Review Article

Narrative review on artificially intelligent olfaction in

halitosis

Ankita Mathur!, Vini Mehta!, Vishnu T. Obulareddy?, Praveen Kumar?

!Department of Dental Research Cell, Dr. D. Y. Patil Dental College and Hospital, Dr. D. Y. Patil Vidyapeeth, Pune, Maharashtra, ?Virginia

State Dental Association, Richmond Virginia, USA, 3Texas State Dental Association, TX, United States

Abstract

Halitosis, commonly known as oral malodor, is a multifactorial health concern that significantly impacts
the psychological and social well-being of individuals. It is the third most frequent reason for individuals
to seek dental treatment, after dental caries and periodontal diseases. For an in-depth exploration of the
topic of halitosis, an extensive literature review was conducted. The review focused on articles published
in peer-reviewed journals and only those written in the English language were considered. The search
for relevant literature began by employing subject headings such as ‘halitosis, oral malodor, volatile
sulfur compounds, artificial intelligence, and olfaction’ in databases such as PubMed/Medline, Scopus,
Google Scholar, Web of Science, and EMBASE. Additionally, a thorough hand search of references was
conducted to ensure the comprehensiveness of the review. After amalgamating the search outcomes, a
comprehensive analysis revealed the existence of precisely 134 full-text articles that bore relevance to
the study. Abstracts and editorial letters were excluded from this study, and almost 50% of the full-text
articles were deemed immaterial to dental practice. Out of the remaining articles, precisely 54 full-text
articles were employed in this review. As primary healthcare providers, dentists are responsible for
diagnosing and treating oral issues that may contribute to the development of halitosis. To effectively
manage this condition, dentists must educate their patients about the underlying causes of halitosis,
as well as proper oral hygiene practices such as tongue cleaning, flossing, and selecting appropriate
mouthwash and toothpaste. This narrative review summarises all possible Al olfaction in halitosis.
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INTRODUCTION

and Simon’s creation of ‘The Logic Theorist’ in 1955
marked a significant milestone in Al’s development and

The field of dentistry is increasingly turning to artificial
intelligence (Al) to revolutionise patient care and
increase productivity."! Al technology was first proposed
by Alan Turing, who believed human competency
depended on knowledge and logical reasoning.” Newell
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implementation in various fields, including dentistry.’"
Halitosis, a condition resulting in an unpleasant odour
in exhaled air, is classified by the American Dental
Association into genuine halitosis, pseudo-halitosis, and
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halitophobia.>! With up to 50% of adults affected by
halitosis, Al has the potential to aid in the diagnosis,
treatment, and management of halitophobia. Dentists
must remain informed about potential Al applications and
benefits as the field continues to advance.*!

The olfactory sense is responsible for detecting and
distinguishing various environmental compounds in the
air.”! Anosmia, which has become more prevalent during
the COVID-19 pandemic, can significantly decrease one’s
quality of life by reducing olfactory stimulation.!'"!!
Odorant receptors in the nasal cavity are responsible for
the sense of smell by detecting odorants and transmitting
neural signals to the brain for processing. Humans have
roughly 400 different types of olfactory receptors, which
are capable of detecting millions, if not billions, of distinct
odorant molecules.!"”

Halitosis, commonly known as bad breath, is caused due to
various factors such as the presence of bacteria, cratered
tongue surface, xerostomia, the presence of dental caries,
which are extensive, systemic diseases such as diabetes, liver
and kidney disease, smoking, fixed dentures etc., all can
contribute towards this condition. Oral halitosis contributes
to the formation of volatile sulphur compounds (VSCs)
produced by bacteria in the mouth. VSCs are highly volatile
and have a low odour threshold, making them the most
common indicator of halitosis.["” However, relying solely
on VSC detection for diagnosis has its limitations, as
some non-sulphur volatile chemicals and other disorders
can also lead to halitosis in the absence of VSCs. The
conventional or the traditional approach towards detecting
halitosis remains to be the organoleptic approach, wherein
the degree of unpleasantness in the exhaled air from the
mouth and nose is evaluated. To address these limitations,
an artificial olfaction approach has been developed using
analytical software and a database of breath patterns
to evaluate a wide range of oral volatile chemicals

noninvasively."!

Nanomaterial-based sensors are capable
of assessing the composition of oral breath, and a decision
tree classifier is used to identify the presence of extra-oral
or oral halitosis, as well as to examine the connection with
systemic disorders if the halitosis is not oral in origin. In
2017, 20 functionalised nanomaterial-based sensors were
developed, which were able to analyse exhaled air with
high accuracy (86%) and distinguish between 17 different
systemic disorders.”! Moreover, preclinical, experimental
evaluations have shown that the sensitivity of these sensors
can be improved through the use of target volatile organic
compounds (VOCs)/VSCs artificial gas combinations for
training.!'’)

Halitosis detection has been a topic of interest for a
significant period, with organoleptic scoring being the
primary method. However, recent advancements in
artificial olfaction have revolutionised halitosis detection,
making it more efficient. Nanomaterial-based sensors
are now employed to differentiate between volatile and
non-volatile compounds and intra and extra-oral halitosis.
Machine learning techniques have also been incorporated
in halitosis detection to detect smells, which serve as
reference objectives and for independent recognition.
In this review article, we discuss the different analytical
approaches in use and the potential value of artificially
intelligent olfaction in halitosis detection. This natrative
review also provides insights into newer approaches and
how they differ from traditional methods, as well as the
treatment of halitosis.

MATERIALS AND METHODS

The following keywords were used to conduct a thorough
literature search in the PubMed, Web of Science, EMBASE,
Scopus, and Google Scholar databases: ([artificial
intelligence OR artificial olfaction]) AND [Olfaction OR
artificial smell OR E-Nose]), ([halitosis OR exhaled breath
OR exhaled compounds OR exhaled breath analyser])
AND [VOCs OR volatile compounds OR VSCs) let this be
maintained. A total of 134 studies were purged, including
duplicates and non-English research [Figure 1]. Studies that
were not pertinent to the subject were removed from the
remaining titles and abstracts, along with articles whose
full texts could not be retrieved. The remaining papers’
titles and abstracts were scrutinised, and research irrelevant
to the topic and publications for which there was no full
text available were also disregarded. The results of the 22
studies that met our inclusion criteria are summarised in
this review. Most of them concentrated on VOC structure,
composition, and detection, emphasising the chemicals’
significance as biomarkers in halitosis detection.

VOLATILE COMPOUNDS STRUCTURE AND
COMPOSITION

Structure and Composition of VOC

Volatile organic compounds (VOCs) are low-molecular-weight
carbon-containing substances that possess high vapour
pressure and hydrophobicity, which are commonly referred
to as odorant molecules."” These molecules atise primarily
from chemicals that volatilise at room temperature and enter
the nose, but their odour intensity cannot be determined
by vapour pressure measurement. Organic and inorganic
compounds can both cause odour, indicating that odorant
molecules are not solely carbon-containing substances.
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Figure 1: Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA)

Ammonia (NH3), for example, emits a fishy scent, while
elemental chlorine gas (CI2) has an unpleasant odour.
Hydrogen sulfide (H2S) has a foul rotten egg odout.!'!”!

Functional groups are more easily and quickly identified
by humans than single elemental components, such as
thiols (-SH), oxides (-NOH), and nitro groups (-NO2),
which each have a distinct sulphurous, camphoraceous,
or sweet-ethereal aroma.l"” A molecule’s functional
group is the only predictor of its odour since other
compounds may have the same functional group
but different scents. For example, 4,4-dimethyl-
2-octene-lactone, 8, methyl-2-noneno-lactone, and
5,0,6-trimethyl-2-hepteno-lactone all have distinct minty,
buttery, and terpene-like scents, respectively. Even though
enantiomeric molecules, also known as optical isomers,
have the same chemical properties, only 5% of enantiomer
pairings have a comparable fragrance. For instance,
both the lemon and orange aromas of limonene’s two
enantiomers may be found in (R)-(+)-limonene.

CLINICAL ASSOCIATION OF VSCS WITH
HALITOSIS

Halitosis, a condition marked by high levels of VSCs, can

be caused by gram-negative microbes like Porphyromonas
gingivalis, Treponema denticola, and Tannerella forsythia.?**? These
microbes are associated with periodontal disorders,
and deeper periodontal pockets can lead to higher VSC
levels. VSCs are primarily composed of hydrogen
sulfide (H2S), methyl mercaptan (CH3SH), and dimethyl
sulfide (CH3SCH3), with hydrogen sulfide being
the most commonly observed VSC in periodontal
pockets.?**! Multivariate data analysis techniques like
principal component analysis (PCA) can be used to
examine breath measurement data and visually depict
multidimensional data in a plane.?’**!

USE OF AI IN HALITOSIS DETECTION

EBA

The exhaled breath of humans is primarily composed
of nitrogen, oxygen, hydrogen, carbon dioxide, inert
gases, and water vapour, as well as organic and inorganic
VOCs.??! ' These VOCs encompass a variety of chemical
compounds, including acetone, ethanol, ethane, isoprene,
methane, pentane, carbon monoxide, nitric oxide, nitrous
oxide, ammonia, and hydrogen sulfide. While certain
VOCs are produced by both normal and abnormal cells,
others are only present in abnormal cells, making the
VOC pattern a valuable tool for diagnosing and treating
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various conditions.”” Exhaled breath analysis (EBA) is an
inexpensive, noninvasive technique that employs VOCs to
diagnose and monitor therapy.” VOCs are metabolites that
can be detected in human breath due to alveolar exchange.?
This exchange allows expelled products to diffuse into
inhaled air, rendering EBA an efficacious alternative to
invasive procedures such as blood test analysis.’"!

Spiking Neural Network

Recent studies have revealed that bio-inspired artificial
olfaction could be the solution to long-standing issues in
handling multivariate data, computing and power demands,
low accuracy, and significant delays in processing and
categorising scents. One promising approach involves
encoding multivariate data into temporal signatures, which
can be utilised for target gas detection in rank-order-based
olfactory systems. However, traditional pattern-matching
methods and unpredictable spike shuffles may impede the
system’s effectiveness. To counter this, a neuromorphic
hardware system has been proposed for massively parallel
and low-power processing of incoming rank-order
patterns. This system can classify continuous data with
up to 96.5% accuracy while using only a fraction of the
whole pattern frame and can also detect abnormalities in
rank-order patterns caused by sensor array drift. It operates
in real-time, making it a highly effective solution."

ENOSE

The smart electronic nose (E-nose) has seen rapid
application growth in a variety of industries in recent years.
The performance of E-nose is mostly determined by the
recognition algorithm in addition to sensor arrays. This
article introduces the response signal characteristic of a
sensor before focusing on the E-nose’s signal processing.
The algorithms are then split into traditional and artificial
neural networks (ANNs)-based categories based on

differences in how features are processed.™!

Over the past few decades, a range of conventional
pattern recognition methods, such as discriminant function
analysis (DFA), principal component analysis (PCA), and
cluster analysis (CA), have been created and applied to
gas recognition.’”” These techniques are known for their
versatility and their ability to effectively process small datasets.
Moreover, certain conventional pattern recognition algorithms
continue to be widely used for their clear, straightforward
approach and low computational requirements.

Recent advancements in ANN techniques, particularly
in the realms of computer vision and time series, have
opened up new avenues of possibility within the field
of E-nose.’” Empirical evidence has demonstrated the

heightened effectiveness and noise-resistance of ANN
over traditional approaches when dealing with large
datasets, allowing for expedient and accurate recognition,
a crucial component for practical applications. In order
to glean feature information pertaining to distinct gases,
a number of technologies have been implemented within
E-nose research, such as multilayer perceptron (MLP),
convolutional neural network (CNN), gated recurrent
unit (GRU), and long short-term memory (LSTM).H**4

VOCs as Biomarkers

The pathophysiological mechanisms underlying various
disease states can have a significant impact on the production
of VOC:s, resulting in changes to the exhaled VOC profile,
ot volatolome.**¥ Various factors can contribute to these
changes, including inflammation, oxidative stress, anaerobic
conditions, enzymatic activity, bacteria, and microbiome
populations.*”! Exhaled VSCs, linked to bacterial activity
and produced by local microbial-enzymatic breakdown of
amino acids and other mechanisms, have been suggested
as potential biomarkers for the diagnosis and monitoring
of halitosis.”™ Extensive research demonstrates that
halitosis can be identified and correlated with various oral
diseases, with mouth-hosted microorganisms contributing
to breath malodour.’** An intriguing finding by Mortis
and Read suggested that atleast 7% of the participants had
halitosis that was resistant to oral hygiene and conventional
management strategies, leading them to hypothesise that
in these situations, halitosis might not be caused by an oral
disease or condition but rather originate from a distant
source.” Later, Tonzetich and JohnsonP" measured the
volatile reducing substances (VRSs) and investigated
the chemical makeup of the pooled saliva from halitosis
patients. VRSs are created in the oral cavity during halitosis,
with primarily VSCs, particularly MM and H2S, being
identified, according to their industrial process to assess
odour strength. Since then, numerous scientific studies have
established the existence of detectable exhaled VSCs and
their potential as noninvasive biomarkers for the diagnosis
and monitoring of halitosis, utilising state-of-the-art
technologies, including chromatography, spectrometry, and
various chemical gas sensors.

Recent Trends

OdoriFy

Identifying odorant molecules for human Odorant
receptors (ORs), whether wild-type or mutant, can be a
complex process. However, with the help of OdoriFy, a web
server equipped with deep neural network (DNN)-based
prediction engines, this task becomes significantly more
manageable. OdoriFy is designed to classify user-supplied
chemicals as either odorants or nonodorants, and subsequently
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identify responsive ORs for a given query odorant. Following
this, validation of the interaction between the odorant and
OR is conducted through odorant-OR pair analysis. Overall,
the innovative capabilities of Odoril'y offer a promising
approach to enhancing our understanding of OR function
and odour perception.F’l The system utilises explainable
Al, providing a rationale for each of its predictions. In
addition, OdoriFy is founded upon an extensive collection
of hand-selected data on human ORs, offering information
on both known agonists and nonagonists, making it highly
interactive and resource-tich.

Halimeter

Methyl mercaptan (MM) is the primary source of oral
malodour, while hydrogen sulfide (H2S) is the gas that
the Halimeter detects with the greatest sensitivity. The
Halimeter is a useful tool for predicting oral malodour due
to its strong cortelation with H2S and MM [Figure 2.

OralChroma

The OralChromaTM is a remarkable tool that can detect
the absolute amounts of dimethyl sulfide, hydrogen
sulfide, and methyl mercaptan in less than 10 min, making
it a valuable asset in the diagnosis and monitoring of oral
halitosis. It can differentiate between the primary three
VSCs linked to halitosis and is remarkably accurate even at
low concentrations. However, it is important to note that
it is an expensive device and may contaminate the sample
with impurities.[’)

Olfactory Perception

The DREAM Olfaction Prediction Challenge endeavours
to forecast human olfactory perception for 19 semantic
descriptors pertaining to odour, strength, and pleasantness,
leveraging chemical characteristics and machine learning
models, in view of recent research linking odorant
physicochemical qualities to olfactory perceptions.*'¢
Through a comprehensive virtual screening approach, this
methodological framework can unearth novel structural
motifs for ligands. The relationship between chemical
structure and odour has been explored through the use of
advanced DNN, graph neural networks (GNN), or CNN.¢3]

NONINVASIVE DIAGNOSIS

Photometric Sensors

Lagopati ¢t al. have developed a highly efficient photometric
detection method for VOCs, which are biomarkers for lung
cancer (LC) detection.”! The use of metalloporphyrins
modified gold nanorods (AuNRs)
has significantly improved the sensor’s stability and
performance by preventing the device from deteriorating,
as proposed by Zhong ¢t a/“” In a clinical study carried

as Nanosensors

out by Sun ez al,** it is crucial to design nanosensors that
can bind VOCs more strongly than Van der Waals forces.
The precision and sensitivity of the sensor application
can be enhanced by utilising chemically sensitive dyes,
such as porphyrin, to construct colourimetric arrays with
a low limit of detection (LOD) of parts per billion (ppb),
which can be used for LC detection. These findings
suggest that the use of nanomaterial-based sensors could
be a promising approach for detecting and diagnosing
LC, highlighting the importance of further research in
this area.

Electrochemical Sensors

According to research by Homayoonnia and Zeinali® (2016),
Metal-Organic Framework (MOF) nanoparticles (NPs) are
a reliable sensor for detecting VOCs. Obermeier ez al.,["
concluded in their study by stating that capacitive sensors
that use NPs as a dielectric layer have been successful in
detecting acetone, methanol, ethanol, and isopropanol
concentrations. Yang e¢7 al. (2022) and Zhang ¢f al. (2014)
have both demonstrated that nanosensors exhibit high
sensitivity at concentration levels, quick reaction times,
linearity, and reversible reactions.["""

Piezoelectric Sensors

In 2019, Haick ¢ al. developed a sensor device that uses
piezoelectric micro-cantilevers coated with a polymer
to identify VOCs. The device is composed of eight
micro-cantilevers and an electronic readout, and it can
distinguish between different VOCs. However, the sensor’s
low cost means that more experimental work is needed
to overcome its limitations. Future studies should aim to

improve gas conveyance setups and test VOCs in water to
observe how humidity affects VOC separation.*)

Figure 2: The figure depicts the schematic representation of the
Halimeter. Source: https://www.wikihow.life/Prevent-Bad-Breath
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HALITOSIS TREATMENT

Figure 3: The figure depicts the treatment of halitosis. Reducing the microbial load, mouth rinses, breath freshener, Colgate total, and lethal

photosensitisation
CLINICAL RELATION OF VSCS

Periodontal disorders can be a causative factor in the
sudden development or exacerbation of halitosis due
to the presence of germs in the oral cavity.” Infected
sites provide a conducive environment for bacteria to
settle down, multiply, and digest proteins, leading to an
overabundance of VSCs in the oral cavity."*” Due to
the increased blood supply to these inflamed sites, the
bacteria are seen to increase, leading to increased VSC
production.I” This increase is related to gingival bleeding
and >3 mm pocket depth in periodontal patients, as
observed in a quantitative exhaled breath study by
Rosenberg ¢/ /" using gas chromatography/mass
spectrometry (GC/MS). In a case teport by Moore ef al.,
it is stated that patients presenting with periodontitis are
characterised by halitosis and heavy tongue coating.["s”!
Improper or unsatisfactory dental hygiene and other
systemic diseases lead to halitosis, which is a niche for
the growing bacteria, was reported in a study carried out
by Vandekerckhove B ez 2/ and Zhou ez a/.*" in their
research works, have shown that the concentrations of
exhaled VSC in people with periodontitis were higher
and linked with the presence of Prevotella intermedia,
P. gingivalis, and Bacteroides forsythus. In conditions such as
gingivitis, periodontitis, xerostomia, mucosal ulcerations,
and deep dental lesions, increased production of VSCs
adds to the presence or severity of halitosis.® These
noninvasive diagnostic methods for oral halitosis could
be used in distinguishing exhaled and inhaled VSCs and
also in monitoring their levels.

TREATMENT TRENDS IN HALITOSIS

Role of Bacterial Load in Halitosis

The objective of the study by Grover ez 4l., was to investigate
the effectiveness of short-term antimicrobial mouth rinses
and tongue debridement in reducing the bacterial load on
the tongue, which is a crucial factor contributing to the
development of malodorous breath.®!

Tongue Coating and Malodour Treated with Periodontal
Therapy

In addition, the study by Van Steenbetghe ¢# 4/, aimed
to assess the impact of periodontal treatment on specific
oral malodour parameters over 6 months. However, the
study findings by Lee and Hong revealed that, even when
combined with a mouth rinse, periodontal treatment,
including tongue scraping, did not significantly alter the
microbial load of the tongue or VSC levels in patients with
intermediate petiodontitis.*>*!

Oral Care Flavours

Bradshaw ¢7 al., in their study, investigated the potential
of flavours to inhibit bacterial production of offensive
chemicals, particularly gram-negative bacteria. The
researchers developed a quantitative iz vitro technique to
identify H2S generation by Kiebsiella pnennoniae. They assessed
the ability of the Quest dental flavour palette to reduce H2S
generation and created a database of taste component effects.
The Quest Breath Freshness Panel then evaluated the most
effective tastes. These findings have led to the development
of breath-freshening flavours incorporated into vatious oral
care products, such as toothpaste, mouthwash, chewing
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gum, and breath films, through the utilisation of the z vitro
VSC-inhibition technique."*

Colgate Total

In the ecarly 1990s, Colgate Total was developed as a
groundbreaking toothpaste with the aim of combating various
oral health issues such as plaque, gingivitis, calculus, tooth
decay, and halitosis. This innovative technique combined
the antimicrobial triclosan with a copolymer of polyvinyl
methyl ether and maleic acid (PVM/MA) as well as sodium
fluoride (TCF) to achieve optimal oral retention and sustained
release. As a result, the buildup of tooth plaque and bad breath
was significantly reduced, and oral bacteria could be effectively
controlled for longer periods of time. Furthermore, regular use
of the product was found to decrease the incidence of tartar
and progtessive coronal caties. A new triclosan/copolymet/
fluoride toothpaste variation has been recently introduced that
features a mouth-freshening taste and provides prolonged
control of bad breath for up to 12 h. The long-term retention
and release of triclosan in the TCF formula is attributed to

the copolymer, which offers protection against these common
oral health issues.*"

Lethal Photosensitisation of Oral Pathogens

A study conducted by Krespi ¢f a/. (2005) and Williams and
Ummins (2005) revealed that lethal photosensitisation of
two common oral pathogens can be achieved through the
use of high-intensity red-filtered halogen lamps and diluted
methylene blue. This suggests that the use of laser or light
energy in combination with photosensitising agents could be
a promising treatment option for antibiotic resistance.”!!

Tonsilloliths

A study by Levin and Rosenberg evaluated the prevalence
of self-reported bad breath among Israeli army recruits
and how it correlated with other self-reported metrics and
overall oral health. The study involved 426 young adult
volunteers, mostly male, between the ages of 18 and 19,
who were divided into three groups based on their oral
health. The results revealed that 8.2% of the participants
had unpleasant breath and taste, while 33.3% were heavy
smokers. In addition, 7.3% of the individuals reported
tonsilloliths, and 18.8% reported gingival haemorrhage.
The research indicated a significant association between
self-reported bad breath and unpleasant taste, gingival
bleeding, and overall dental health. This study was the first
to report that approximately one in every thirteen young
adults may have tonsilloliths [Figure 3].F>%

CONCLUSION

Halitosis, a common condition that can significantly impact

quality of life, requires precise diagnosis and treatment.
A multidisciplinary approach is necessary for prevention,
diagnosis, and management. Dental professionals should
be familiar with halitosis as it can indicate oral or systemic
disease. Our review focuses on the potential use of
Al olfaction in halitosis detection. While commercially
available VSCs assessment systems are helpful, they may
not be effective for extra-oral halitosis. An artificially
intelligent olfaction system could provide a noninvasive and
low-cost solution for identifying both oral and extra-oral
halitosis, with great sensitivity to both VSCs and VOCs
patterns. This system could also identify the distant
systemic source of the malodout.
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