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Abstract

As our understanding of infectious diseases, such as coronavirus diseases including, Coronavirus Disease 2019
(COVID-19), as well as human respiratory viral and nonviral diseases, improves, we expect to uncover a better
understanding of the pathogenesis of the disease as it relates to neuroinflammation. This may include associated
biomarkers of immune response for neuroinflammation, central nervous system injury, and/or peripheral nervous
system injury emitted from the breath and/or odor of an individual. Electronic nose gas sensing technology may
have the potential to substantially slow the spread of contagious diseases with rapid diagnostic signal indication for
detecting these emitted biomarkers of disease. The biochemistry behind the disease is critical for revealing the
target gasses emitted in the breath of a severe acute respiratory syndrome coronavirus (SARS-CoV-2) infected
individual for the development of such a selective diagnostic screening tool. In this paper, we comprehensively
review the evidence that SARS-CoV-2 infection involves an inflammatory response mechanism involving the
olfactory nerve route in the brain from the nasal canal suggesting potential candidate volatile organic compound
target gas biomarkers, forming the breath pattern signature of COVID-19, that may be detected by electronic nose
technologies from a breath sample.
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INTRODUCTION

In response to problems in the field investigated in recent studies by breath specialists based in Edinburgh,
UK, in Dortmund, Germany", and in Jacksonville, Florida, United States, a weekly virtual multidisciplinary
meeting was established at the University of South Florida in April 2020 in collaboration with canine
detection specialists Valhall K-9 International, LLC to discuss and begin understanding neurological
manifestations of coronavirus diseases including, Coronavirus Disease 2019 (COVID-19), and potential
diagnostic breath sensor devices in an attempt to address a long felt, yet unfulfilled need to standardize
electronic nose methodologies into a reproducible method for detection of low noise data signature profiles
of disease””. In particular, brain breath biochemistry and its associated biomarkers of neuroinflammation
will be the main focus of this paper as they show the most pertinent relevance to candidate endogenous
compounds of a COVID-19 breath pattern signature.

This review paper will first describe symptoms and the standard diagnostic testing method of COVID-19.
Next, the clinical detection of COVID-19 in a patient’s breath by various electronic nose devices will be
discussed. Third, brain breath biochemistry in neurological complications of COVID-19 will be discussed
including the infection mechanism of severe acute respiratory syndrome coronavirus (SARS-CoV-2) with a
specific focus on its angiotensin-converting enzyme 2 (ACE2) interaction, viral infection routes from the
olfactory epithelium at the nasal cavity to the central nervous system (CNS). Fourth, neurological
manifestations of COVID-19 will be detailed including, COVID-19 Induced Pediatric Multisystem
Inflammatory Syndrome (PMIS). Finally, the conclusion and future work in the development of an
electronic nose for detecting COVID-19 will be described in its potential to determine a specific disease
from a complex mixture of volatile organic compound (VOC) inflammatory biomarkers.

COVID-19 SYMPTOMS AND DIAGNOSTIC TESTING

Symptoms associated with COVID-19

On March 11, 2020 SARS-CoV-2 infection has facilitated a respiratory disease pandemic known as COVID-
19. Some symptoms of COVID-19 that have been observed in infected individuals comprise anosmia and
ageusia. Anosmia is characterized by a drastic reduction of function the olfactory system, whereby, the
detection of odors is diminished or lost. It is known that the ageusia symptom features the inability to
taste™. Although a loss of smell has been associated with neurodegenerative diseases from other pathogens
prior to the COVID-19 pandemic, both anosmia and ageusia have become an increasingly known observed
symptom of infection from severe acute respiratory syndrome coronavirus (SARS-CoV) or SARS-CoV-2
which causes COVID-19. Thus, understanding the biomechanism of anosmia may provide anosmia specific
biomarkers capable of being added to the known breath pattern signature of COVID-19 currently
consisting of increases in acetone, isoprene, heptanal, propanol, propanal, butanone, octanal with a decrease
on methanol, thereby, differentiating COVID-19 infection from other pathogens of disease!". The
incorporation of additional biomarkers from the anosmia symptom of COVID-19 contributes to the unique
exhaled breath profile of COVID-19 to increase the accuracy of a diagnostic electronic nose for exhaled
breath applications. Although SARS-CoV-2 infection causes COVID-19, studies have indicated a plurality
of viruses access the CNS and/or the peripheral nervous system by traversing the length of the olfactory
nerve. Once the virus has been incorporated within the nervous system, the activation of T lymphocytes
triggers an inflammatory response from microglia and other inflammatory mediators®*. This inflammatory
response generates biomarker byproducts that are released into the surrounding environment through
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many pathways. For example, the lungs may generate disease specific metabolites that are exhaled through a
breath. This breath sample may be analyzed by an electronic nose for abnormal chemical biomarkers that
are associated with a disease'”.

Diagnostic testing of COVID-19

Due to the highly contagious and life-threatening characteristics of COVID-19, the Emergency Use
Authorization authority has allowed the use of real-time reverse transcription polymerase chain reaction
(rRT-PCR) testing to detect RNA from SARS-CoV-2 in nasal, nasopharyngeal, and oropharyngeal swabs
from patients exhibiting symptoms of the virus. This rRT-PCR method requires target-specific fluorescent
labeled oligonucleotide probes which create a signal when they are bound to the amplified RNA®. This
lengthy procedure requires many steps during preparation of the sample including, but not limited to,
collecting samples from nasal swabs, providing quinidine isothiocyanate to disrupt the SARS-CoV-2
virions, providing a magnetic nanoparticle to capture the nucleic acids, washing the sample to remove
inhibitors and unbound sample components, providing a nucleic acid detection kit for separating the
nucleic acids from the magnetic nanoparticle with a buffer solution, amplifying the nucleic acids in a deep
well plate, an internal control reagent is introduced to the wells and the specimen is plated, amplified, and
detected on a reaction plate®. This diagnostic process requires many materials associated with an increase
in cost and is subject to human error along the process which may adversely affect the accuracy of the
testing result. Further, between April-June 2020, there have been shortages of genetic extraction kits, swabs,
reagents, masks, and gowns which have halted COVID-19 testing.

Many countries have been implementing reverse transcription-polymerase chain reaction PCR COVID-19
testing of its population to reduce the spread of COVID-19. Studies have revealed that lockdowns and
mobility reductions decreased the transmission rate of COVID-19 in Europe and North America®.
However, manufacturers of the current polymerase chain reaction (PCR) COVID-19 diagnostic test kits
struggle to keep up with demand and experience testing kit shortages and long processing times"”. As a
result, test results may be delayed which then delays the intervention of quarantining the potentially
infected individual who may be transmitting viral particles within the wait period for their test results,
which is typically 3 or more days. Thus, there is a need for a rapid COVID-19 screening test that is capable
of providing results in real-time so that a confirmed COVID-19 infected individual can be alerted of their
infection status within seconds of taking the test. A confirmed COVID-19 positive individual would be
immediately advised by a healthcare professional, at point of care, to quarantine and isolate to slow the
spread of infection, so that businesses and schools can continue providing services in a COVID-19 free
environment.

Although rRT-PCR is the current standard and diagnostic testing method due to its high sensitivity having
an approximate range between 66%-83% for detecting the RNA of SARS-CoV-2, studies indicate false-
negative (FN) results from respiratory samples for SARS-CoV-2 and show FN rates (FNRs) having a range
between 1% to 30% due to, for example, swab contamination from poor sample collection, low viral load,
different rates of viral shedding over time in the disease process, and decreased analytic sensitivity""*.
Thus, the substantially increased range of FNRs with rRT-PCR test results serves as a motivation for a
diagnostic electronic nose breath analysis testing method. In particular, it depending on the type of
electronic chemical gas sensors used and the amount of these sensors that comprise a rapid electronic nose
device, the high selectivity of these sensors to the breath pattern signature of coronavirus disease would
greatly reduce the number of false positives and false negatives that have been demonstrated by existing

rRT-PCR diagnostic testing methods.
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Further, it would be more desirable to have a method of COVID-19 testing that eliminates the need for
excessive equipment, supplies, and multiple steps. Since there have been shortages of testing materials such
as swabs and associated reagents to perform rRT-PCR, some non-electronic nose investigations have sought
out COVID-19 patient breath samples for processing and COVID-19 VOC signature detection with a gas
chromatograph ion mobility spectrometer device. Evidence suggests a signature of inflammatory and
oxidative stress metabolites detected from COVID-19 positive patients using gas chromatography (GC) and
ion mobility spectrometry (IMS) include, acetone, alcohol, butanone, methanol, isoprene, heptanal,
propanol, propanal and octanal". Other studies have indicated VOC concentrations of approximately 10 to
250 parts-per-billion of methylpent-2-enal, 2,4-octadiene, 1-chloroheptane, and nonanal in breath samples
obtained from exhaled breath samples of COVID-19 infected patients'>"*,

ELECTRONIC NOSE DETECTION OF BIOMARKERS OF RESPIRATORY DISEASE

Electronic noses have been shown to successfully recognize complex VOC mixtures from a sample breath
indicative of a metabolic process in respiratory diseases. Many electronic nose devices comprise an
electronic chemical sensor array configured for detection of a target gas, such as VOCs, and implements
pattern recognition to differentiate the target gas from a diversity of gasses""?. Current existing electronic
nose technologies have been developed and investigated for their diagnostic performance in respiratory
diseases including, but not limited to, inflammatory lung disease such as asthma®’\. For example, the
Cyranose 320 is an electronic nose having a carbon black-polymer sensor array"”. Studies have investigated
the performance of the Cyranose 320, configured for 96% accuracy in distinguishing patients with asthma
from patients with chronic obstructive pulmonary disease"®. Another study indicated the Cyranose 320
could differentiate patients having mild asthma from patients having severe asthma at a cross-validation
value of 65%"”"*. In yet another study, the Cyranose 320 was shown to discriminate between healthy
controls, controlled asthma, and partially-controlled and uncontrolled asthma with an area under the
receiver operator characteristic curve of 0.85, a sensitivity of 0.79, and a specificity of 0.84"”**. The Aeonose
is an electronic nose device having micro hotplate metal-oxide sensors and demonstrated a lower accuracy
and sensitivity compared to the Cyranose 320 when discriminating asthma from healthy controls, whereby,
the Aeonose performance results indicate an area under the receiver operator characteristic curve curve of
0.79, a sensitivity of 0.74, and a specificity of 0.91"".

Although this section presents and discusses performance results of electronic nose devices configured for
use in diagnostic breath analysis applications that have shown moderate to good accuracy in providing a
rapid detection of the breath pattern of biomarkers of respiratory disease, electronic noses may also be
usefully extended to diagnostic applications of other inflammatory and infectious diseases"*. Due to their
portability, ability to rapidly provide point-of-care diagnostic test results without a laboratory technician
and their low cost elevate the electronic nose to an attractive diagnostic tool in breath analysis. In regards to
low cost, for example, the electronic nose electrical components of, an electronic chemical gas sensor, a
microcontroller, and wiring may cost less than approximately $15.00 in parts.

ELECTRONIC NOSE SIGNAL PROCESSING CORRECTION

As a result of metal oxide semiconductor (MOS) based gas sensor commercial availability, low cost, and
favorable sensor properties, including a high selectivity to target gases and a short recovery time, the MQ-2
and MQ-135 gas sensors are commonly used gas sensor component for electronic nose technologies for
biomedical applications. However, their suitability has yet been determined for use in electronic nose
systems directed at real-time monitoring for breath analysis applications”*'. The problem with the use of
MOS-based sensors in electronic nose technology is the system experiencing instability due to the output
response of the sensor not being under stable control as a result of gradual drifts in the output response of
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the MQ-2 and MQ-135 sensors, resulting in the inability to successfully reproduce output responses using
these sensors. For example, a COVID-19 breath simulation study utilized regression analysis to determine
the linear model data between Time (s) and the Output Response (V) of an MQ-2 and MQ-135 gas sensor
for an electronic nose prototype'®.

The study results determined the correlation values of the output response peaks and the concentration
gradient of the sample solution have a fitting formula with a measured relativity (R*) > 0.9073 for the MQ-2
gas sensor and a R* > 0.3963 for the MQ-135 gas sensor””. It would be more desirable to have a gas sensor
having an increased reproducibility of more controlled output responses so that acquired gas sensor data
obtained from a laboratory setting may be validated and more efficiently applied toward breath analysis
applications™'. This baseline instability directly pertains to the baseline output response of the MQ-2 and
MQ-135 sensors not being accurately obtained due to factors such as drifts, environmental influences, and
sampling means"’. In particular, as it relates to drifts, as a slight variation is observed in MOS-based gas
sensor output responses of electronic nose devices having the sensors exposed to an unchanged target gas
sample with an unchanged concentration value having the surrounding environment at an ambient status.

Drift in a sensor is a natural phenomenon in which a low frequency change occurs. Drift changes occurring
between sample intervals has been investigated to be attributed to many factors including, the degradation
of the heating element comprising a nickel-chromium coil surrounded by a layer of aluminum oxide-based
ceramic of the sensor over time or damage to the sensing element, comprising a layer of tin dioxide
overlaying the heating element, from chemicals that are capable of compromising the integrity of the sensor
components”*. Further, unstable drift changes of MOS-based gas sensors may result from changes in the
environment of the sample chamber such as, temperature, humidity, flow rate of the sample, and
concentration of target gas””. In an example, drift variation is magnified in breath analysis applications
when the sensors of an electronic nose device are exposed to a diversity of target gasses within an exhaled
breath sample, at varying concentrations, and a changing flow rate corresponding to the inconsistent force
of the exhaled breath emitted from an individual’s lungs.

In addition, undesirable drift variation exists in MOS-based gas sensors due in part to the sampling
mechanism in which the heated tin dioxide layer of the gas sensor is configured for oxygen adsorption on
its surface. This oxygen adsorption decreases the flow of electric current flowing through the coil of the
MOS gas sensor until the surfaced density of adsorbed oxygen lowers during sensor exposure with a target
gas. As a result of target gas exposure to a MOS gas sensor, a resistance change having a value measured
using a voltage divider network occurs and is associated with the detection of a specific gas. Thus, in the
presence of reducing gases, more electrons are capable of flowing across the coil. The sampling mechanism
comprising the electron flow across a coil of a MOS gas sensors requires lengthy cycling time when a
saturated sensor refreshes back to baseline drift. This response and recovery time may hinder the accuracy
of results and not be suitable for breath analysis applications unless corrected using signal processing*.
Although an efficient cleaning process is a solution to minimizing drifts after each gas exposure phase, the
cleaning process requires a length of time that is not suitable for an electronic nose in clinical applications
for breath analysis. Thus, there is a need for a signal processing method to minimize the effects of drift on
MOS-based gas sensor output responses so that the sensor response drifts are reduced to provide quicker
and continuous measurements. As a result, fast measurements as well as maintaining the accuracy of the

results are expected from applying the signal processing cleaning step™.

Current signal correction methods, such as univariate and multivariate are configured for increasing the
quality of the sensor output response. In an example, univariate methods are capable of applying the
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correction to one variable, such as the gas sensor during baseline manipulation. In particular, the output
response of the sensor is altered by the initial measurement of the output response. This alteration is
commonly referred to as a transformation and is configured for the correction, such as differential, relative,
or fractional, of the sensor’s signal baseline. Some studies have indicated the use of baseline manipulation as
a means for preliminary processing of the output response of the gas sensor™. Other studies have utilized
various filtering techniques such as Moving Median Filter, Fourier Bandpass Filter, and Discrete Wavelet
). Due to the capabilities

30,31

Transform in an attempt to eliminate adverse drift effects from acquired gas data
of the discrete wavelet transform, a signal may be examined at differing variables such as frequency band
levels and resolutions.

Studies have indicated a correlation between output responses of gas sensors and drift effects that have
influenced the direction of electronic nose technologies towards utilizing multivariate signal correction
methods to apply the correction to many variables, such as a plurality of gas sensors, resulting in an
. In an example, self-
organizing maps are a type of adaptive neural network that have been incorporated within the signal

[32

increased amount of data being detected for modeling of nonlinear drift effects

processing of some electronic nose sensors™. Although the use of this adaptive neural network is capable of
accomplishing accurate results for the application of gas analysis, the quantification of acquired gas sensor
output responses have been identified as a major limitation**. Taking into consideration of the literature
review, it can be discerned that drift is associated with the output response of a gas sensor even during
exposure of to a target gas having consistent variables such as, temperature, humidity, and time. It would be
more desirable to minimize the variance of drift. Further, some studies have investigated and favored the
use of orthogonal signal correction (OSC) algorithms to eliminate the variance that is absent any correlation
to the variable for approximate calculation”.

In another example of multivariate linear correction being applied in other studies, the use of Partial Least
Square (PLS) and Principal Component Analysis (PCA) has contributed to the decrease in variance of the
gas sensor drift as it flows in a single pathway””***". Although a high accuracy is achieved with PLS and PLS
with OSC, when measuring the error of the model in predicting quantitative data, it is more desirable in
some applications to have a lower Root Mean Square Error (RMSE) value because the average distance from
the predicted values of the model and the dataset values are in closer proximity. A comparison of the
stability and accuracy of the regression model of acquired data from an electronic nose prototype with the
application of PLS and PLS with OSC resulted in an increased accuracy with both methods, however, the
PLS with OSC method required less components than with PLS alone to achieve the same performance”.

In particular, the signal correction method comprising both PLS with OSC for corrected data achieved a
RMSE value of approximately 0.12% using 1 component compared to PLS alone achieving a RMSE value of
approximately 0.15% using 5 components. In a study, OSC was used for the correction of near-infrared
spectra (NIR) and many publications described machine learning algorithms to improve the processing of
the OSC method to eliminate the variance not correlated to the variable to estimate®**.

The signal processing approach to quantification of acquired gas sensor output response data includes
applying baseline manipulation with OSC in an attempt to eliminate and/or minimize the drift effects of the
gas sensors responding to varying concentrations of an exhaled breath sample. Next, a regression model to
determine the approximate concentration of gas detected in ppm is realized after the corrected datasheet
undergoes PLS regression. As the gas sensors are exposed to an exhaled breath sample, PLS regression is a
good candidate to be applied to model the output responses of the gas sensors. Validation of acquired gas
data results are critical for increasing the reproducibility of the sensor output responses for enhancing the
regression model stability while maintaining an accuracy suitable for breath analysis applications. It is
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envisioned that this drift compensation method presented will enhance electronic nose design capabilities.

REPORTING DIAGNOSTIC ACCURACY

The reproducibility, completeness, and transparent reporting of research may be facilitated by the
recommendations set forth by the Standards for Reporting Diagnostic Accuracy (STARD) statement!*.
Some of the STARD recommendations are directed to the study design, participants, test methods, analysis,
test results. For example, a study design method recommendation includes, but is not limited to,
identification as a study of diagnostic accuracy such as sensitivity, specificity, predictive values, or AUC".
As it pertains to the diagnostic testing of individuals for SARS-CoV-2, an electronic nose device having gas
sensors with a high selectivity to target gasses would be more desirable. Further, the Transparent Reporting
of a multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) statement sets forth
reporting guidelines for the development and validation of prediction models in diagnostic applications''.
Some of the TRIPOD recommendations are directed to the title, abstract, background and objective, source
of data, participants, outcome, predictors, sample size, missing data, statistical analysis methods, risk
groups, and development vs. validation. For example, a statistical analysis method recommendation
includes, but is not limited to, specify the type of model, all model-building procedures, and methods for
internal validation'. As it pertains to the diagnostic testing of individuals for SARS-CoV-2, an electronic
nose device incorporated with OSC, PLS, and PCA to correct drift variations is most desirable.

DISCUSSION OF NEUROLOGICAL MANIFESTATIONS OF COVID-19

Brain breath biochemistry in neurological complications of COVID-19

Currently, not many investigations have actively explored the infection mechanism of SARS-CoV-2 and its
ability to infiltrate the nervous system. Understanding the biological communication network of the
olfactory nerve is essential in expanding the knowledge in regards to SARS-CoV-2 transmission between
individuals and metabolic byproducts of infection. It would be particularly useful in the field of diagnostic
electronic nose technologies to identify quantitative biomarkers of immune response to include in the
breath pattern signature of COVID-19. As a result, electronic nose devices may be fitted with a gas sensor
array configured for the detection of disease specific target gasses, SARS-CoV-2 and/or viral components
such as the amino acid receptor binding domains (RBDs) of Spike 1 glycoprotein of SARS-CoV-2, and/or a
plurality of inflammatory biomarkers emitted from the breath of an infected individual. Infection
mechanism of SARS-CoV-2.

Studies have indicated that SARS-CoV-2 has four main structural proteins including, spike (S)
glycoproteins, a membrane (M), an envelope (E), and a nucleocapsid (N)**. These S glycoproteins are
embedded on the surface of the outer E portion of SARS-CoV-2 and have a 1273 amino-acid-long structure
configured to connect with the human cell membrane protein ACE2 during infection'*****’, Studies have
shown ACE2 to be located at various host sites such as at the nasal epithelial cells, the heart, the esophagus,
the kidneys, the bladder, and the ileum"*. The S glycoprotein is divided into subunit 1 (S1) and subunit 2
(S2)®. S1 is primarily in communication with ACE2 during infection and has beta strands and comprises
an N-terminal domain, a first C-terminal domain, a second C-terminal domain, and a third C-terminal
domain®’. SARS-CoV-2 binds to the host during infection, studies have shown evidence that some viral
proteins contribute to the suppression of cytokines, interferon (IFN)-a and B of macrophages during
immune response”’. This immune response delay corresponds to the peak of viral load detected in the
upper respiratory tract of SARS-CoV-2 infected patients at day 10 of infection***". This suppression of
IFN-o and B may contribute to this infection load peak.
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Although other pathogens of disease may share a similar infection mechanism of SARS-CoV-2, it is an
important aspect of this research for the combination of more broadly known neurological inflammatory
biomarkers, such as NO, from a plurality of pathogens of disease to be incorporated with the known breath
pattern signature of COVID-19. The VOCs of COVID-19 currently consist of specific increases in acetone,
isoprene, heptanal, propanol, propanal, butanone, methylpent-2-enal, 2,4-octadiene, 1-chloroheptane,
nonanal, octanal, and a decrease in methanol™"*'*. In regards to diagnostic electronic nose detection of
SARS-CoV-2 infection and COVID-19 disease biomarkers, a breath pattern signature having a wider scope
including neurological inflammatory biomarkers is a strategy described in this paper to enhance the
accuracy of differentiating COVID-19 infection from other pathogens of disease.

Olfactory nerve

The cribriform plate separates the nasal cavity from the brain"?. The goblet cells, secretory cells, and ciliated
cells of the nasal epithelium lines the nasal cavity and paranasal sinuses””. Olfactory receptor neurons of the
olfactory neural cells have a dendritic end portion extending through the olfactory epithelium of the nasal
cavity located opposite an end traversing through approximately 15-20 foramina or openings of the
cribriform plate and are connected to the olfactory bulb™>*. The olfactory bulb is positioned within the
frontal lobe of the brain and the olfactory tract traverses through the medial temporal lobe of the brain®.

Next, the olfactory tracts divide at the olfactory trigone into three channels. One of the channels is referred
to as the lateral olfactory stria which continues laterally, traversing the horizontal Sylvian cistern and ending
at the medial temporal lobe approximately at the uncus®. It has been shown that an infection route of
SARS-CoV-2 is through the nasal cavity in communication with the medial temporal lobe of the brain by
the olfactory bulb®”.

Studies have confirmed that viral particles up to approximately 100 nm can enter the CNS through the
olfactory epithelium". Interestingly, clinical investigations of coronavirus-specific viral particles were
observed to range in size from 60-140 nm in size**. Thus, SARS-CoV-2 is more than capable of infiltrating
the CNS through olfactory receptor neurons and traversing the cribriform plate. Studies have indicated
infection of the olfactory bulb epithelium as being a contributor in neurological symptoms in that SARS-
CoV-2 damages ACE2 and then infiltrates into the blood-brain barrier®™. The unique communication of
SARS-CoV-2 with the olfactory receptor neurons of the olfactory epithelium may serve the basis of
diagnostic sensing devices and/or canine sensing methods configured for pathogen detection and/or
pathogen classification of the nervous system. In younger children, the cribriform plate is undergoing
development and may have substantially larger foramina which could result in an increased susceptibility to
viral infiltration especially since SARS-CoV-2 is attracted to the ACE2 receptors within the nasal cavity.
Studies have indicated that viral transmission along the olfactory nerve is associated with histological
lesions!*”. These histological lesions in CNS disease have been known to induce an inflammatory response
including, but not limited to, NO mediated demyelination and could trigger COVID-19 induced pediatric
inflammatory multisystem syndrome'*”. Therefore, NO is a potential biomarker candidates for detecting
COVID-19 using an electronic nose device.

Nitric oxide expression in COVID-19 induced PMIS

A recently observed symptom of COVID-19 is anosmia or loss of smell. Studies have shown an increased
ACE2 expression in SARS-CoV-2 infection at the location of nasal epithelial cells""**. Because the S1
proteins of SARS-CoV-2 bind to ACE2 for infection to occur, a strong correlation exists between peripheral
nerve injury including virus induced olfactory loss and/or injury stemming from viral communication at
the olfactory epithelium, resulting in the anosmia symptom of COVID-19. Studies have shown that
demyelinating diseases have an increased inflammatory response compared to non-neurological diseases.
Hence, this atrophy of the olfactory bulb and olfactory tract might be correlated with demyelination, which
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could trigger an inflammatory response with potentially fatal outcomes in pediatric patients. This
inflammatory response induced from COVID-19 can be detected through VOC brain breath analysis with
an electronic nose device.

Although, the majority of anosmia observations reported in COVID-19 diagnosed cases appear to be caused
from mucosal congestion, peripheral nerve injury could explain anosmia in asymptomatic COVID-19
patients not having mucosal congestion'®’. In particular, as a result of the inflammatory response of
SARS-CoV-2 connecting with ACE-2 at the olfactory epithelium, macrophages and microglia generate
cellular waste such as, inflammatory cytokines and NO. These byproducts contribute to demyelination and
axonal loss'”. NO has been shown to damage mitochondria of axons'*”, resulting in a reduction of the
enzyme Na'/K' ATPase, a decrease in ATP supply, and an increase in the amount of cellular Na ATP
production is necessary for nervous tissue to maintain stable resting potentials for propagation of electrical
signals along the length of nerve fibers. When ATP undergoes hydrolysis and is converted into adenosine
diphosphate (ADP) and phosphate, the Na'/K' pumps become activated again to, thereby, reversing the
influx of Na* within the cell“. There may be a correlation between anosmia as a symptom of COVID-19
with the NO mediated injury to the olfactory receptor neurons.

Although the epithelium of the paranasal sinuses produces NO even without viral infection, macrophages
generate excessive NO as a result of proinflammatory cytokine activation during viral infection defense!*>*.
When NO and oxygen free radicals, such as the hydroxyl radical (OH) and superoxide (O,) are in
communication with each other from some viral lung infections, toxic byproducts such as peroxynitrite
(ONOO-) and NOx (NO, and N,0O,) are seen to contribute to the mechanism of viral pneumonia resulting
in tissue injuries to the lungs"®*”. Further, scientific evidence has indicated measurable amounts of NO in
nasally exhaled air'®". Thus, excessive levels of NO may be a biomarker of inflammation especially when a
biosensor collects breath samples from nasally exhaled air as opposed to orally exhaled air.

CONCLUSION

Electronic nose technology configured to detect exhaled VOC biomarkers from a breath sample have been
observed as a successful approach to noninvasive diagnosis demonstrated in clinical trials for breast cancer,
colorectal cancer, lung cancer, liver disease, infectious disease such as influenza and inflammatory lung
disease'™. Further, electronic nose technologies are currently used in monitoring air quality, spoiled meats,
and ripened fruit; however, its impact on emerging pandemics, such as the respiratory illness pandemic in
the form of COVID-19, is still under investigation. Within the coronavirus family, seven viruses are
currently known to infect humans, including, NL63 and 229E from the alpha genus and OC43, HKU1,
SARS-CoV, MERS-CoV, and SARS-CoV-2 from the beta genus™. Of these seven viruses, studies have
indicated infected SARS-CoV-2 individuals have significant exhaled breath concentrations of ethanal,
octanal, acetone, butanone, methylpent-2-enal, 2,4-octadiene, 1-chloroheptane, nonanal, and a decrease in
methanol are capable of distinguishing between non-SARS-CoV-2 infected individuals and SARS-CoV-2
infected individuals"'**"),

The research results provide for the advancement of the configuration of electronic nose technologies for
the application of diagnostic breath analysis of not only SARS-CoV-2, but the remaining six viruses of the
coronavirus family, human respiratory viral, and nonviral diseases. For example, studies have probed the
role of conducting polymer type electronic nose devices having an array comprising of 32 gas sensors.
Although the low power consumption of conducting polymer electronic noses have shown a good
sensitivity and reproducibility at room temperatures, their sensitivity to moisture, shortened sensor life, and
susceptibility to damage from polar analytes makes MOS-based electronic nose device a more attractive
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alternative for effective detection of disease specific chemical biomarkers for diagnostic applications””". In
summary, breath analysis studies investigating the exhaled breath VOCs of individuals infected with other
pathogens of disease may provide clues to specific metabolic byproducts of infection within the coronavirus
family. Although it has been shown that SARS-CoV-2 may enter the nasal cavity of a host and traverse the
olfactory nerve to generate biomarkers of inflammation within the brain, studies have determined that the
circulatory system absorbs these biomarkers which are then ultimately emitted from the lungs through an
exhaled breath”. As our understanding of infectious diseases, such as COVID-19 improves, we expect
diagnostic electronic nose devices to include a diversity of MOS-based gas sensors and electrochemical
sensors that can more accurately detect the exhaled breath biomarkers of disease as well as changes
associated with the pathogenesis of the disease. For diagnostic applications, electronic nose devices are
configured for detecting the unique breath pattern signature of a specific disease from a complex mixture of
VOCs with the use of a plurality of gas sensors having high sensitivity to targeted biomarkers, thus,

improving the disease specificity of the electronic nose device'.

The highly transmissible nature of SARS-CoV-2 infection of COVID-19 disease has resulted in the need for
a rapid COVID-19 breath test, that may serve to diagnose both children and adults around the world. Our
research group has investigated the SARS-CoV-2 infection mechanisms and its inflammatory response by
the central nervous system by analyzing the symptoms of COVID-19 and similar diseases while partnering
with breath specialists that have collected, measured, and validated VOCs from breath samples of
COVID-19 positive individuals. Substantial evidence suggests VOCs associated with the inflammatory
response of a COVID-19 infection may include, but are not limited to, NO, alcohol, and acetone. These
VOCs are capable of being detected when they are exhaled through the breath of an individual. A rapid
COVID-19 breath test with an electronic nose gas sensor array configured for noninvasive and rapid
detection of the breath pattern signature of COVID-19 may contribute to a substantial reduction of the
transmission rate of the global health threat of infection and result in a reduction of COVID-19 related
deaths.
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