracting increasingly more interest from healthcare providers due to
the many advantages and versatility these instruments provide for a wide range of clinical applications.
Over time, improvements in the designs of e-nose systems for specific biomedical applications have
advanced the accuracy, reliability and effectiveness of these instruments as diagnostic tools [8,12].
Important issues need to be addressed before VOC analysis with e-nose instruments can achieve their
full potential as effective disease detection and monitoring tools for clinical diagnoses. Additional
priority research should focus on developing universal standardization of e-nose instruments,
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sampling protocols, sample transport and storage conditions and analytical methodologies to allow
inter-study data comparisons [237,238]. The future development of specific disease-associated e-nose
databases (with worldwide accessibility by healthcare professionals and researchers based on specific
standardized diagnostic methods and instrument types) [239], the identification of additional effective
VOC-biomarkers of specific diseases for confirming diagnoses, the development of new potential
clinical e-nose applications for detecting additional diseases (e.g., epilepsy) [240], and improvements
in electronics miniaturization, ergonomics and diagnostic software should permit e-nose instruments
and methods to be fully accepted and integrated into clinical procedures.
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