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Preface

Our chemical senses, smell and taste, are of critical importance in our daily lives 
and contribute to our personal well-being and safety as well as communication 
with others. However, it is only when disease or injury impairs their function that 
we appreciate the relevance of these sensory modalities. During the past three 
decades, research of the olfactory sense has seen an ever-growing interest in this 
exciting field of study. This book provides the reader with an overview of the latest 
developments in sino-nasal and olfactory system disorders and focuses on the most 
important evidence-based developments in this area. This book addresses disor-
ders, dysfunctions, diseases, and syndromes of our olfactory system ranging from 
molecular, cellular, and systems to cognitive and behavioral topics. Individual chap-
ters center around recent advances in specific areas of chemosensory pathological 
conditions, while other chapters focus on technological developments to study the 
function and dysfunction of our olfactory pathways. All chapters represent recent 
contributions to the rapidly developing field of sino-nasal and olfactory sciences. 
Accordingly, this book contains chapters from a variety of topics, written by experts 
in their respective fields. This book will be a most valuable resource for healthcare 
professionals and scientists alike. In addition, it will contribute to the training of 
current and future researchers and, hopefully, will lead us on the path to curing 
some of the biggest challenges in human health.

The book is divided into two section that address primarily sino-nasal disorders 
(Section 1) or central olfactory functions and disorders (Section 2). Chapter 1 
(‘Introductory Chapter: Dysfunction of the Olfactory System & Nasal Disorders’) 
by Thomas Heinbockel and Balwant Gendeh introduces the structures and func-
tions of the nose and olfactory pathway, since they form the basis of dysfunctions 
of the olfactory system and nasal disorders. Other chapters in Section 1 address 
‘Imaging in Sino-Nasal Disorders’ by Heidi Beate Eggesbo (Chapter 2), ‘Sinusitis, 
Asthma and Headache’ by Fozia Masood (Chapter 3), ‘Septoplasty: endoscopic 
and open techniques’ by Yi-Tsen Lin (Chapter 4), and ‘REAHs and REAH – like: 
an underdiagnosed lesion often misdiagnosed with nasal polyps’ by Philippe Eloy, 
C Fervaille , and MC Nollevaux (Chapter 5).

Section 2 of the book starts with a chapter on ‘Neuro-olfactory regulation and 
salivary actions: a coordinated event for successful blood-feeding behavior in 
mosquitoes’ by Tanwee Das De and Rajnikant Dixit (Chapter 6). This is followed 
by Chapter 7 about ‘Neurological and Neuropsychiatric Disorders in Relation to 
Olfactory Dysfunction’ by Naina Bhatia-Dey and Thomas Heinbockel. Chapter 8 
by Motoyasu Honma addresses ‘Cross-Modality Dysfunction between the Visual 
and Olfactory Systems in Parkinson’s Disease’. In Chapter 9, Henry P. Barham, 
Harry E. Zylicz, and Christian A. Hall discuss ‘Cerebrospinal Fluid Leaks and 
Encephaloceles’. Chapter 10 focusses on ‘Optical Fiber-based Sleep Apnea 
Syndrome Sensor’ written by Seiko Mitachi, Ken Satoh, Kumiko Shimoyama, 
Makoto Satoh, and Takeshi Sugiyama. In Chapter 11, Assia Belhassan, Samir Chtita, 
Tahar Lakhlifi, and Mohammed Bouachrine review the topic of ‘2D and 3D-QSRR 
Studies of Linear Retention Indices for Volatile Alkylated Phenols’. In the final 
chapter (Chapter 12), Mitsuo Tonoike explains ‘Smelling “Zuko”, incense rubbing 
into hands and putting the hands together promote to excite brain’.
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Chapter 1

Introductory Chapter: 
Dysfunction of the Olfactory 
System and Nasal Disorders
Thomas Heinbockel and Balwant S. Gendeh

1. Introduction

Our sensory systems are continuously exposed to external stimuli that are 
processed in the neural pathways of the nervous system in order to maintain bodily 
homeostasis and to provide appropriate behavioral responses. While some of our 
senses are more readily recognized for their role in guiding our daily lives and 
routine behaviors, such as vision and hearing, other senses are noticed primar-
ily when they fail to work or are impaired during disease. This is the case for our 
chemical senses, taste and smell [1]. Recent estimates suggest that more than 12% 
of the U.S. population experiences taste or smell (chemosensory) dysfunction 
[2, 3]. Therefore, it is critical to identify treatments for smell and taste disorders 
[4]. Olfaction is increasingly acknowledged for its predictive value as an indicator 
of disorders. Olfactory deficits are evident early on in certain disorders such as 
Alzheimer’s Disease and Parkinson’s Disease. More generally, olfactory dysfunction 
is found in diseases that cause degenerative neuropathology, progressive loss of 
memory and communication function, normal age-based decline of physiologi-
cal functions, intellectual challenges, depressive and anxiety disorders, as well as 
post-traumatic stress disorders. The relevance of olfaction as a predictor of disease 
has come to the forefront during the Covid-19 pandemic. Many Covid-19 patients 
experience smell and taste dysfunctions that are not related to blockage of nasal 
passages as seen in the upper respiratory tract infections [5–8].

2. The olfactory epithelium

This chapter briefly introduces the structures and functions of the nose and 
olfactory pathway since they form the basis of dysfunctions of the olfactory system 
and nasal disorders. The nasal passages start with the nostrils or nares separated by 
a septum. The nasal passages include the vestibule which is the most anterior part 
of the nasal cavity. The nasal cavity is enclosed by an elastic cartilage and lined by 
a stratified squamous, keratinized epithelium. The back part of the nasal cavity 
is lined by the respiratory epithelium, which is a pseudostratified, ciliated, and 
columnar epithelium. Likewise, this respiratory epithelium is found further down 
the airways including the trachea and bronchi. Our organ of smell is a specialized 
epithelium, the olfactory epithelium, which is also a pseudostratified, ciliated, and 
columnar epithelium. This epithelium covers the superior nasal concha and pres-
ents as the olfactory area. Each nasal cavity has an olfactory area in the roof of the 
nose. The term olfactory mucosa describes the olfactory epithelium and the under-
lying connective tissue (lamina propria). The olfactory mucosa contains several 
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cell types. The olfactory receptor cells in the epithelium are bipolar nerve cells. 
Their oval nuclei are located in the central one third of the olfactory epithelium. 
These cells detect smell [9]. The axons of olfactory receptor cells form the olfac-
tory nerve, cranial nerve I. The axons traverse the cribriform plate of the ethmoid 
bone and project to the ipsilateral olfactory bulb where they target central neurons. 
Olfactory receptor cells are surrounded and cushioned by the supporting cells. The 
supporting cells (sustentacular cells) have their nuclei in the upper one third of the 
epithelium. They have cigar-shaped, elongated nuclei. Olfactory receptor cells are 
equipped with radiating cilia, whereas the supporting cells have microvilli at their 
apical surface. The basal cells have their nuclei in the lower one third of the epi-
thelium at the base of the epithelium. They are precursor cells and actively divide 
after birth to replace olfactory receptor cells. The life span of olfactory receptor cells 
is 30–60 days. They undergo continuous replacement through the basal stem cell 
population [10]. Bowman’s glands in the connective tissue secrete mucus to prevent 
constant olfactory stimulation. Bowman’s glands have a duct to the surface of the 
olfactory epithelium. Their secretion produces a fluid environment around the 
olfactory cilia and may clear the cilia, facilitating the access of new odor substances. 
In addition, the mucus creates the ionic milieu around the cilia and contains an 
odorant-binding protein to trap odorants and to bring them to cilia.

The olfactory epithelium in the nose is part of the respiratory system. The 
primary function of the respiratory system is respiration, that is, the system provides 
the gas exchange between air and blood, so blood becomes oxygenated. The part 
of the system involved in gas exchange is the lungs. Another part of the system is 
a branching system of airways that brings air to and from lungs via the respiratory 
movements of thoracic walls and diaphragm. This part carries out a second func-
tion of the system, which is a somewhat minor function, namely, it humidifies the 
air, cleans the air, and warms the air. It works more like an air-conditioning system. 
Along the same line, we can divide the system into two principal regions. The con-
ducting portion includes the parts of the respiratory system that are responsible for 
supplying the lungs with air: nasal cavities with olfactory areas, nasopharynx, larynx 
and epiglottis, trachea, bronchi, bronchioles, and terminal bronchioles. The respira-
tory portion is the site of gas exchange and includes the respiratory bronchioles, 
alveolar ducts and sacs, and alveoli. The olfactory epithelium is much thicker than the 
respiratory epithelium, which is found in the nose and the respiratory tract, whereas 
the olfactory epithelium is found only on the roof of nasal cavity. The respiratory 
epithelium contains goblet cells that secret a mucus which covers the epithelium and 
traps dust particles. Goblet cells are absent from the olfactory epithelium.

3. Olfactory receptor cells and transduction

Olfactory receptor cells have a distinct dendritic process that extends to the sur-
face of the epithelium where its tip is expanded into a club-shaped prominence, the 
olfactory vesicle. This bears cilia, which have the typical 9 + 2 microtubule arrange-
ment for some of their length, but there is a long distal portion, which contains only 
the two central microtubule fibers. In contrast to cilia in the respiratory epithelium, 
the olfactory cilia (5–20) are almost immotile, and they are inserted into basal bod-
ies in the olfactory vesicle. It is in the cilia of olfactory receptor cells where olfactory 
transduction takes place, that is, the conversion of an odor signal into an electrical 
signal. Odorant molecules bind to olfactory receptor proteins and trigger a signaling 
cascade that involves G-proteins and leads to the generation of action potentials 
(nerve impulses). These nerve impulses are sent to the brain, specifically, to the 
olfactory bulb.
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All olfactory receptor proteins are part of a family of G-protein-coupled recep-
tors that are expressed in the olfactory epithelium [11–13]. There are many different 
odor receptor proteins and genes that encode them, with more than 1000 in the 
mammalian genome. Not all of these potential odor receptor genes are expressed 
and functional. The olfactory receptor multigene family consists of around 400 
genes in humans and 1400 genes in mice [14–17]. According to an analysis of 
data derived from the Human Genome Project, humans have approximately 400 
functional genes coding for olfactory receptors, and about 600 candidates are 
pseudogenes [14]. It implies that a human nose has around 400 types of scent 
receptors or ~ 400 different functional olfactory receptors. This is a large number 
since the entire human genome has only ~20,000–25,000 genes. It implies that ~2% 
of our genes are coding for olfactory receptors. Each olfactory receptor cell in the 
olfactory epithelium expresses only one of these 1000 olfactory receptor genes [18]. 
The expression of olfactory receptor genes is confined to four different zones of the 
olfactory epithelium [19–21]. Olfactory receptor cells that express the same olfac-
tory receptor are found in only one of the four zones and they project to the same 
glomerulus in the olfactory bulb. The cells are randomly distributed in a given zone.

Olfactory receptor cells respond to several different odor-causing chemicals. 
Each receptor cell type can respond to more than one odorant. A given odorant can 
activate one or more receptor cells. Different types of receptor cells can respond 
not only to the same but also to different odorants. When an odorant ligand binds 
to a receptor protein, these proteins initiate a G-protein mechanism, which uses 
cyclic AMP (cAMP) or inositol triphosphate (IP3) as a second messenger [22]. 
The intracellular messengers open sodium and calcium channels, which results in 
depolarization of the receptor membrane that then triggers an action potential.

4. The olfactory pathway

The olfactory pathway starts with olfactory receptor neurons in the olfactory 
epithelium that send their axons to the ipsilateral olfactory bulb. There, they make 
synaptic contacts with central neurons in spherical structures, the olfactory glomeruli 
(2000 per bulb in the mouse). In the olfactory bulb, sensory information is processed 
in olfactory glomeruli. Each glomerulus is a discrete anatomical and functional unit 
and serves as an anatomical address dedicated to collecting and processing of specific 
molecular features about the olfactory environment conveyed to it by olfactory receptor 
cell axons expressing specific olfactory receptor proteins [23–25]. Thus, the glomeruli 
in the olfactory bulbs are organized chemotopically [26, 27], analogous to visuotopy, in 
visual systems, and tonotopy, in auditory systems. Olfactory information is extensively 
processed at the level of the glomeruli through feedforward and feedback inhibi-
tion and modulation provided by centrifugal neurons. Information is subsequently 
 conveyed to higher-order olfactory center such as the olfactory cortex in vertebrates.

Olfactory receptor cells in the olfactory epithelium that have the same type of 
olfactory receptor, that is, they express the same olfactory receptor gene (1 of ~1000), 
send their axons to the same glomerulus (1 of 2000) in the olfactory bulb. This is an 
example of sensory axons converging on one glomerulus in the brain. In the olfac-
tory bulb, olfactory receptor cell axons synapse on mitral/tufted cells. Glomerular 
mitral/tufted cells process odor signals coming from the nasal olfactory epithelium. 
The central neurons in the olfactory bulb, such as the mitral and tufted cells, project 
to higher olfactory centers. Twenty to 50 neurons output neurons (mitral/tufted 
cells), innervate each glomerulus, and project out of the olfactory bulb. Mitral cells 
that innervate different glomeruli typically respond to different types of odorants. A 
given odorant can activate mitral cells in several or many glomeruli. Odorant identity 
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olfactory bulb.
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can be encoded through a combination of olfactory receptors, where each olfactory 
receptor detects one molecular feature of the odorant. Mitral and tufted cells send 
their axons through the lateral olfactory tract to the olfactory cortex, which includes 
the anterior olfactory nucleus, the piriform cortex, parts of the amygdala, the 
olfactory tubercle, and parts of the entorhinal cortex. From the amygdala, olfactory 
information is passed on to the hypothalamus and from the entorhinal cortex to the 
hippocampus. Olfactory information can be sent to the orbitofrontal cortex through 
the thalamus from olfactory cortical areas, except the anterior olfactory nucleus. 
Centrifugal fibers that originate outside of the olfactory bulb project to the olfactory 
bulb from the basal forebrain (horizontal limb of the diagonal band) and midbrain 
(locus coeruleus and raphe). The functional significance is a possible modulation of 
olfactory processing during different behavioral states.

Olfactory disorders and dysfunctions have received attention because they can 
result in serious problems, such as our inability to smell warning odors (fire, gas) 
and an impaired ability to taste food through retronasal stimulation of olfactory 
receptors [3]. Anosmia (loss of smell) and hyposmia (diminished smell) result 
from a number of etiologies. Specific anosmia refers to lowered sensitivity to a 
specific odorant and general anosmia denotes complete lack of olfactory sensation. 
Dysosmia (distorted smell) and phantosmia (phantom smells) may accompany 
these conditions. Cacosmia refers to olfactory hallucinations of repugnant smells.

5. Olfaction and gustation

Olfaction and gustation are our chemical senses and share a number of similari-
ties and differences. Both senses extract information from the chemical stimuli in 
the environment, respond to a wide array of chemicals, and use G-protein-coupled 
receptors. However, in taste, this transduction mechanism is limited to sweet, bitter, 
and umami, whereas salty and sour use other signaling mechanisms. Receptor cells 
in olfaction and gustation show strong adaptation during continued stimulation 
and they undergo turnover and replacement throughout life. Both chemical senses 
provide important information for our survival and play a role in food selection and 
protect us from ingesting toxins. One difference between the two sensory systems is 
the fact that olfactory receptor cells are neurons and taste receptor cells are modi-
fied epithelial cells. Our understanding of the coding of taste qualities is better than 
that of odor quality. While olfactory stimuli evoke many sensations, no clear odor 
qualities have been described. The success of the perfume industry tells about the 
importance of olfactory stimuli as social cues.
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Chapter 2

Imaging in Sinonasal Disorders
Heidi Beate Eggesbø

Abstract

Computed tomography (CT) is the “working horse” in sinonasal imaging and 
should always be the first choice. Magnetic resonance imaging (MRI) is comple-
mentary to CT when complications to rhinosinusitis or neoplasm are suspected. 
Imaging of the paranasal sinuses is common due to stuffy nose. In order to correct 
interpretation, proper imaging technique as well as knowledge of bony anatomy 
and variants and mucosal incidental findings are of outmost importance. Acute 
rhinosinusitis is very common and does not need imaging unless complications are 
suspected. In chronic rhinosinusitis, a CT examination is needed to find the cause 
and site of the mucociliary obstruction and to rule out other causes as odontogenic 
and fungal sinusitis and neoplasms.

Keywords: paranasal sinuses, computed tomography, magnetic resonance imaging, 
retention cysts, polyps, mucocele, pyocele, rhinosinusitis, odontogenic sinusitis, 
fungal sinusitis, neoplasms, systemic diseases

1. Introduction

Computed tomography (CT) is the “working horse” in sinonasal imaging and 
should always be the first choice. Magnetic resonance imaging (MRI) is comple-
mentary to CT when complications to rhinosinusitis or neoplasm are suspected.

Imaging of the paranasal sinuses is common due to stuffy nose. In order to 
correct interpretation, proper imaging technique as well as knowledge of bony 
anatomy and variants and mucosal incidental findings are of outmost importance.

Imaging should be performed when the stuffy nose and rhinosinusitis do not 
heal despite medical therapy. Acute rhinosinusitis (ARS) is usually self-limiting, 
and imaging is only indicated when complications are suspected.

In chronic rhinosinusitis, a CT examination is needed to find the cause and site 
of the mucociliary obstruction and to rule out other causes as odontogenic and 
fungal sinusitis and neoplasms.

2. Imaging techniques

Imaging of the paranasal sinuses should always start with CT. CT delineates both 
bony anatomy and possible sinonasal opacifications.

Odontogenic pathology in the upper jaw often involves the maxillary sinuses. 
Hence, it is of outmost importance that the upper jaw teeth are included in the 
image volume and that this area is included in the radiological report [1].

Post-processing of the CT images usually include only reconstruction with bone 
algorithm in three planes. However, in case of opacification, soft tissue algorithm 
offers important details of the sinus content [2].
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Reconstruction with bone algorithm should be done with slices no thicker than 
1 mm. Thin slices are important for evaluation of periapical tooth lucencies as seen 
in odontogenic sinusitis and for erosion and destruction of bone in case of malig-
nant disorders.

Additional reconstruction with soft tissue algorithm, with 2.5-mm-thick slices, 
may be extremely valuable and mandatory in case of soft tissue pathology inside or 
outside the sinus walls. In the case of pyocele or allergic fungal sinusitis, the attenu-
ation usually is higher than mucus [3], and a fungus ball (mycetoma) has typical 
scattered microcalcifications that are better presented on soft tissue algorithm. In 
the case of invasive fungal sinusitis, this can be diagnosed by obliteration of the fat 
planes outside the sinus walls that is best seen on soft tissue algorithm.

Magnetic resonance imaging (MRI) is complementary to CT when complica-
tions to infection and neoplasms must be assessed.

Low-dose CT (<20 mAs), without intravenous contrast medium, usually will 
be sufficient for “screening.” However, if complications or malignant disease are 
suspected, CT should be performed with at least 50 mAs and with intravenous 
contrast medium administration.

3. Retention cysts and polyps

Retention cysts, mucinous or serous, are common findings and appear as 
smooth, convex soft tissue masses from the mucosal lining (Figure 1a and b) and 
should not be mistaken as fluid (Figure 2). The floor of the maxillary sinus is the 
most common site for retention cysts.

Mucinous retention cysts are due to obstruction of a mucinous gland, while 
serous retention cysts are caused by accumulation of fluid in the submucosal layer. 
Hence, they are not “true” cysts and therefore are also referred to as pseudocysts 
[4]. Retention cysts have no clinical significance and usually show no significant 
change in size by time [5].

Odontogenic cysts may mimic retention cysts. However, CT with bone algorithm 
and thin slices may reveal a tiny, peripheral calcification that will differentiate these 
from retention cysts (Figure 3a and b).

Figure 1. 
(a) Axial CT shows maxillary sinus retention cyst bilaterally from the posterior wall with dome-shaped 
appearance with upward convexity. (b) Coronal CT clearly reveals the cystic appearance.
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Figure 2. 
Axial CT demonstrates bilateral maxillary sinus fluid. In contrast to retention cysts, fluid has upward 
concavity due to the fluid that settles along the sinus walls.

Figure 3. 
(a) Coronal CT and (b) sagittal CT show an odontogenic cyst with characteristic peripheral calcification. 
Odontogenic cysts may persist, despite dental treatment.

Figure 4. 
(a) Coronal CT and (b) sagittal CT reveal a large pseudocyst growing out of the left maxillary sinus into the 
nasal cavity and choana forming an antrochoanal polyp.
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When more fluid is accumulated in the retention cysts, they may grow out of 
the maxillary sinus through the ethmoid infundibulum or the accessory maxillary 
ostium into the nasal cavity and choana and then be referred to as an antrochoanal 
polyp [4] (Figure 4a and b).

Pseudocysts are often referred to as a polyp in the radiological report. However, 
polyps contain more fibrous connective tissue than pseudocyst and tend to be more 
fibrotic. Hence polyps can surgically be removed intact, but not pseudocysts [4]. 
Pseudocysts may also rupture spontaneously or traumatically, causing unilateral 
rhinorrhea [6].

4. Acute rhinosinusitis and complications

Acute rhinosinusitis (ARS), defined as symptoms less than 4 weeks, is the most 
common disease of the paranasal sinuses. Fluid is often an incidental finding at CT 
(Figure 2) and should not be misinterpreted as ARS. Mucosal thickening and air 
bubbles in the opacification can be interpreted as ARS, if clinical symptoms harmo-
nize [7] (Figure 5a and b).

Figure 6. 
(a) Coronal and (b) axial CT of a 6-year-old boy with complication to acute rhinosinusitis. The infection 
has spread through the thin lamina papyracea on the right side, and there is stranding of the fat preseptal and 
postseptal (intraorbital), consistent with phlegmon. Notice also the marked proptosis of the affected side and 
slightly lateral displacement of the medial rectus muscle.

Figure 5. 
(a) Coronal CT shows right-sided maxillary opacification with air bubbles consistent with acute rhinosinusitis. 
(b) Coronal CT shows thick, sclerotic right maxillary sinus walls that indicate a long-standing infection. In 
addition, the sinus walls are retracted due to a vacuum effect, referred to as sinus silent syndrome. In the left 
maxillary sinus, the opacification contains air bubbles consistent with an active bacterial infection.
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In acute rhinosinusitis, imaging is only indicated when complications are suspected. 
Extra-sinonasal spread of infection is rare but needs urgent treatment. Children are 
at most risk. Intraorbital spread from ethmoid and frontal ARS is the most common 
complication and may present as cellulitis, subperiosteal or intraorbital phlegmon and 
abscess, and lateral displacement of the medial rectus muscle (Figure 6a and b). The 
clinical presentation may be forward protrusion of the eyeball, proptosis [8–10].

Intracranial spread is most commonly seen in frontal and ethmoid ARS and 
presents as complications that include epidural and brain abscesses, subdural 
empyema, meningitis, and cavernous sinus thrombosis [11].

Mucocele and pyocele if not treated may also erode into the orbit and cranial 
cavity by time (Figure 7a and b) or erode the anterior frontal bone resulting in a 
subcutaneous abscess, referred to as Pott’s puffy tumor.

A recent study has focused on the intake of ibuprofen in children as a risk factor 
for developing orbital and intracranial complications of ARS [12].

5. Chronic rhinosinusitis and complications

An underlying odontogenic infection is reported to be the cause in up to 40% 
of chronic rhinosinusitis (CRS). In addition, several other conditions may mimic 
rhinosinusitis and challenge the radiological interpretation.

Five distinct radiological inflammatory patterns have been described, each with a 
different therapeutic course and surgical options [13], where the first three are caused 
by obstruction of the mucociliary flow. Obstruction of the maxillary sinus drainage 
is the most common. The level of obstruction is at the ostium and the thin ethmoid 
infundibulum and referred to as infundibular pattern. Obstruction of the middle 
meatus, the common drainage way for the frontal, anterior ethmoid, and maxillary 
sinuses, will cause obstruction of ipsilateral sinuses and is referred to as ostiomeatal 
(from ostium and meatus) complex (OMC) pattern. Less common is obstruction of 
the sphenoethmoidal recess that drains the posterior ethmoid and sphenoid sinuses. 
The two last patterns are sinonasal polyposis and incidental findings.

Surgical intervention of mucociliary obstruction is referred to as functional endo-
scopic sinus surgery (FESS). Functional refers to the widening of the natural ostia. 
For the infundibular and OMC inflammatory pattern, FESS includes uncinectomy 
(removing the uncinate process), opening the ethmoid infundibulum, and making 
a larger opening to the antrum (maxillary sinus) referred to as media-antrostomy. 

Figure 7. 
(a) Coronal CT in a patient with granulomatosis with polyangiitis shows a frontal sinus mucocele/pyocele due 
to obstruction of the frontal recess. By time remodelling of bone may cause erosion into the orbit. (b) Axial CT 
demonstrates erosion of the posterior sinus wall and risk of intracranial involvement.
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Figure 9. 
(a) Coronal CT and (b) axial CT with bone algorithm and (b) with soft tissue algorithm demonstrate a 
pyocele (superinfected mucocele). (c) Coronal CT with soft tissue algorithm shows high attenuation more 
characteristic for a pyocele than a mucocele. (d) Coronal MRI T2 with fat suppression shows characteristic 
signal void of the pyocele. (e) Coronal MRI T1 with gadolinium shows contrast medium enhancement only in 
the peripheral mucosal lining.

Figure 8. 
(a) Coronal CT and (b) axial CT demonstrate a left-sided hypoplastic maxillary sinus with a retracted 
posterior fontanelle (lateral nasal wall) that mimic chronic rhinosinusitis. (c) On coronal MRI with T2 
sequence, the sinus content is equal to mucus. There is no bowing of the sinus walls as typical for mucocele.
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Sometimes ethmoidectomy also is performed during FESS. Therefore, the course of 
the anterior ethmoid artery should be included in the radiological report.

Complications to CRS are bone thickening (sclerosis, osteitis, neo-osteogenesis), 
demineralization and erosion of bone, and a negative sinus pressure that can cause 
infoldings of the sinus walls, referred to as silent sinus syndrome (Figure 5b), 
which may result in larger orbit and cause enophthalmos and diplopia.

Hypoplastic maxillary sinus with retracted posterior fontanelle (Figure 8a–c) 
may mimic silent sinus syndrome but usually has no clinical impact despite the 
mucus-filled sinus (Figure 8c).

In addition, retracted posterior fontanelle should not be confused with a muco-
cele that remodels and expands the sinus. A bacterial superinfection of a mucocele 
will result in a pyocele. A pyocele has characteristic CT and MR findings compared 
to a mucocele (Figure 9a–e).

6. Odontogenic sinusitis

Odontogenic sinusitis should be suspected when maxillary sinusitis does not heal 
[14, 15]. This is especially in the case of unilateral CRS (Figure 10a and b), but odonto-
genic infection may also be the source of bilateral CRS. Before referring to FESS, due to 
maxillary sinus opacification, odontogenic maxillary sinusitis must be ruled out. FESS 
in odontogenic cases may induce more inflammation and osteitis [1]. Odontogenic 
sinusitis and sinonasal complications of dental disease or treatment represent a hetero-
geneous group of conditions that often require multidisciplinary care [17].

7. Fungal sinusitis

Fungal sinusitis can be noninvasive, which includes fungus ball (mycetoma) 
(Figure 11a–c) and allergic fungal sinusitis (Figure 12a–d), or invasive with an 
acute, chronic, or granulomatous course [16].

Invasive fungal sinusitis is revealed by fungal deposits outside the sinus walls that 
obliterate the fat plane. The sinus wall usually is sclerotic and intact, and the spread 
of fungus is by the vessels through the bone (Figure 13a–d). Demineralization and 
erosion of the lateral nasal wall is usually seen when the maxillary sinus is involved. 
Invasive fungal sinusitis is most common in immunocompromised patients.

Figure 10. 
(a) Coronal CT and (b) axial CT reveal periapical lucency around a molar tooth [16] consistent with odontogenic 
infection as the cause of sinusitis. The sclerotic maxillary sinus walls indicate a long-standing infection.
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Figure 11. 
(a) Sagittal CT shows scattered calcifications in the frontal sinus opacification consistent with a fungus ball 
(mycetoma). (b) Coronal MRI T1 shows the central fungus ball as high signal surrounded by low signal 
from edematous thickened mucosal lining, while (c) coronal MRI T2 shows fungus ball with low signal, 
surrounded by high signal mucosal lining. The low signal is explained by the by the iron and manganese 
contents in the fungi.

Figure 12. 
Axial CT at the level of the (a) maxillary and (b) ethmoid sinuses shows panopacification. Reconstruction, 
with soft tissue algorithm (c) and (d), shows high attenuation in all sinuses, which is typical for allergic fungal 
sinusitis. Slightly thickened, sclerotic sinus walls indicate a long-standing condition.
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8. Systemic diseases

Several systemic diseases have sinonasal manifestations [18]. One of these is 
granulomatosis with polyangiitis (GPA) (formerly Wegener’s granulomatosis), with 
a prevalence of 10–25/100,000. Age group mostly affected is 50–70 years. Oral and 
sinonasal manifestations are seen in 85%.

Both extensive bone osteoneogenesis (osteitis) and destructions seen in GPA 
imaging are used to assess disease activity even though little is known about CT or 

Figure 13. 
A 53-year-old man, who presented with diplopia. (a) Axial CT with bone algorithm was reported as chronic 
sphenoid sinusitis. The patient did not improve on antibiotic treatment. (b) A new examination with cerebral 
CT and reconstruction with soft tissue algorithm revealed scattered calcifications in the opacification and (c) 
erosion of the thickened, sclerotic bone, consistent with invasive fungal infection to the cavernous sinus and 
hence possible affection of the cranial nerves 3, 4, 5, and 6 that pass through the cavernous sinus. (d) Axial 
MRI with T2 sequence shows fungi with low signal surrounded by mucosal lining with high signal.

Figure 14. 
(a) Coronal CT and (b) axial CT in granulomatosis with polyangiitis show status after bilateral endoscopic 
sinus surgery (media-antrostomy). The bone is thickened due to chronic osteitis. Notice small peripheral rim of 
osteoneogenesis along the lining of the left maxillary sinus. (c) Coronal CT and (d) axial CT, follow-up CT 5 years 
later, demonstrate extensive bilateral osteitis of the maxillary and sphenoid sinuses. Notice also the small periapical 
lucencies around the roots of the right upper molar, often seen in patients with granulomatosis with polyangiitis.
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surrounded by high signal mucosal lining. The low signal is explained by the by the iron and manganese 
contents in the fungi.

Figure 12. 
Axial CT at the level of the (a) maxillary and (b) ethmoid sinuses shows panopacification. Reconstruction, 
with soft tissue algorithm (c) and (d), shows high attenuation in all sinuses, which is typical for allergic fungal 
sinusitis. Slightly thickened, sclerotic sinus walls indicate a long-standing condition.
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8. Systemic diseases

Several systemic diseases have sinonasal manifestations [18]. One of these is 
granulomatosis with polyangiitis (GPA) (formerly Wegener’s granulomatosis), with 
a prevalence of 10–25/100,000. Age group mostly affected is 50–70 years. Oral and 
sinonasal manifestations are seen in 85%.

Both extensive bone osteoneogenesis (osteitis) and destructions seen in GPA 
imaging are used to assess disease activity even though little is known about CT or 

Figure 13. 
A 53-year-old man, who presented with diplopia. (a) Axial CT with bone algorithm was reported as chronic 
sphenoid sinusitis. The patient did not improve on antibiotic treatment. (b) A new examination with cerebral 
CT and reconstruction with soft tissue algorithm revealed scattered calcifications in the opacification and (c) 
erosion of the thickened, sclerotic bone, consistent with invasive fungal infection to the cavernous sinus and 
hence possible affection of the cranial nerves 3, 4, 5, and 6 that pass through the cavernous sinus. (d) Axial 
MRI with T2 sequence shows fungi with low signal surrounded by mucosal lining with high signal.

Figure 14. 
(a) Coronal CT and (b) axial CT in granulomatosis with polyangiitis show status after bilateral endoscopic 
sinus surgery (media-antrostomy). The bone is thickened due to chronic osteitis. Notice small peripheral rim of 
osteoneogenesis along the lining of the left maxillary sinus. (c) Coronal CT and (d) axial CT, follow-up CT 5 years 
later, demonstrate extensive bilateral osteitis of the maxillary and sphenoid sinuses. Notice also the small periapical 
lucencies around the roots of the right upper molar, often seen in patients with granulomatosis with polyangiitis.
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MRI findings that may indicate poor prognosis [19]. Sinonasal surgery in GPA is 
debated [20] and may cause increased osteoneogenesis (Figure 14a–c).

9. Neoplasms

Osteoma is one of the most common benign neoplasms in the paranasal sinuses 
(Figure 15a and b), followed by fibrous dysplasia (Figure 16a–c) and inverted 
papillomas (IP) (Figure 17a–c).

Figure 15. 
(a) Sagittal and (b) axial CT of an osteoma in the frontal sinus. Unless obstruction of the mucociliary 
drainage, osteomas have no clinical impact.

Figure 16. 
(a) Coronal CT and (b) axial CT demonstrate fibrous dysplasia, in the right sphenoid bone. The bone has 
characteristic “ground glass” appearance and encircles the foramen rotundum and the Vidian canal. In 
addition, the sphenoethmoid recess is obstructed and mucus entrapped in the right sphenoid sinus, with bowing 
of the sinus walls typical for mucocele and pyocele. (c) Axial MRI with T1 with gadolinium shows contrast 
medium enhancement limited to the mucosal lining. The low signal in the sinus is consistent with a mucocele.
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IP is reported to be up to 5% of sinonasal tumors. Age group affected is 
40–70 years, with a male preponderance. IP derives from the respiratory mucosa. 
The characteristic growth pattern with mucosal infoldings into the stroma is the 
origin to the name inverted. In most cases IP originates from the ethmoid sinuses 
and middle meatus [21]. Etiology is not confirmed, but a viral infection has been 
postulated as a cause [22].

Figure 17. 
(a) Coronal, (b) axial, and (c) sagittal CT of an inverted papilloma originating from the ethmoid sinus and 
filling the middle part of the nasal cavity and choana. The site of origin often shows hyperkeratosis. In this case 
the origin could be from beneath the ethmoid cells that shows slight keratosis at the sagittal CT.

Figure 18. 
(a) Coronal CT shows a tiny polyp in the right nasal cavity. Histopathology revealed olfactory 
neuroblastoma. (b) Coronal CT shows a polyp in the left nasal cavity, where histology revealed acinic cell 
carcinoma, which is a malignant salivary gland tumor. Malignancy in solitary polyps in the nasal cavity 
must always be ruled out.
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Though initially benign, the recurrence rate is up to 25%, and malignant trans-
formation is common, especially in smokers.

IP may display characteristic hyperkeratosis at CT from where the IP origin 
in the sinus wall. Radiological reporting of the attachment site is important for 
complete surgical resection [23] (Figure 17a–c).

Malignant sinonasal tumors are rare, and squamous cell carcinomas are the 
most common (80%). Rarer malignant sinonasal neoplasms are adenocarcinoma, 
olfactory neuroblastoma (Figure 18a), salivary gland tumors (Figure 18b), chon-
drosarcoma, B- and T-cell lymphoma, and mucosal malignant melanoma.

Juvenile nasopharyngeal angiofibroma is a benign tumor in adolescent males 
that arises from testosterone-sensitive cells in the pterygoid plates [24].

10. Conclusion

Imaging of sinonasal disorders shows a wide specter of diseases. However, the 
most common cause to unilateral CRS is odontogenic infection.

Odontogenic infection, pyocele, and fungal sinusitis are very often not in the 
list of the radiologist’s differential diagnoses and often due to wrong CT imaging 
technique.

Sinonasal malignancy is rare but should always be in mind, especially in unilat-
eral disease.
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Chapter 3

Sinusitis, Asthma and Headache
Fozia Masood

Abstract

Sinusitis is the infection of sinuses. Sinuses are four hollow cavities in face which 
are connected to nasal pathways to help moisten, warm and filter the air which we 
breathe in. Sinuses get irritated due to bacteria, virus and allergens. It is often associ-
ated with asthma and headache. Pressure in the sinuses is built by over production 
of mucous and leads to sinus headache. Asthma gets severe with the sinusitis as both 
are related to sino-nasal pathway. Treatment includes steroids, nasal decongestants, 
antibiotics and to avoid allergens which not only reduce the symptoms of asthma but 
also sinusitis. Acute sinusitis may turn into chronic sinusitis including narrowing of 
nasal passages, deviated septum and lumps in the nose (polyp). It can be treated with 
surgical procedures. The only way to prevent sinusitis is by precaution and medica-
tion. Post nasal drip may also associate with asthma causing bronchial constriction.

Keywords: sinusitis, sinus headache, sinus asthma, post nasal drip, treatment, 
factors, prevention

1. Introduction

Sinusitis is swelling or an inflammation of the tissue lining of the sinuses. 
Sinuses are hollow cavities anatomically located within the cheekbone, around 
the eyes and behind the nose. Physiologically sinuses are filled with air and 
contain mucous which helps in moisten, warm and filter the inhaled air. 
Pathophysiologically, when the sinuses get blocked by the mucous, viruses and 
bacteria can grow and cause infection in sinuses [1].

1.1 Types of sinusitis

There are basis four types of sinusitis or rhino sinusitis.

1.1.1 Acute sinusitis

Sudden onset with cold-like symptoms (runny and stuffy nose, fever, facial 
pain). It may last for 2–4 weeks.

1.1.2 Sub-acute sinusitis

It is usually the continuation of acute sinusitis which may last up to 12 weeks.

1.1.3 Recurrent acute sinusitis

It happens several times per year. Four or more episodes of acute sinusitis for 
7 days in 1 year of period.
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1.1.4 Chronic sinusitis

Persistent symptoms of sinusitis for 12 weeks or longer [1].

1.2 Etiology, prevalence and epidemiology

Sinusitis is the inflammation of facial sinuses. Different factors may contribute 
in sinusitis. Sinusitis may develop by the combination of environmental and host 
factors. Acute sinusitis is more common in occurrence as compared to chronic 
sinusitis. High prevalence of sinusitis is in the Midwest, south and among women. 
Sinusitis more often affects children younger than 15 years of age and adults 
25–64 years of age. Common cause of sinusitis is viruses and mostly they are self-
limiting. About 90% of the population who get cold also have viral sinusitis. Not 
only patients suffering with cold have sinusitis elements but atopic patients may 
also develop sinusitis. Risk factors causing sinusitis are viruses, bacteria, fungi, 
allergens, irritants (dander, polluted air, smoke, dust mites) [2].

Other risk factors for sinusitis may involve: anatomic defects such as septal 
deviations, polyps, conchae bullosa, other trauma and fractures involving the 
sinuses or the facial area surrounding them. Rhinitis medicamentosa, toxic 
rhinitis, nasal cocaine abuse, barotrauma, foreign bodies. Patients with nasogas-
tric or nasotracheal tubes. Body positioning, intensive care unit (ICU) patients 
due to prolonged supine positioning that compromises muco-ciliary clearance. 
Impaired mucous transport from diseases such as cystic fibrosis, ciliary dyskinesia. 
Immunodeficiency from chemotherapy, HIV, diabetes mellitus, etc. Prolonged 
oxygen use due to drying of mucosal lining [3].

1.3 Histopathology

Histopathology is the examination of pathological condition of tissues. 
Histopathology of respiratory track reveals incidents 1% of viruses, 3% Streptococcus 
pneumoniae, 6% anaerobes, 2% Streptococcus pyogenes, 2% Moraxella, 21% 
Haemophilus influenza 21%, anaerobes and 4% Staphylococcus aureus. In case of 
chronic sinusitis 20% S. aureus, 20%, 4% S. pneumoniae, 3% anaerobes, 16% 
multiple organisms. About 2–7% are fungal incidences in which most common is 
Aspergillus seen in immunocompromised patients [4].

1.4 Pathophysiology of sinusitis

There are four sinuses in the facial area around the nose i.e. frontal sinus, maxil-
lary sinus, sphenoid sinus and ethmoid sinus. Most commonly sinusitis develops by 
the attack of viruses on the upper respiratory track followed by edema and inflam-
mation of nasal lining. This inflammation leads to thick mucus production that 
obstructs the paranasal sinuses due to which immunity is disturbed and bacterial 
infection appear at once. Allergic rhinitis may proceed in to sinusitis due to ostial 
obstruction. Cilia get immobilized due to heavy nasal mucous discharge which 
further block the drainage. That give the opportunity to the bacteria to enter into 
sinuses by coughing or by nose blowing. Bacterial sinusitis develop after the viral 
attack on the upper respiratory track, symptoms of sino nasal disease may get worse 
in 5 days or become persistent in 10 days [5].

1.5 Clinical presentation of symptoms

Major symptoms shown by sinusitis patients are pain or pressure on face, nasal 
obstruction, hyposmia, nasal and post nasal purulence, facial congestion and 
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fullness, fever. Minor symptoms of sino nasal disease include malaise, headache, 
cough, dental pain, headache, halitosis, otalgia, fatigue [6, 7].

1.6 Physical examination and lab findings

Physical examination is performed after the topical decongestant.

• Physical examination include looking for the facial swelling, looking for the 
periorbital edema, post nasal drip, cervical adenopathy and pharyngitis.

• Anterior rhinoscopy shows mucous crusting, obstructive polyps, mucosal 
edema, frank purulence and other anatomical defects.

• Press the forehead and cheeks for deep tenderness.

• Transillumination of the sinuses are also performed.

• Five important predicators of sinusitis include 1. Abnormal sinus transil-
lumination, 2. Maxillary dental pain, 3. Colored nasal discharge, 4. Poor 
response to nasal decongestants and anti-histamines, 5. Mucopurulent seen on 
examination.

Overall examination of the patient is more valid then to observe single param-
eter to confirm the sinusitis [8].

1.7 Evaluation of lab findings

For the acute sinusitis no laboratory tests are recommended in emergency 
departments because for the acute sinusitis diagnosis is clinically. For the diag-
nosis of maxillary, frontal, sphenoid sinusitis plain sinus X-ray is most accurate. 
In contrast plain X-ray is not suitable for the evaluation of ostiomeatal complex 
or anterior ethmoid cells, which are the originating cell for sino nasal diseases. 
Positive lab test on plain films for sinusitis shows air-fluid levels, mucosal thicken-
ing of 6 mm or even more, sinus opacity. The choice of diagnostic test for sinusitis 
is the coronal CT at a thickness of 3–4 mm. Clinical findings of CT are sinus wall 
displacement, air-fluid levels, sinus opacification, 4 mm or more mucosal thick-
ening. For the chronic bacterial and fungal sinusitis choice of diagnostic test is 
culture and biopsy [9].

1.8 Differential diagnosis

Most of the time rhinitis or upper respiratory tract infection are mistakenly 
diagnose as sinusitis. Maxillary toothache can also be mistaken as pain appeared 
in maxillary sinusitis. Besides this vascular headache, tension headache, epidural 
abscesses, brain abscesses, subdural empyema, meningitis and foreign bodies are 
also madly mistaken as sinusitis [10].

1.9 Malignancy of sinusitis

Sinusitis may spread to the soft tissues of eye orbits, face and bones. Due 
to the malignancy periorbital cellulitis, facial cellulitis, blindness and orbital 
abscess may develop. Sinusitis can breach into the brain and cause intra cranial 
disorders such as meningitis, epidural or subdural empyema and cavernous sinus 
thrombosis [11].
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1.1.4 Chronic sinusitis
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1.10 Treatment strategies

Treatment for sinusitis include, nasal wash, decongestants, humidification, 
nasal sprays, corticosteroids, antibiotics and nasal surgery [12].

1.10.1 Saline nasal wash

Saline nasal wash are in the form of nasal sprays or nasal solutions,  
which are intended to rinse away allergens and irritants and also to reduce  
drainage [13].

1.10.2 Nasal decongestants

Topical as well as systemic nasal decongestants can be used such as pseudo-
ephedrine. Caution should be taken in using decongestants. Oxymetazoline should 
not be used for more than 3 days as it causes rebound congestion. Oral deconges-
tants should be used with special care in hypertensive patients [14].

1.10.3 Nasal corticosteroids

Nasal corticosteroids help in reduction and treatment of inflammation. Nasal 
corticosteroid sprays include beclomethasone, fluticasone, budesonide, mometa-
sone, and triamcinolone. Topical nasal sprays effectively treat mucosal edema but 
they are more effective in chronic sinusitis [15].

1.10.4 Parenteral or oral corticosteroids

These corticosteroids are used in severe inflammation especially if patient is suf-
fering from nasal polyps. Oral corticosteroids have serious side effects when used 
for long term so, it should be used only to treat severe symptoms [16].

1.10.5 Antibiotics

Antibiotics are given in case of bacterial sinusitis. In case of bacterial infection 
amoxicillin or amoxicillin-clavulanate for 10–14 days is the first line treatment. 
Trimethoprim-sulfamethoxazole is effective for some population but there is high 
rate of resistance. If symptoms do not resolve in 7 days then broader spectrum 
agents are used such as augmentin, axetil, cefuroxime, second or third generation 
cephalosporins, fluoroquinolones and clindamycin. For anaerobic bacterial infec-
tion metronidazole can also add in the therapy [17].

1.10.6 Aspirin desensitization treatment

If patient is sensitize to the aspirin and may develop sinusitis then under medical 
supervision gradually larger doses are given to patient to increase the tolerance of 
aspirin.

1.10.7 Immunotherapy

Patients who are sensitive to allergens and these allergens may contribute to 
sinusitis. Immunotherapy is suggested to those individuals. Which help to reduce 
the body reaction against specific allergens.
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1.10.8 Endoscopic sinus surgery

If the medications are not effective in treatment of sinusitis then endoscopic 
sinus surgery would be an option. In this surgery endoscope is used to explore 
sinuses. Depending upon the obstruction source different instruments might be 
used to remove mucous or to scrap polyps [18].

1.11 Use of steroids in atopic patients

Atopy is the development of allergic hypersensitive reactions or IgE-mediated 
reactions. Atopic patients may develop genetic allergic diseases such as asthma, 
rhinitis, and atopic dermatitis. Atopy usually associated with the inhaled or 
food allergens. Topical corticosteroids are the major steroids used for atopy over 
40 years. Among steroids hydrocortisone is the first to be used.

1.11.1 Topical steroids

Acute atopic attack is treated by medium to high strength topical steroid for upto 
2 weeks. These steroids should not be used for face and neck area because of side 
effects. Ointment should be apply within 5 min of twice daily bathing. Patients may 
also suffer from side effects such as atrophy, hypopigmentation, thinning of skin. 
Generally more potent steroids have more side effects.

1.11.2 Systematic steroids

The use of systematic steroid is under controversy for acute atopy. Most of the 
prescribers do not prescribe systematic steroids for acute atopy. For severe cases oral 
prednisone at usual dose of 20 mg/day for 7 days are used. But after discontinuation 
of the medicine, disease relapses quickly [19].

1.12 Prognosis of sinusitis

Patients with acute sinusitis are treated effectively as outpatient with better pre-
diction of disease. Whereas, severe sinusitis of sphenoid and frontal area associated 
with air and fluid accumulation require I/V injection of antibiotics and keep under 
care in hospital. High mortality and morbidity rates are associated with fungal 
sinusitis. Immunocompromised patients should also get hospitalized [20].

1.13 Progression of acute sinusitis into asthma

Acute sinusitis often begins with the symptoms of common cold. These symp-
toms may fade away in less than 4 weeks but if symptoms persist for more than 
12 weeks despite of proper medical treatment then acute sinusitis is converted into 
chronic sinusitis. In chronic sinusitis airways get severely inflamed with either 
bacterial or viral infection, which leads to the development of asthma. Which is 
known as sinusitis related asthma [21, 22].

2. Sinusitis related asthma

Asthma is a chronic disorder that involves airflow obstruction, an underlying 
inflammation and bronchial hyper responsiveness. Asthma is complicated disorder 



Sino-Nasal and Olfactory System Disorders

28

1.10 Treatment strategies

Treatment for sinusitis include, nasal wash, decongestants, humidification, 
nasal sprays, corticosteroids, antibiotics and nasal surgery [12].

1.10.1 Saline nasal wash

Saline nasal wash are in the form of nasal sprays or nasal solutions,  
which are intended to rinse away allergens and irritants and also to reduce  
drainage [13].

1.10.2 Nasal decongestants

Topical as well as systemic nasal decongestants can be used such as pseudo-
ephedrine. Caution should be taken in using decongestants. Oxymetazoline should 
not be used for more than 3 days as it causes rebound congestion. Oral deconges-
tants should be used with special care in hypertensive patients [14].

1.10.3 Nasal corticosteroids

Nasal corticosteroids help in reduction and treatment of inflammation. Nasal 
corticosteroid sprays include beclomethasone, fluticasone, budesonide, mometa-
sone, and triamcinolone. Topical nasal sprays effectively treat mucosal edema but 
they are more effective in chronic sinusitis [15].

1.10.4 Parenteral or oral corticosteroids

These corticosteroids are used in severe inflammation especially if patient is suf-
fering from nasal polyps. Oral corticosteroids have serious side effects when used 
for long term so, it should be used only to treat severe symptoms [16].

1.10.5 Antibiotics

Antibiotics are given in case of bacterial sinusitis. In case of bacterial infection 
amoxicillin or amoxicillin-clavulanate for 10–14 days is the first line treatment. 
Trimethoprim-sulfamethoxazole is effective for some population but there is high 
rate of resistance. If symptoms do not resolve in 7 days then broader spectrum 
agents are used such as augmentin, axetil, cefuroxime, second or third generation 
cephalosporins, fluoroquinolones and clindamycin. For anaerobic bacterial infec-
tion metronidazole can also add in the therapy [17].

1.10.6 Aspirin desensitization treatment

If patient is sensitize to the aspirin and may develop sinusitis then under medical 
supervision gradually larger doses are given to patient to increase the tolerance of 
aspirin.

1.10.7 Immunotherapy

Patients who are sensitive to allergens and these allergens may contribute to 
sinusitis. Immunotherapy is suggested to those individuals. Which help to reduce 
the body reaction against specific allergens.

29

Sinusitis, Asthma and Headache
DOI: http://dx.doi.org/10.5772/intechopen.90210

1.10.8 Endoscopic sinus surgery

If the medications are not effective in treatment of sinusitis then endoscopic 
sinus surgery would be an option. In this surgery endoscope is used to explore 
sinuses. Depending upon the obstruction source different instruments might be 
used to remove mucous or to scrap polyps [18].

1.11 Use of steroids in atopic patients

Atopy is the development of allergic hypersensitive reactions or IgE-mediated 
reactions. Atopic patients may develop genetic allergic diseases such as asthma, 
rhinitis, and atopic dermatitis. Atopy usually associated with the inhaled or 
food allergens. Topical corticosteroids are the major steroids used for atopy over 
40 years. Among steroids hydrocortisone is the first to be used.

1.11.1 Topical steroids

Acute atopic attack is treated by medium to high strength topical steroid for upto 
2 weeks. These steroids should not be used for face and neck area because of side 
effects. Ointment should be apply within 5 min of twice daily bathing. Patients may 
also suffer from side effects such as atrophy, hypopigmentation, thinning of skin. 
Generally more potent steroids have more side effects.

1.11.2 Systematic steroids

The use of systematic steroid is under controversy for acute atopy. Most of the 
prescribers do not prescribe systematic steroids for acute atopy. For severe cases oral 
prednisone at usual dose of 20 mg/day for 7 days are used. But after discontinuation 
of the medicine, disease relapses quickly [19].

1.12 Prognosis of sinusitis

Patients with acute sinusitis are treated effectively as outpatient with better pre-
diction of disease. Whereas, severe sinusitis of sphenoid and frontal area associated 
with air and fluid accumulation require I/V injection of antibiotics and keep under 
care in hospital. High mortality and morbidity rates are associated with fungal 
sinusitis. Immunocompromised patients should also get hospitalized [20].

1.13 Progression of acute sinusitis into asthma

Acute sinusitis often begins with the symptoms of common cold. These symp-
toms may fade away in less than 4 weeks but if symptoms persist for more than 
12 weeks despite of proper medical treatment then acute sinusitis is converted into 
chronic sinusitis. In chronic sinusitis airways get severely inflamed with either 
bacterial or viral infection, which leads to the development of asthma. Which is 
known as sinusitis related asthma [21, 22].

2. Sinusitis related asthma

Asthma is a chronic disorder that involves airflow obstruction, an underlying 
inflammation and bronchial hyper responsiveness. Asthma is complicated disorder 



Sino-Nasal and Olfactory System Disorders

30

that not only involves larger airways but also small airways. Sino nasal disorders are 
most commonly diagnosed with the asthma. For centuries the continuous existence 
of these pathological conditions has been known. However the link between upper 
airways and lower airways has been not clearly understood. Rhinitis and sinusitis 
are two wide spectrum disorders agonizing the upper airways which are closely 
related to asthma [23].

2.1 Prevalence, risk factors and causes

Allergic rhinitis and sinusitis are one of the risk factor for asthma. Inherited 
differences in asthma prevalence, asthma attacks, constructive and appropriate 
asthma management, thorough education and regular visit to medical health care 
of patients with asthma associated with sinusitis and rhinitis may lead to effectively 
control of asthma and also reduce the risk factor for more prevalence.

Clinical trials on the sino nasal pathological conditions has been conducted 
and it was reported that sinusitis and allergic rhinitis of childhood was severely 
associated with asthma among them 42% of the patients had asthma with sinusitis 
whereas 12.9% of the patients only suffered with asthma. Before the age of 7 years 
if sinusitis is present then it would subsequently lead to asthma. If the sinusitis or 
allergic rhinitis occurred at the age of seven then the chances of developing asthma 
increases three fold. The term “The Allergic March” is used to show the progression 
of the disease from the nose and sinuses to the airways of the lungs [24].

The progression of sino nasal allergic march may proceed before the develop-
ment of sinusitis. In children and infants atopic eczema may leads to sinusitis and 
subsequently to asthma. Comparatively in infants with non-atopic eczema, no 
sinusitis would develop. This confirms that eczema is risk factor for the develop-
ment of sinusitis and asthma as well. Which further strengthen the concept of an 
“Allergic March” that sinusitis, allergic rhinitis and asthma are different diseases but 
still the progressively enhance by allergy [25]. The effect of the first line treatment 
for eczema on the progression and development of sinusitis is still unknown in 
patients with sino nasal disorder. Clinical trials have shown that smoking increased 
three folds the risk of asthma in patients already having sinusitis. Recent publica-
tions have shown that obesity is also one of the risk factor for asthma however 
obesity is not involved in sino nasal disorders as both obesity related asthma and 
sinusitis related asthma follows different pathway and mechanism [26].

These clinical trials and studies verify that the sinusitis and allergic rhinitis are 
contributing factors in asthma progression. If sinusitis can be intervene than the 
development of asthma can be prevented. Another important environmental factor 
that is smoking elevate asthma can be controlled by quitting tobacco [27] (Figure 1).

2.2 Difference between sino nasal disease in asthmatics and non-asthmatics

Sino nasal disease may appear differently in asthmatics then that of general 
population. Literature survey showed that the patients showing nasal symptoms 
and undergo to examine the clinical feature of lower airway disease then it is found 
that most of the patients suffering with the chronic sinusitis and allergic rhinitis 
along with asthma as compared to non-allergic rhinitis. Asthmatic patients associ-
ated with sinusitis progress to nasal polyps and are in much complications of sino 
nasal disease comparing to non-asthmatics. Sinusitis related asthmatics have more 
severe and persistent disease and they need multiple of surgeries as well [28].

Studies revealed that sinusitis may develop asthma progressively but there is 
a difference in between sinusitis related asthma and general population. This is 
strongly supported by data.
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1. In asthmatics upper air way disease appear differently as compared to general 
population.

2. Inflammation in upper and lower air ways in both population would be alike.

3. Increasing severity in the upper air ways going parallel to the severity in lower 
air ways [29, 30].

In asthmatic patients the inflammation in nose and sinuses shows there is disease 
in the lungs. For instance if patient having nasal polyposis inflammation its clinical 
identification feature shows antibody IgE production and eosinophilic inflamma-
tion. Common inflammatory mediators are release from upper and lower air ways, 
due to which it is difficult to assess pathways that cause Sino nasal inflammation in 
asthmatics and non-asthmatics [31]. Further clinical studies have performed in which 
gene expression of patient with sinus mucosa polyposis and aspirin sensitive asthma 
was compared with chronic sinusitis and no difference in gene expression was found. 
Further clinical studies on gene assays that is based on testing of lower air way helps us 
to understand how sinusitis is different in asthma patient than non-asthmatics [26].

2.3 Upper and lower air way inflammation

From the literature review it is noted that increase in severity of sino nasal 
disease goes parallel with the lower airways. Recent publication shows that patients 
having severe sinusitis have severe asthma series. This study suggests that sinusitis, 
rhinitis and asthma all are common progression of a single systematic disease [32]. 
Which ids further confirm by more clinical research in which severity in inflam-
mation of lungs is same as in sinuses, nose and systematic inflammation which is 
measured by circulating eosinophilia, hence the severity in sinusitis or sino nasal 
disease is parallel to asthma and also same implies that lymphocyte and eosinophil 
are characteristic feature of upper and lower air way inflammation if upper air way 
go worse than lower air way also get affected in same way [33] (Figure 2).

Figure 1. 
Risk factors for the development of sinusitis and rhinitis which leads toward asthma.
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Sino nasal disorders may increase the risk of lower air way (lungs) diseases 
which can be seen from the clinical studies. It has been shown that children suffer-
ing from allergic asthma and allergic rhinitis due to the dust mites, in that patients 
there was increased exhalation of nitric oxide was found [34]. Studies have also 
shown that in patients with allergic asthma allergens can develop the release of 
eosinophils from bone marrow which shows that sinusitis, rhinitis and asthma 
could be separate diseases but affected by single systematic disease [35].

2.4 Sino nasal disorder associated with asthma

Sino nasal disorders are linked with asthma is supported by the clinical 
research studies i.e. non asthmatic patients with allergic rhinitis have inflam-
mation and abnormalities in lower airway. This is further supported by the fact 
that allergic rhinitis have an increase prevalence for the hyper bronchial activity. 
Another study showed that sinusitis and allergic rhinitis are associated with 
impaired lung functions which are significantly related to duration and exposure 
of sino nasal disorder to the risk factors. These findings suggest that patients 
with sinusitis and allergic rhinitis may have subclinical abnormalities of their 
intra thoracic airways and may be at risk of developing the clinical disease of 
asthma [36, 37] (Figure 3).

2.5 Asthma management

Asthma control appears worse in individuals having sino nasal disorder. Recent 
cross sectional, retrospective and prospective studies between the asthma symp-
toms and sinusitis symptoms have performed. These studies suggested that severity 
in sino nasal disorders increase the severity of asthma symptoms [36].

2.6 Treatment outcomes

Important parameters for the treatment outcome include 1. Early treatment 
of the patient suffering with sino nasal disease to prevent asthma. 2. Treatment 
regimen should be as effective as to treat asthma symptoms along with sinusitis and 
rhinitis [38].

Clinical trials are performed on 147 children treated with specific subcutane-
ous immunotherapy for rhinoconjuctivitis, showed that most of the children do 
not progress to asthma. Recently study was published in which patients treated 

Figure 2. 
Physiological relation between upper and lower air way: Inflammation in upper air way (nose, sinuses) 
develop with parallel to lower air way (lungs) in asthmatic patients.
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with antihistamine and nasal corticosteroids for the treatment of allergic rhinitis 
and airflow obstruction investigated by FEF25–75. It was shown that air flow 
obstruction was treated with in 3 months [39]. Over the decades there has been 
much interest in finding out and establishing treatment for the sino nasal disor-
der which may affect the asthma. However studies were performed among which 
prospective study was disappointing and retrospective study was suggested 
that by treating sinusitis and rhinitis asthma can be prevented from progression 
[40, 41]. From the previous trials it was believed that by treating nasal diseases 
lower air way abnormalities can be controlled which can decrease systemic eosin-
ophilic inflammation. But in the recent trials it was seen that treatment of rhinitis 
do not affect the lower air way inflammation in any way which was investigated 
by measuring exhaled (nitric oxide) NO [42]. In these double blinded systemic 
controlled trials almost 40 children were subjected to treat with nasal steroids 
along with placebo. The results of the trials suggested that sino nasal inflamma-
tion and systemic inflammation was treated, which were investigated by counting 
eosinophilic cationic protein but unfortunately there was no effect on lower 
air way inflammation (measured by exhaled by NO). These randomized trials 
were contraindicated with the previous trials which were carried on the adults. 
According to previous trials on adults lower air way inflammation was affected 
by measuring exhaled NO which was decreased by treating with nasal steroids. 
These results suggested that the effect of nasal treatment to control asthma or 
lower air way inflammation may vary in different patients sub groups. Not only 
this but also, studies have suggested that surgical treatment of nasal disease may 
also help in managing asthma outbreak. Despite of these clinical trials still there 
is a need to determine how well sino nasal treatment can help in reduction of 
asthma. Investigation of the patients who may have benefit from the treatment of 
nasal disease [42, 43].

Figure 3. 
Progressive gradation of sino nasal disease.
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3. Sinus headache

Headache is a symptom produced by the nervous system in response to distur-
bance or any threat. Hence it is the physiologically protective symptom of nervous 
system. About 90% are the life time incidents of the headache [44]. Headache may 
be primary or secondary as well, depending upon the underlying cause of the pain. 
When no definite pathological cause is identified then the headache is considered as 
primary headache syndrome. The most common primary headache disorders are 
migraine, tension type headache, cluster headache and probable migraine. When the 
cause of headache can be definable under pathological conditions, this type of head-
ache is known as secondary headache. Causes of secondary headache include neo-
plastic, immunologic, metabolic, infectious, traumatic, inflammatory, endocrinologic 
and sinusitis [45]. Patients visited to the otolaryngologist because of their chronic 
headache, it is difficult to diagnose depending on the patients’ presentation whether 
the headache is because of sinusitis or may be the other reason. Endoscopic techniques 
have been well developed for the diagnosis of underlying diseases and their associated 
symptoms. Sinus headaches are headache in which individual may feel pain and pres-
sure around his eyes, cheeks and forehead. Due to differential diagnosis sometimes 
migraine and tension headaches may mistakenly consider as sinus headache [46, 47].

3.1 Prevalence, causes and risk factors

Sinus headaches are mostly associated with other chronic secondary headaches. It 
may cause pain and pressure around facial area and in sinuses and progress the sino 
nasal disorders. Sinus headaches are not related with the sinus infections therefore they 
should not be treated with antibiotics. Sinus headaches may affect any individual but 
they are more prone to those patients who have family history or even previous history 
of migraine or primary headache disorders. It also affects those patients who have 
sinusitis and they also suffered with headaches related with hormonal changes [48].

3.2 Symptoms

Symptoms of sinus headache exclusive of causes may include pressure, pain and 
tension around eyes cheeks and forehead, stuffy filled nose, fatigue, fever, pain may 
worsen upon bending forward or even lie down and pain sensations in upper jaw 
and teeth [49].

3.3 Diagnosis

Headache is pathological disorder of nervous system and it is difficult to diag-
nose the exact cause of headache. After physical examination medical practitioner 
may perform imaging diagnostic test to find out the real cause of headache. Imaging 
tests include:

3.3.1 CT-scan

Cross sectional images of brain, spinal cord and sinuses are obtained by X-ray 
which rotates around the body and displayed on the computer.

3.3.2 Magnetic resonance imaging (MRI)

Cross sectional images of the brain and sinuses are made with magnetic field and 
radio waves.
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These tests are used to diagnose the headache. If sinuses are stuffy filled and 
inflamed than the sinusitis is the definite cause of headache [50].

3.4 Precaution and prevention

Precautions help in reducing the severity and attacks of headache. Healthy life 
style changes may prevent from headache other than using medications.

3.4.1 Exercise

Regular aerobic exercise helps in reduction of tension and prevention of head-
ache. Aerobic exercises include swimming, cycling and walking. Before starting 
intense exercise one should warm up his body because sudden exercise also initiate 
headache. One of the causes of headache is obesity, in that case obese patients need 
to exercise daily in order to reduce headache [51].

3.4.2 Avoid trigger factors

If any odor, taste, food and even caffeine, tobacco triggered headache in the past 
so, one should avoid trigger factors and establish healthy daily routine with regular 
sleep of at least 8 h, try to reduce stress and take healthy diet.

3.4.3 Reduction of estrogen effects

Women who are taking medications such as birth control pills and  
hormonal replacement therapy have episodes of headache and estrogen seems  
to make it worse. Ask your doctor to reduce the dose or to prescribe alternate 
therapy [52].

3.5 Treatment

Most of the time migraine and chronic headaches are assumed as sinusitis 
headache. These type of headaches are treated with prescribed medicine on regular 
basis or to take medicine in order to prevent onset of headache.

3.5.1 OTC analgesics

Chronic headaches can be treated with over the counter pain relievers such as 
acetaminophen, naproxen and ibuprofen.

3.5.2 Triptans

Triptans are most effective in treating migraine headaches. Triptans include 
sumatriptan, almotriptan, frovatriptan, naratriptan and eletriptan. They are avail-
able in form of nasal sprays, tablets and injections. Triptans effect by constricting 
blood vessels and block the pain pathways in the brain.

3.5.3 Ergots

Ergots containing active constituent ergotamine. It is available in combination 
with caffeine. Ergotamine is most effective for the pain which lasts more than 72 h 
but it is less effective than triptans. Migraine related nausea and vomiting may 
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get worse because of ergotamine. Overuse of ergotamine also leads to headache. 
Dihydroergotamine is comparatively more effective than ergotamine and have 
fewer side effects [53].

3.5.4 Anti-emetics

Headaches are mostly associated with nausea and vomiting especially in case 
of migraine. Anti-emetic medications such as metoclopramide, chlorpromazine 
and prochlorpromazine are given in combination with other medication to prevent 
nausea and vomiting.

3.5.5 Steroids (glucocorticoids)

Glucocorticoids such as dexamethasone are used in combination with other 
headache medication in order to reduce pain severity. Steroids should be used with 
caution because it causes steroidal toxicity [54, 55].

3.6 Sinusitis or migraine

Sinusitis related headaches and migraine are mostly confused with each 
other in term of diagnosis because signs and symptoms of both ailments are 
overlapped each other. In both type of headaches, condition become worse when 
individual bend forward. However in migraine there are also nasal disorders 
such nasal congestion, stuffy filled nose with watery discharge and facial pres-
sure. Due to these symptoms migraine is mistakenly taken as sinusitis related 
headache by 90% of the patients. Whereas in case of sinus headache there is no 
nausea and vomiting which is usually common in migraine. Duration of sinus 
related headache is from 7 days or even longer however, migraine may last from 
hours to 1 or 2 days [56, 57].

4. Conclusion

Sinusitis is a nasal disorder featured by inflammation of mucosal epithelium of 
sinuses. Clinical studies have published and trials have been conducted which shows 
that the sinusitis and rhinitis are the two crucial disorders associated with asthmat-
ics. Sinusitis and asthma follows the same inflammatory pathways and temporal 
sequence of disease which confirms that their progression is manifested by common 
nasal disorder. Early prevention and treatment of sinusitis is of great interest I order 
to prevent the progression of sinusitis into asthma. Sinus headache is also one of 
the symptoms of the sinusitis. Ninety percent life time incidents of headache are 
reported. Migraine is some time mistakenly taken as sinus headache. Before treating 
headache it should be diagnosed clearly whether the cause of headache is primary 
or secondary. After knowing the sinogenic headache, treatment strategies must 
be followed. Most of the time sinus related headaches are associated with acute or 
chronic sinusitis.
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Chapter 4

Septoplasty: Endoscopic and Open 
Techniques
Yi-Tsen Lin

Abstract

Septoplasty is one of the most commonly performed procedures by rhinologists. 
This article will provide a brief review of the surgical anatomy and the operative 
techniques of this procedure. Both endoscopic and open septoplasty procedures will 
be addressed. However, more than 15% of patients undergoing septoplasty fail to 
achieve symptomatic relief. Incomplete separation of the bony-cartilaginous junc-
tion and inadequate correction of the caudal septal deviation are the main reasons 
for persistent septal deviation after primary septoplasty. In revised septoplasty, 
correction of the caudal septal deviation can be done by proper correction of the 
cartilaginous curvature and strengthening of the structure using a batten graft.

Keywords: nasal septum, septoplasty, endoscope, caudal septal deviation

1. Introduction

Septoplasty is one of the most frequently operated procedures by rhinologists 
and facial plastic surgeons. It is performed mainly for reducing nasal obstruction, 
but it can also provide a better surgical approach in endoscopic sinus and skull base 
surgery and an easier access for postoperative treatment. The deviated septum 
can be cartilaginous, bony, or both. The septum can be curved, tilted, angulated, 
twisted, present with a formation of spurs, or a combination of these. Therefore, 
there is no a single “standard” or “routine” operation that can satisfy all variables 
and complexities of cases. Septoplasty is a reconstructive procedure tailor-made for 
individual cases. Understanding the anatomy and a thorough preoperative evalua-
tion of all deviated sites will lead to a better surgical outcome.

2. Surgical anatomy

The nasal septum is a vertical midline structure that extends anteriorly to the 
columella, posteriorly to the sphenoidal rostrum, superiorly to the anterior skull 
base, and inferiorly to the nasal floor (Figure 1). It composed of soft tissue, carti-
lage, and bone. The most caudal part between the columella and the caudal margin 
of the septal cartilage is the membranous septum, lying between the medial crura 
and the caudal septum. The area of the membranous septum may vary between 
individuals. In people with a large septal cartilage, the membranous septum might 
be smaller. The cartilaginous part of the nasal septum is quadrangular. It is in 
conjunction with the upper lateral cartilage and the lower end of the nasal bone 
anterosuperiorly, the perpendicular plate of the ethmoid bone superiorly, the vomer 
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bone posteroinferiorly, and the maxillary crest inferiorly. It usually presents with a 
tail between the gap of the perpendicular plate and the vomer, and this area is actu-
ally considered to be the growth center of the septum. The cartilaginous septum 
connects to the bony septum by a dense fibrous tissue and usually sits in a groove in 
the maxillary crest. The bony part of the septum includes the vertical crest of the 
nasal bone, the perpendicular plate of the ethmoid bone, the vomer, the maxillary 
crest, and the palatine crest. Because the septum at the bony-cartilaginous junction 
is the growth center of the nasal septum, we should keep in mind not to manipulate 
vigorously in this area before 17 and 18 years of age.

Some important landmarks of the nasal septum should be kept in mind when 
performing septoplasty to avoid unfavorable complications. The keystone area is 
the confluence of bone and cartilage at the junction of the nasal bone, the septal 
cartilage, and the upper lateral cartilages. The detachment of the cartilage from the 
bone and/or damage of the cartilage in the keystone area may cause a complication 
known as a saddle nose. Another important landmark is the junction of the caudal 
septum and the anterior part of the maxillary crest. There are three landmarks 
in the caudal ends of the septal cartilage: the anterior septal angle, middle septal 
angle, and posterior septal angle. The posterior septal angle contacts the anterior 
nasal spine, which is the most anterior part of the maxillary crest. Damage to the 
fibrous connection between the caudal septum and the anterior nasal spine may 
lead to weakened support of the nasal tip and an increased risk of nasal tip droop-
ing. Usually, the septal cartilage should be preserved at least one 1–1.5 cm in width 
dorsally and caudally.

Deviation of the nasal septum can be classified as a caudal septal deviation, 
dislocation of the cartilage out of the maxillary crest, dorsal and high septal devia-
tion, posterior septal deviation, and a bony spur formation. Various techniques have 
been proposed to deal with the distinct sites of septal deviation.

3. Surgical techniques

Septoplasty can be performed via a traditional headlight approach or by an 
endoscopic approach. The advantages of using an endoscope are a more accurate 
diagnosis of septal deviation, better visualization of the contributing factors, 
prevention of mucosal tears, and visualization of the surgical fields for residents 
and operating room staff. A systematic review reported that endoscopic septo-
plasty shortened surgery time and reduced perioperative complications, but the 
functional result was similar to that with conventional septoplasty [1]. Another 

Figure 1. 
The anatomy of the nasal septum.
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systematic review reported that there was a significant improvement in postopera-
tive symptoms (i.e., nasal obstruction and headaches) and fewer complications in 
patients who underwent endoscopic septoplasty, although these findings should 
be taken with caution given the poor quality of included studies [2]. Consequently, 
nowadays, endoscopy has been adopted to perform septoplasty. Many surgical 
procedures of the nasal septum rely on endoscopes, including septodermoplasty 
[3, 4], repair of septal perforation [5, 6], and harvesting the nasoseptal flap for skull 
base reconstruction. The limitation of using endoscopy in septoplasty is correction 
of the deviated caudal septum. The caudal septal cartilage might be manipulated 
more easily via a conventional headlight (more details will be described later in this 
chapter).

3.1 Incision and elevation of the mucoperichondrial flap

Usually, the nose is packed with cotton pledgets soaked with epinephrine 1 mg/ml 
 and 2% lidocaine, followed by a submucoperichondrial injection of 1% lidocaine with 
1:100,000 of epinephrine. For better infiltration of the surgical plane and hydrodis-
section of the subperichondrial and subperiosteal planes, injection into multiple 
sites of the bilateral septum is performed. For correction of the deviated septum at 
the junction of the cartilaginous septum and vomer and removal of the bony spur, 
a Killian incision is made (Figure 2). For correction of the caudal septal deviation, a 
hemitransfixion incision is made to elevate bilateral mucoperichondrial flaps from 
the caudal septum and to enable straightening of the caudal septum, to add on a 
batten graft, and to fix the cartilage firmly on the anterior nasal spine (Figure 2). A 
#15 scalpel is used to make the incision, and the subperichondrial plane is identified 
and dissected. When making the hemitransfixion incision, a sharp instrument can be 
used first (e.g., a scalpel, Cottle, or iris scissors) to elevate the mucoperichondrial flap. 
After making the Killian incision, the mucoperichondrial flap can be elevated more 
easily using a scraping maneuver with a Cottle or Freer elevator. Beginning with a 
correct plane, the elevation of mucoperichondrial flap can proceed more smoothly. 
After meticulous separation of the septal mucosal flap from the bony-cartilaginous 
junction, the subperiosteal plane can be identified by advancing a blunt elevator 
or even using a suction tip underneath the flap. Usually, the bony-cartilaginous 
junction is where the septum is most deviated. It would be easier to elevate the flap 
superiorly and inferiorly to the most deviated and adhesive part and then perform the 
flap dissection from the most deviated part and/or the spur. Sometimes, as flap tears 
are unavoidable due to large deviated spurs, we may elevate the concave side of the 
septal flap first to make sure one side of the septal flap is intact.

Figure 2. 
The incisions in septoplasty. (A) The Kilian incision and the hemitransfixion incision for mucochondrial flap. 
(B) The septotomy with an adequate preservation of the L-strut. (C) The septotomy made at the bony-
cartilaginous junction.
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connects to the bony septum by a dense fibrous tissue and usually sits in a groove in 
the maxillary crest. The bony part of the septum includes the vertical crest of the 
nasal bone, the perpendicular plate of the ethmoid bone, the vomer, the maxillary 
crest, and the palatine crest. Because the septum at the bony-cartilaginous junction 
is the growth center of the nasal septum, we should keep in mind not to manipulate 
vigorously in this area before 17 and 18 years of age.

Some important landmarks of the nasal septum should be kept in mind when 
performing septoplasty to avoid unfavorable complications. The keystone area is 
the confluence of bone and cartilage at the junction of the nasal bone, the septal 
cartilage, and the upper lateral cartilages. The detachment of the cartilage from the 
bone and/or damage of the cartilage in the keystone area may cause a complication 
known as a saddle nose. Another important landmark is the junction of the caudal 
septum and the anterior part of the maxillary crest. There are three landmarks 
in the caudal ends of the septal cartilage: the anterior septal angle, middle septal 
angle, and posterior septal angle. The posterior septal angle contacts the anterior 
nasal spine, which is the most anterior part of the maxillary crest. Damage to the 
fibrous connection between the caudal septum and the anterior nasal spine may 
lead to weakened support of the nasal tip and an increased risk of nasal tip droop-
ing. Usually, the septal cartilage should be preserved at least one 1–1.5 cm in width 
dorsally and caudally.

Deviation of the nasal septum can be classified as a caudal septal deviation, 
dislocation of the cartilage out of the maxillary crest, dorsal and high septal devia-
tion, posterior septal deviation, and a bony spur formation. Various techniques have 
been proposed to deal with the distinct sites of septal deviation.

3. Surgical techniques

Septoplasty can be performed via a traditional headlight approach or by an 
endoscopic approach. The advantages of using an endoscope are a more accurate 
diagnosis of septal deviation, better visualization of the contributing factors, 
prevention of mucosal tears, and visualization of the surgical fields for residents 
and operating room staff. A systematic review reported that endoscopic septo-
plasty shortened surgery time and reduced perioperative complications, but the 
functional result was similar to that with conventional septoplasty [1]. Another 

Figure 1. 
The anatomy of the nasal septum.
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systematic review reported that there was a significant improvement in postopera-
tive symptoms (i.e., nasal obstruction and headaches) and fewer complications in 
patients who underwent endoscopic septoplasty, although these findings should 
be taken with caution given the poor quality of included studies [2]. Consequently, 
nowadays, endoscopy has been adopted to perform septoplasty. Many surgical 
procedures of the nasal septum rely on endoscopes, including septodermoplasty 
[3, 4], repair of septal perforation [5, 6], and harvesting the nasoseptal flap for skull 
base reconstruction. The limitation of using endoscopy in septoplasty is correction 
of the deviated caudal septum. The caudal septal cartilage might be manipulated 
more easily via a conventional headlight (more details will be described later in this 
chapter).

3.1 Incision and elevation of the mucoperichondrial flap

Usually, the nose is packed with cotton pledgets soaked with epinephrine 1 mg/ml 
 and 2% lidocaine, followed by a submucoperichondrial injection of 1% lidocaine with 
1:100,000 of epinephrine. For better infiltration of the surgical plane and hydrodis-
section of the subperichondrial and subperiosteal planes, injection into multiple 
sites of the bilateral septum is performed. For correction of the deviated septum at 
the junction of the cartilaginous septum and vomer and removal of the bony spur, 
a Killian incision is made (Figure 2). For correction of the caudal septal deviation, a 
hemitransfixion incision is made to elevate bilateral mucoperichondrial flaps from 
the caudal septum and to enable straightening of the caudal septum, to add on a 
batten graft, and to fix the cartilage firmly on the anterior nasal spine (Figure 2). A 
#15 scalpel is used to make the incision, and the subperichondrial plane is identified 
and dissected. When making the hemitransfixion incision, a sharp instrument can be 
used first (e.g., a scalpel, Cottle, or iris scissors) to elevate the mucoperichondrial flap. 
After making the Killian incision, the mucoperichondrial flap can be elevated more 
easily using a scraping maneuver with a Cottle or Freer elevator. Beginning with a 
correct plane, the elevation of mucoperichondrial flap can proceed more smoothly. 
After meticulous separation of the septal mucosal flap from the bony-cartilaginous 
junction, the subperiosteal plane can be identified by advancing a blunt elevator 
or even using a suction tip underneath the flap. Usually, the bony-cartilaginous 
junction is where the septum is most deviated. It would be easier to elevate the flap 
superiorly and inferiorly to the most deviated and adhesive part and then perform the 
flap dissection from the most deviated part and/or the spur. Sometimes, as flap tears 
are unavoidable due to large deviated spurs, we may elevate the concave side of the 
septal flap first to make sure one side of the septal flap is intact.

Figure 2. 
The incisions in septoplasty. (A) The Kilian incision and the hemitransfixion incision for mucochondrial flap. 
(B) The septotomy with an adequate preservation of the L-strut. (C) The septotomy made at the bony-
cartilaginous junction.
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3.2 Septotomy and removal the deviated part

The extent of the incised cartilage depends on the type of septal deviation. For a 
posterior bony septal deviation or spur formation, the cartilaginous septum may not 
need to be incised. You can separate the bony-cartilaginous junction during septot-
omy and enter the contralateral subperiosteal space. Then, the deviated bony septum 
could be removed precisely using turbinate scissors or through-cutting instruments. 
For the cartilaginous septal deviation, the septal cartilage may be incised anterior to 
the deviated part using a Freer septum knife, which can be used to cut the cartilage 
without injury to the contralateral septal mucosa. If the septal cartilage is to be used 
as a cartilaginous batten graft for subsequent procedures, it can be harvested using 
a Freer septum knife as well with an adequate preservation of the L-strut. Then, the 
contralateral mucoperiosteal flap is elevated, and the deviated bone can be incised 
using turbinate scissors, through-cutting instruments, or a rongeur.

3.3 Management of the deviation at the maxillary crest

Dislocation of the cartilage from the maxillary crest, widening of the maxil-
lary crest, and a deviated maxillary crest are common causes of airway obstruc-
tion at the base of the nose. Sometimes, it could be left untouched if the problem 
is minor compared to other deviated problems, but at other times, it can be 
critical and surgical intervention is required. At the junction of the cartilaginous 
and bony components of the septum, dense decussating fibers are seen at the 
confluence of the perichondrium and the periosteum. Therefore, when dissecting 
the subperichondrial plane downward to the maxillary crest, sharp division of the 
fibrous connection at the cartilaginous-bony junction using a Freer septum knife 
is helpful. In case of dislocation of the cartilage from the maxillary crest, it is 
useful to remove a strip of cartilage lateral to the maxillary crest without desta-
bilizing the junction of the caudal septum and the anterior nasal spine. For wide 
maxillary crests or the deviated crests, we may use a chisel to shave or smooth the 
bone surface.

3.4 Correction of caudal septal deviation

Aggressive resections of the cartilaginous portion of the septum may lead to loss 
of nasal tip support. However, inadequate correction of the caudal septal deviation 
is one of the main reasons for persistent septal deviation after primary septoplasty 
[7]. The caudal septum is mainly composed of the cartilaginous portion of the 
septum, and the relationship between the caudal septum and the anterior nasal 
spine is crucial in the management of caudal septum deviation. In addition, after 
correcting the curvature of the cartilage and adjusting the relative position of the 
caudal septum and the anterior nasal spine, the structures need to be strengthened 
using sutures and/or batten grafts (Table 1).

Correction of cartilage is different from correction of bone. Once the bony 
septum is fractured to be straight, the structure is broken, and it seldom recovers 
to the original shape. However, the elastic coiling nature of the cartilage renders it 
with a “memory,” which leads to cartilage re-bending even after suture or scoring. 
To overcome the intrinsic elasticity of the cartilage, Jang et al. proposed a cutting 
and suture technique [8]. The most convex part of the caudal cartilage is cut while 
preserving the junction between the cartilaginous septum and the maxillary crest, 
and then the two segments are sutured side by side with a slight overlap. If the 
stability of the cut and sutured septum is questionable, a cartilaginous batten graft 
can be used to provide further support.
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The structure of the caudal septum corrected by the cutting and suture tech-
nique can also be strengthened with an interpositioned graft [9]. Another way to 
break the intrinsic elasticity is to make an incomplete incision on the most concave 
site of the cartilaginous septum (Figure 3A). Then, a pair of forceps can be used 
to reposition the cartilage to the midline, and the excess piece of cartilage can be 
trimmed (Figure 3B and C). The septum can be sutured with a 5-0 PDS, and a 
batten graft can be used.

Dislocation of the lower part of the caudal septum on the side of the maxillary 
crest can narrow the airway and cause nasal obstruction, and this can be managed 
in several ways. As mentioned before, the cartilage along the maxillary crest could 
be shaved as a strip, but the stability of caudal septum may be affected due to loss 
of the fibrous connections between the cartilage and bone. Therefore, in addition to 
shaving the base of the cartilaginous septum, anchoring sutures between the carti-
lage and the soft tissue around the nasal crest can be used to strengthen the stability. 
Another solution to correct cartilaginous septal deviation is to disarticulate the 
cartilage from the maxillary crest, and the excessive cartilage can then be resected. 
Following this, the caudal cartilaginous septum could be replaced in the midline or 
fixed on the other side, and stabilizing sutures can be used.

While the above techniques are used to correct the curvature of the septal carti-
lage, additional batten grafts are used to strengthen and stabilize the structure and 
maintain a longstanding straightened caudal septum. The batten grafts can provide 
a strong support to overcome the internal coiling strength of the deviated cartilage 
and also prevent possible nasal tip drooping due to aggressive septation of the bony-
cartilaginous junction. The batten grafts can be taken from either the cartilaginous 
septum [10, 11] or the perpendicular plate of the ethmoid bone [12–14], and it 
can be performed endonasally. The bony grafts do not cause internal nasal valve 
obstruction, and the cartilage grafts can be beveled to avoid excessive thickness of 
the caudal septum.

To straighten the caudal septum To strengthen the caudal septum

• Scoring

• Cut and suture

• Wedge resection

• Swing door

• Septum riding on the spine

• Anchoring sutures

• Cartilaginous batten graft

• Bony batten graft

Table 1. 
Surgical techniques to correct the deviated caudal septum.

Figure 3. 
Correction of the caudal cartilaginous curvature. (A) Making an incomplete incision on the most concave 
site of the cartilaginous septum. (B) Estimating the overlapping cartilage by repositioning the cartilage to the 
midline. (C) Trimming of the excess cartilage.
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3.2 Septotomy and removal the deviated part

The extent of the incised cartilage depends on the type of septal deviation. For a 
posterior bony septal deviation or spur formation, the cartilaginous septum may not 
need to be incised. You can separate the bony-cartilaginous junction during septot-
omy and enter the contralateral subperiosteal space. Then, the deviated bony septum 
could be removed precisely using turbinate scissors or through-cutting instruments. 
For the cartilaginous septal deviation, the septal cartilage may be incised anterior to 
the deviated part using a Freer septum knife, which can be used to cut the cartilage 
without injury to the contralateral septal mucosa. If the septal cartilage is to be used 
as a cartilaginous batten graft for subsequent procedures, it can be harvested using 
a Freer septum knife as well with an adequate preservation of the L-strut. Then, the 
contralateral mucoperiosteal flap is elevated, and the deviated bone can be incised 
using turbinate scissors, through-cutting instruments, or a rongeur.

3.3 Management of the deviation at the maxillary crest

Dislocation of the cartilage from the maxillary crest, widening of the maxil-
lary crest, and a deviated maxillary crest are common causes of airway obstruc-
tion at the base of the nose. Sometimes, it could be left untouched if the problem 
is minor compared to other deviated problems, but at other times, it can be 
critical and surgical intervention is required. At the junction of the cartilaginous 
and bony components of the septum, dense decussating fibers are seen at the 
confluence of the perichondrium and the periosteum. Therefore, when dissecting 
the subperichondrial plane downward to the maxillary crest, sharp division of the 
fibrous connection at the cartilaginous-bony junction using a Freer septum knife 
is helpful. In case of dislocation of the cartilage from the maxillary crest, it is 
useful to remove a strip of cartilage lateral to the maxillary crest without desta-
bilizing the junction of the caudal septum and the anterior nasal spine. For wide 
maxillary crests or the deviated crests, we may use a chisel to shave or smooth the 
bone surface.

3.4 Correction of caudal septal deviation

Aggressive resections of the cartilaginous portion of the septum may lead to loss 
of nasal tip support. However, inadequate correction of the caudal septal deviation 
is one of the main reasons for persistent septal deviation after primary septoplasty 
[7]. The caudal septum is mainly composed of the cartilaginous portion of the 
septum, and the relationship between the caudal septum and the anterior nasal 
spine is crucial in the management of caudal septum deviation. In addition, after 
correcting the curvature of the cartilage and adjusting the relative position of the 
caudal septum and the anterior nasal spine, the structures need to be strengthened 
using sutures and/or batten grafts (Table 1).

Correction of cartilage is different from correction of bone. Once the bony 
septum is fractured to be straight, the structure is broken, and it seldom recovers 
to the original shape. However, the elastic coiling nature of the cartilage renders it 
with a “memory,” which leads to cartilage re-bending even after suture or scoring. 
To overcome the intrinsic elasticity of the cartilage, Jang et al. proposed a cutting 
and suture technique [8]. The most convex part of the caudal cartilage is cut while 
preserving the junction between the cartilaginous septum and the maxillary crest, 
and then the two segments are sutured side by side with a slight overlap. If the 
stability of the cut and sutured septum is questionable, a cartilaginous batten graft 
can be used to provide further support.
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The structure of the caudal septum corrected by the cutting and suture tech-
nique can also be strengthened with an interpositioned graft [9]. Another way to 
break the intrinsic elasticity is to make an incomplete incision on the most concave 
site of the cartilaginous septum (Figure 3A). Then, a pair of forceps can be used 
to reposition the cartilage to the midline, and the excess piece of cartilage can be 
trimmed (Figure 3B and C). The septum can be sutured with a 5-0 PDS, and a 
batten graft can be used.

Dislocation of the lower part of the caudal septum on the side of the maxillary 
crest can narrow the airway and cause nasal obstruction, and this can be managed 
in several ways. As mentioned before, the cartilage along the maxillary crest could 
be shaved as a strip, but the stability of caudal septum may be affected due to loss 
of the fibrous connections between the cartilage and bone. Therefore, in addition to 
shaving the base of the cartilaginous septum, anchoring sutures between the carti-
lage and the soft tissue around the nasal crest can be used to strengthen the stability. 
Another solution to correct cartilaginous septal deviation is to disarticulate the 
cartilage from the maxillary crest, and the excessive cartilage can then be resected. 
Following this, the caudal cartilaginous septum could be replaced in the midline or 
fixed on the other side, and stabilizing sutures can be used.

While the above techniques are used to correct the curvature of the septal carti-
lage, additional batten grafts are used to strengthen and stabilize the structure and 
maintain a longstanding straightened caudal septum. The batten grafts can provide 
a strong support to overcome the internal coiling strength of the deviated cartilage 
and also prevent possible nasal tip drooping due to aggressive septation of the bony-
cartilaginous junction. The batten grafts can be taken from either the cartilaginous 
septum [10, 11] or the perpendicular plate of the ethmoid bone [12–14], and it 
can be performed endonasally. The bony grafts do not cause internal nasal valve 
obstruction, and the cartilage grafts can be beveled to avoid excessive thickness of 
the caudal septum.

To straighten the caudal septum To strengthen the caudal septum

• Scoring

• Cut and suture

• Wedge resection

• Swing door

• Septum riding on the spine

• Anchoring sutures

• Cartilaginous batten graft

• Bony batten graft

Table 1. 
Surgical techniques to correct the deviated caudal septum.

Figure 3. 
Correction of the caudal cartilaginous curvature. (A) Making an incomplete incision on the most concave 
site of the cartilaginous septum. (B) Estimating the overlapping cartilage by repositioning the cartilage to the 
midline. (C) Trimming of the excess cartilage.
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3.5 Wound closure

A reassessment of the nasal airway can be performed after completing the above 
procedures, and any minor adjustments can be addressed. Then, the septal flap is 
reapproximated. The hemitransfixion or Kilian incision is closed with simple inter-
rupted 4-0 chromic sutures. The septum can be closed with a through-and-through 
quilting 4-0 chromic suture, which eliminates dead space and prevents develop-
ment of septal hematoma. If mucosal tears are present, the silastic splints can be 
placed at each side of the nasal cavity and removed in 5–7 days.

4. Conclusion

Septoplasty is an individualized procedure, and preoperative evaluation of the 
deviated site is critical to achieve optimal outcome. Endoscope can provide better 
visualization of the deviated sites and prevention of mucosal tears, while the devi-
ated caudal septum could be managed via hemitransfixion incision under headlight. 
Combining the use of headlight and endoscope can deal with most of the deviated 
sites of the nasal septum, and therefore, septoplasty could be performed endona-
sally in most of the cases. Open septoplasty may be indicated in cases with deviated 
or crooked nose, and septoplasty with rhinoplasty can be performed. The surgical 
intention is to make a straight septum with long-lasting effect.
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3.5 Wound closure

A reassessment of the nasal airway can be performed after completing the above 
procedures, and any minor adjustments can be addressed. Then, the septal flap is 
reapproximated. The hemitransfixion or Kilian incision is closed with simple inter-
rupted 4-0 chromic sutures. The septum can be closed with a through-and-through 
quilting 4-0 chromic suture, which eliminates dead space and prevents develop-
ment of septal hematoma. If mucosal tears are present, the silastic splints can be 
placed at each side of the nasal cavity and removed in 5–7 days.

4. Conclusion

Septoplasty is an individualized procedure, and preoperative evaluation of the 
deviated site is critical to achieve optimal outcome. Endoscope can provide better 
visualization of the deviated sites and prevention of mucosal tears, while the devi-
ated caudal septum could be managed via hemitransfixion incision under headlight. 
Combining the use of headlight and endoscope can deal with most of the deviated 
sites of the nasal septum, and therefore, septoplasty could be performed endona-
sally in most of the cases. Open septoplasty may be indicated in cases with deviated 
or crooked nose, and septoplasty with rhinoplasty can be performed. The surgical 
intention is to make a straight septum with long-lasting effect.
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Chapter 5

REAHs and REAH-Like Lesions:
Underdiagnosed lesions Often
Misconfused with Nasal Polyps
Ph. Eloy, C. Fervaille and M.C. Nollevaux

Abstract

REAH is the eponym for respiratory epithelial adenomatoid hamartoma.
The disease is under diagnosed. It is clearly a disease in the olfactory cleft. It is
characterized by a polypoid process located in the olfactory cleft which does not
evolve in inverted papilloma or malignancy set at 10–15 cm. The lesion can be
isolated in one or both olfactory cleft. It can be asymptomatic or can cause nasal
obstruction and impairment of smell. More commonly the lesions, often multiple,
are associated to the recurrence of the nasal polyposis. They can contribute to the
development of loss of smell, nasal obstruction or even the blockage of the
frontal recesses. The definitive diagnostic is based upon the histologic examination.
Surgery is the treatment. In case of isolated lesion, complete excision without
complete ethmoidectomy is the option. In case of lesions embedded in a recurrent
massive polyposis, a complete exenteration of the olfactory clefts associated to a
revision of full house ethmoidectomy and even a Draf III must be considered.

Keywords: REAHs, REAH-like, nasal polyposis, olfactory cleft

1. Introduction

REAH is the eponysm for Respiratory Epithelial Adenomatoid Hamartoma. It is
a relatively new diagnosis, only added to the World Health Organization classifica-
tion of tumors in 2005 [1].

Wenig and Heffner were the first to describe it in 1995 in a series of 31
cases [2]. They described it as “a proliferation of glands lined by multi-layered
ciliated respiratory epithelium, often with admixed mucocytes, arising in direct
continuity with the surface epithelium, which invaginated downward into the
submucosa.”

The lesion is usually diagnosed in middle-aged patients. Clinically it may mani-
fest as a solitary lesion or in association with sinonasal polyposis. The former is far
less common than the latter. The lesion takes its origin either in the olfactory cleft,
the posterior septum, or the rhinopharynx [1–5] Because the incidence, clinical
signs, imaging, modality of treatment, outcomes, and pathogenesis seem to be quiet
different between these two clinical patterns, we call the first ones “REAHs” and
the second ones “REAH-like.” This terminology is proposed by Jankowski [3, 5] and
Hawley [4] as well.

The purpose of this paper is to remind the histopathological characteristics and
differential diagnosis of REAHs/REAH-like lesions and to report two different
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cohorts of patients (one with REAHs and the other with REAH like lesions), treated
in the ENT department of the CHU UCL Namur.

2. Histopathological characteristics of REAHs and REAH-like lesions

Grossly, REAH looks like a “polypoid fleshy to firm mass with areas of indura-
tion.” It is yellow or white [6]. It may have varying sizes (Figures 1–3).

The histologic picture is dominated by the presence of a glandular proliferation
with a polypoid appearance. The proliferation starts from the surface epithelium
and tends to be submucosal.

The glands are lined by ciliated respiratory epithelium originating from the
surface respiratory epithelium. The glands are typically round to oval in shape and
were small to medium in size with prominent dilation. Stromal tissue separates the
glands. The epithelium may be cuboidal or flat, and mucinous gland metaplasia is
often seen. Occasionally the gland lumina are filled with mucinous or eosinophilic
amorphous material. It often demonstrates periglandular stromal hyalinization, and
there is often a mixed inflammatory infiltrate within the stroma.

In the literature we can find another type of REAH called COREAH. It is
characterized by a chondro-osseous differentiation. Flavin [7] and Roffman [8]
were the two first authors to publish this entity, respectively, in 2005 and 2006.
Since then 11 cases have been reported [9, 10]. It can occur in children or adults.

The histological features are almost exactly the same as REAH, but COREAH
has islands of immature hyaline cartilage interspersed throughout the lesion
(Figures 4 and 5).

Figure 1.
Gross appearance of a REAH.
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Figure 2.
REAHs: The glandular proliferation arises in direct continuity with the surface epithelium with invagination
downward into the submucosa. Clusters of seromucinous glands are seen.

Figure 3.
REAHs: Occasionally the gland lumina are filled with mucinous or eosinophilic amorphous material. It often
demonstrates periglandular stromal hyalinization, and there is often a mixed inflammatory infiltrate within
the stroma.
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Figure 5.
Seromucinous hamartoma: The mass is covered by respiratory epithelium and is comprised of lobular or
haphazard proliferations of small to large glands and ducts which are lined by a single layer of cuboidal or
flattened epithelial cells.

Figure 4.
COREAH: Nasal chondromesenchymal hamartoma. Multiple tumor fragments with a mucosal surface and
nodules of cartilage (in red).
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3. Immunohistochemistry of REAHs

Immunohistochemistry has not been used to an extensive degree in the diagnosis
of REAH, and it is not absolutely necessary to use it to make the definitive diagnosis
of it.

However, Ozolek et al. did an immunohistochemical study in which they exam-
ined the profile of REAH [11]. REAHs are positive for CK7, negative for CK20 and
CDX-2, and positive for MIB1 and Ki67. p63 staining was seen in the basal cells of
REAH, which had a low proliferation index. The use of Mindbomb 1 (MIB-1) is
useful in distinguishing REAH from other neoplasms, since neoplasms tend to have
a high proliferation index.

4. Differential diagnosis of REAHs

The differential diagnostic of REAHs concerns the inflammatory polyps,
Schneiderian papillomas, seromucinous hamartoma, and low-grade non-intestinal
adenocarcinoma.

REAHs: Immunohistochemistry: Positivity for CK7 and negativity for CK20.
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4.1 Inflammatory polyps

Inflammatory polyps are certainly the most common lesions that are confused
with REAHs.

The most notable clinical differences between REAHs and inflammatory polyps
are the location and their gross appearance.

Inflammatory polyps are typically the clinical manifestation of a sinonasal
polyposis. Nasal polyps are rarely isolated. They are multiple and bilateral and
usually extrude from the middle and superior meati. They are rarely attached to the
posterior septum. REAHs originate specifically from the olfactory cleft.

Nasal polyps are usually edematous and not indurated. On microscopy, both
lesions can show fibroblastic and vascular proliferation, stromal edema, a mixed
inflammatory cell infiltrate, and seromucinous gland proliferation. However,
inflammatory polyps do not have florid adenomatoid proliferation and stromal
hyalinization which, when present, favor REAHs (Figures 6–9).

Figure 6.
Macroscopic and endoscopic view of a nasal polyp.

Figure 7.
Endoscopic view: right and left nasal cavity: presence of nasal polyps in the middle and superior meati.

56

Sino-Nasal and Olfactory System Disorders

4.2 Schneiderian papillomas

This is the second important differential diagnosis of REAHs.
Schneiderian papillomas are benign epithelial neoplasms of the sinonasal tract.

Their annual incidence ranges between 0.2 and 1.5/100,000 people per year.
They are classified in three types: exophytic/fungiform papilloma, endophytic/

inverted papilloma, and oncocytic/cylindrical cell papilloma. The inverted type is

Figure 8.
Inflammatory polyp with edematous inflammatory stroma and single-layered glands.

Figure 9.
Inflammatory polyp showing inflammatory stroma without hyalinization.
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the most common, accounting for nearly two thirds of the cases. We limit the
description to this type.

It is mostly unilateral. It occurs mainly in adults during the fifth or sixth decade.
There is a predilection for men.

Unlike inflammatory polyps and REAHs, inverted papillomas are considered
true neoplasms. While REAHs tend to be located medial to the turbinate lamella,
inverted papillomas have a predilection for the lateral wall of the nasal cavity or the
paranasal cavities. Maxillary and ethmoid sinuses are the most common origins
followed by the sphenoid and frontal sinuses. Even if inverted papillomas are
benign histologic lesions, clinically they may be aggressive with a relatively strong
potential for local destruction, high rate of recurrence (more or less 50%), and a risk
of carcinomatous evolution. This transformation in squamous cell carcinoma can be
synchrone or metachrone and more likely in case of recurrence. This malignant
transformation has never been observed in the case of REAHs.

Human papilloma virus seems to be implicated in the pathogenesis of inverted
papillomas. Chronic inflammation seems to be a favorizing factor in REAHs.

The treatment of inverted papilloma requires a more extensive and radical
excision with a subperiosteal dissection and a drilling of the base of implantation.
Endonasal medial maxillectomy is the golden standard for maxillary sinus origin.
Recurrence is more likely in frontal sinus papillomatosis due to the localization and
the difficulty to completely eradicate the lesion. The surgical treatment for REAHs
is a complete excision without ethmoidectomy.

Grossly, inverted papilloma looks like a reddish-gray lobulated tumor, more
firm than an inflammatory polyp, with a fairly characteristic “raspberry” aspect
(Figure 10).

Histologically inverted papillomas have an endophytic growth pattern. There is
an invagination of stratified squamous epithelium with an admixture of mucin
containing cells and microcysts. The epithelium may be of squamous, transitional,

Figure 10.
Endoscopic view of an inverted papilloma originating from the left maxillary sinus.

58

Sino-Nasal and Olfactory System Disorders

or respiratory type. The endophytic growth of squamous epithelium is not seen
in REAH. Transmigrating neutrophils and neutrophilic microabscesses may be seen.
Occasional mitoses may be seen in the basal layer. Mild to moderate atypia may
be seen. Edema or chronic inflammatory infiltrate is present in the stroma
(Figures 11–13).

Figure 11.
Low magnification: typical view of an IP: it shows an endophytic growth pattern consisting of markedly
thickened squamous epithelial proliferation growing downward into the underlying connective tissue stroma to
form large clefts, ribbons, and islands. Note the absence of mucoserous glands. Delicate basement membrane.

Figure 12.
Immunohistochemistry: high power shows the epithelium to be composed of pseudostratified columnar cells/
positivity of MIB1 in the basal cells.
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4.3 Seromucinous hamartoma

Seromucinous hamartoma is another subtype of hamartoma, recently described.
It is a benign lesion of the sinonasal tract as well, located in the posterior nasal cavity
or rhinopharynx frequently associated to REAHs. Since its description in 1974 [12],
only a small number of additional cases have been reported.

The lesion occurs equally in men and women. Patients are middle-aged to
elderly (mean age 50–60) and have complaints with nasal obstruction or nose-
bleeds. Surgical excision is the treatment of choice. It is included in the differential
diagnosis of low grade epithelial proliferations of the sinonasal tract. The differen-
tiation with low-grade non-intestinal adenocarcinoma can be tricky.

Histologically, the mass looks like a benign lesion. Lobular or haphazard pro-
liferations of small to large glands and ducts lined by a single layer of cuboidal or
flattened epithelial cells are visualized. Eosinophilic secretions are often present
within tubules. The surrounding stroma often contains a lymphoplasmocytic
inflammatory infiltrate. Periglandular hyalinization can be observed. There are no
features suggesting a malignancy. There are no nuclear atypia.

Seromucinous hamartomas are positive for CK7 and CK19 and negative for
CK14 and CK20. The serous glands are usually S100 positive and negative for p63
and muscle-specific antigen.

4.4 Low-grade sinonasal adenocarcinoma (LGSNAC)

Sinonasal adenocarcinoma is the third differential diagnosis for REAH. It
accounts for approximately 20% of all sinonasal malignancies and is classified into
intestinal and non-intestinal salivary and non-salivary types. Intestinal adenocarci-
nomas (also called ITAC) take their origin in the olfactory cleftl and then extend
into the ethmoid sinus, the orbit, or the anterior cranial fossa. It is an occupational
disease; they typically occur in woodworkers. They look like an irregular exophytic
pink necrotic and friable mass bulging into the nasal cavity located between the
nasal septum and the turbinate lamella.

Figure 13.
Immunohistochemistry: high power/positivity of CK7.
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On microscopy, papillary and colonic types are the most common architectures.
Differentiating ITAC from REAH is usually not difficult as the cell types, high-
grade features, and increased mitotic index are characteristics for ITAC. ITAC is
positive for CK20 and MIB1 and negative for CK7 (Figure 14).

Figure 14.
Intestinal-type adenocarcinoma: Immunohistochemistry—Positivity for CK20, CK7, and MIB1.

Figure 15.
LGSNAC: Glandular proliferations lined by cuboidal to columnar cells which are usually monomorphic and
cytologically bland.
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On the other hand, low-grade non-intestinal adenocarcinomas (LGSNAC) are
less common and less invasive. There is no sex or racial predilection. There is no
association with wood dust exposure. They have no tendency to give systemic
metastasis. However, they have a potential for local invasion and destruction of
tissue. Extensive surgery is recommended to be associated with radiotherapy in
some cases.

Histologically, the mass originates from the surface epithelium and the
seromucinous glands of the submucosa. It consists of glandular proliferations lined
by cuboidal to columnar cells which are usually monomorphic and cytologically
bland. It forms a diverse group of bland tubular and/or papillary tumors. Mitoses
are rare. Necrosis, perineural invasion, and lymphovascular invasion are absent.
The stroma contains an inflammatory infiltrate as in REAHs.

Immunohistochemistry shows the positivity for CK7 and S100 and negativity for
CK20 and CDX2.

The main differential diagnosis is between LGSNAC and seromucinous
hamartoma (Figure 15).

5. Our experience

5.1 REAHs as a solitary lesion

This clinical presentation of REAHs is actually the less frequent.
Table 1 reports a cohort of eight cases diagnosed and treated in the ENT

department of the CHU UCL Namur since 2008.
There were seven women. The mean age was 65 years old. Ranges are 27 and 81.
There was one man: age 53 years old.
The lesions were unilateral in six patients (three left sided; three right sided) and

bilateral in two.
Two patients were asymptomatic. REAH was diagnosed by nasal endoscopy and

a sinus CT scanner performed for an assessment of epiphora, a case of nasal dys-
function and another one to rule out sinus disease associated to his allergic rhinitis.

The other patients complained with nasal obstruction and rhinorrhea.

Patient Gender Side Symptoms

Br, L. Female R/olfactory cleft Asymptomatic dacryoscan; 2009

Sch, M. Female L/septal
implantation

Unilateral nasal obstruction 2008

Van rent. M. Female X2/olfactory cleft Bilateral nasal obstruction 2012

W. Jes. Female
Seromucinous
hamartoma

R/sphenochoanal
recess

Unilateral nasal obstruction 2012

B. Pat. Female/COREAH L/sphenochoanal
recess

Unilateral nasal obstruction/nasal collapse 2019

H. C. Female L/olfactory cleft Unilateral nasal obstruction 2019

Tr. M. Female R/olfactory cleft Asymptomatic Ct finding 2019

N, A. Male X2 R > L Allergic rhinitis; paucisymptomatic/nasal
endoscopy/CT scan 2019

Table 1.
Reports our experience of REAHs.
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REAHS originated from the olfactory cleft in six patients and from the anterior
wall of the sphenoid sinus in two cases.

On nasal endoscopy the lesion looked fleshy, with no vascular component and
no necrosis.

On imaging the lesion was solitary in the olfactory cleft. No chronic
rhinosinusitis was present (Figure 16).

The MRI performed in three cases was not so helpful. There were no pathogno-
monic features whatever was the localization. In the literature, REAHs appear as a
homogeneous mass with post-contrast enhancement on T1-weighted sequences as
well as hyperintensity on T2-weighted images (Figure 17) [13].

The diagnosis of REAH was confirmed in all the cases by the pathologist.
In one case it was a COREAH, and in another case it was a seromucinous

hamartoma. These two hamartomas were located in the posterior nasal fossa.
A biopsy was performed under local anesthesia in asymptomatic cases to make a

formal diagnosis. For the other the diagnosis was made on the surgical specimen.
There was no clear etiologic factor that could have played a role in the develop-

ment of REAH except in one patient suffering from allergic rhinitis. There was no
concomitant chronic sinusitis, asthma, or aspirin intolerance.

Concerning the management, in two patients a wait and see attitude was pro-
posed as the patient was not symptomatic. For the others an endoscopic resection of
the lesion was performed under general anesthesia. The dissection was done in a
subperiosteal plane. We have never drilled out the site of implantation. There was
no need to do a full house ethmoidectomy.

Figure 16.
Comparison between CT scan and nasal endoscopy.
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endoscopy/CT scan 2019

Table 1.
Reports our experience of REAHs.
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Until now we have had no recurrence (Figure 18).

5.2 REAHs associated to a nasal polyposis often previously operated also called
REAH-like lesions

This is the second clinical pattern of REAHs, and certainly this is the most
common type.

Table 2 reports a cohort of 16 patients diagnosed with such a pattern during the
past 18 months.

5.2.1 Epidemiology

The series includes 13 men and 2 women. The mean average is about
63 years old.

The majority of the patients are in the fifth and sixth decades.

Figure 17.
MRI of a patient with bilateral REAHs: T1- and T2-weighted sequences.

Figure 18.
Illustration of a case with bilateral REAHs: pre- and postop imaging.
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All the patients suffer from a nasal polyposis. In two cases it was a massive
primary polyposis. The other patients have a nasal polyposis operated in the past.
The REAHs were diagnosed at the revision surgery.

Eight patients have concomitant asthma. Two patients have aspirin intolerance.
Two patients have allergic rhinitis.
Chronic inflammation plays a role in the development of REAHs in this clinical

pattern.

5.2.2 Nasal endoscopy

REAHs are located in the olfactory cleft. Their macroscopic aspect is different
than usual nasal polyps extruding from the ethmoid sinus. They are more fleshy and
firm. There is no necrosis.

As the following pictures show, it is extremely difficult to differentiate with the
fibroscopy REAHs and inflammatory polyps in case of recurrent nasal polyposis.
The histologic examination of the surgical specimens is mandatory for this differ-
entiation (Figure 19).

5.2.3 Imaging

CT imaging findings are described in only a limited number of studies [1, 4, 5,
14]. Lima et al. [5], Hawley et al. [4], and Lee et al. (51 cases) [14] conclude that
REAHs cause widening of the olfactory cleft more than 10 mm but generally do not
cause bone erosion.

All the paranasal sinus cavities can be opaque as illustrated by the following
pictures (Figures 20–22):

Some patients have a long-standing disease; REAHs develop after the surgery
with time. Some of them are attached to the anterior and superior portion of the

Patient Sex Disease/surgery

S. Jac. M Asthma/rev surgery: REAH-like X2/draf III

Fris. JL M Polypose XZ/revision ethmoidectomy/REAH: chronic otitis media

Ros. G M Recurrent NP/asthma: REAHs/rev ethmoidectomy

Hub. S. M Sever NP/complete ethmoidectomy

L.; Th. M Asthma: seromucous otitis media/revision surgery/REAH

Br. Cl. M Aspirin intolerance; asthma/recurrence

De Ras.Ge. M Nasal polyposis and asthma /previous surgery

Bran. Ar M Revison surgery for massive polyposis

De pl. Ph M Nasal polyposis operated 3 times/no asthma

Hou. Adr. M Recurrentpolyposis/rev ethmoidectomy

Aig; Ph. M Recurrentpolyposis/allergic rhinitis/aspirin intolerance/:metabisulfite intolerance

Mas. Cl F Revision surgery/asthma/aspirin intolerance

Corl. W. M Primary severe nasal polyposis: no asthma: operated in 2013/REAHs

Tri. Fr. M Ethmoidectomy 10 y ago/nasal polyposis/ REAHs

V. Mo F Nasal polyposis /asthma/previous FESS/REAHs X2

Table 2.
Cohort of patients with REAH-like lesions.
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Figure 19.
Comparison of the nasal endoscopy and the histological pattern. The inflammation in the stroma is much more
important than in pure REAHs.

Figure 20.
CT showing a severe nasal polyposis; widening of the olfactory cleft raises suspicion of REAHs.

Figure 21.
Patient with REAHs in the olfactory cleft. She had a standard ethmoidectomy for nasal polyposis. We observe
REAHs in the olfactory cleft. Correlation between CT scan and nasal endoscopy.
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nasal septum and cause blockage of the frontal sinus pathway or even thinning
and erosion of the nasal bones.

Figure 23 show such an exceptional evolution.
MRI can be of some help to rule out other lesions such as encephalocele,

olfactory neuroblastoma, or glioma.
The management of REAHs associated with nasal polyposis must be discussed

case by case.

Figure 22.
Typical CT scan showing the opacity of both olfactory clefts caused by REAHs.

Figure 23.
Same patient with thinning and erosion of the nasal bones (arrows) and opacity of both frontal sinuses.
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A complete sphenoethmoidectomy is usually necessary to manage the recurrent
nasal polyposis.

For the REAHs, debulking or better exenteration of the olfactory cleft must be
considered. But we know that it can be tricky and risky for the skull base with a risk
of CSF leak if the surgery is too aggressive. Resection of the REAHs is usually more
bloody than during a polypectomy.

In the case of frontal opacity caused by REAHs attached to the anterior and
superior septa, a Draf III procedure must be considered.

After surgery medical treatment of the nasal polyposis and asthma remains
absolutely necessary to prevent or delay as much as possible recurrences.

6. Conclusion

REAHs and REAH-like lesions are relatively new clinical entities. Despite
numerous publications they are still underdiagnosed. These lesions are located in
the olfactory clefts. They can be isolated or in association with nasal polyposis
typically in the case of recurrence after FESS.

The clinicians and pathologists must know these lesions. They are usually
benign, but in some cases they are associated to frontal sinus blockage and widening
of the nasal vault; loss of smell is common. The differential diagnosis includes
diseases with more severe morbidities such as inverted papilloma, seromucinous
hamartomas, and low-grade non-intestinal adenocarcinoma.

Histological examination of all the surgical specimens is necessary.
The treatment is dictated by the disease.
The extent of the surgery depends on the type and size of the REAHs and the

associated disease.
It consists of a limited polypectomy or a complete exenteration of the olfactory

cleft associated or not to a full house ethmoidectomy and even a Draf III procedure.
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Chapter 6

Neuro-Olfactory Regulation and 
Salivary Actions: A Coordinated 
Event for Successful Blood-
Feeding Behavior of Mosquitoes
Tanwee Das De and Rajnikant Dixit

Abstract

The synergistic actions of the nongenetic and genetic factors are crucial to shape 
mosquitoes’ feeding behavior. Unlike males, adult female mosquitoes are evolved 
with unique ability to take blood meals from a vertebrate host for reproductive 
success which eventually makes them a potential vector. Processing and integration 
of chemical information in the neuro-olfactory system followed by salivary actions 
facilitate blood meal uptake process. Thus, deciphering the underlying molecular 
mechanism of odor sensing through the detection machinery (olfactory system), 
odor processing and decision-making by decision machinery (brain), and regula-
tion of saliva secretion by the action machinery (salivary gland) is likely to reveal 
molecular pathways which can be targeted to disrupt mosquitoes’ feeding behavior. 
Here we summarize how smart actions of highly specialized neurosensory systems 
guide and manage feeding behavior associated complex events of (i) successful 
navigation to find a suitable host, (ii) making food choice decisions, and (iii) 
regulation of the salivary gland actions in mosquitoes.

Keywords: mosquito, olfaction, brain, feeding decision, salivary gland, host-seeking, 
blood feeding

1. Introduction

Mosquitoes that belong to the order Diptera and Culicidae family account for 
large biomass of insects’ community and are one of the most notorious animals on 
earth which transmit many blood-borne pathogens. It is only the adult female mos-
quitoes which bite on human and other vertebrate hosts to access the blood and thus 
have strong impact on epidemiological consequences. So far about 3540 species of 
mosquitoes have been recognized that are divided into 2 subfamilies and 112 genera 
[1] which are inhabiting throughout the temperate and tropical regions. Anopheles 
species biodiversity and species richness seem to be one of the dominantly evolved 
blood-feeding insect species race on earth, impacting millions of lives through 
transmitting deadliest disease malaria around the globe. In tropical areas, Anopheles 
gambiae, Aedes aegypti, and Culex quinquefasciatus are the most notorious mosquito 
vectors of infectious diseases such as malaria, dengue, and filariasis, respectively. 
The main causative agents of malaria are Plasmodium falciparum and Plasmodium 
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1. Introduction

Mosquitoes that belong to the order Diptera and Culicidae family account for 
large biomass of insects’ community and are one of the most notorious animals on 
earth which transmit many blood-borne pathogens. It is only the adult female mos-
quitoes which bite on human and other vertebrate hosts to access the blood and thus 
have strong impact on epidemiological consequences. So far about 3540 species of 
mosquitoes have been recognized that are divided into 2 subfamilies and 112 genera 
[1] which are inhabiting throughout the temperate and tropical regions. Anopheles 
species biodiversity and species richness seem to be one of the dominantly evolved 
blood-feeding insect species race on earth, impacting millions of lives through 
transmitting deadliest disease malaria around the globe. In tropical areas, Anopheles 
gambiae, Aedes aegypti, and Culex quinquefasciatus are the most notorious mosquito 
vectors of infectious diseases such as malaria, dengue, and filariasis, respectively. 
The main causative agents of malaria are Plasmodium falciparum and Plasmodium 
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vivax which infects millions of people each year, posing a major threat to society [2]. 
Arboviruses, viz. dengue, Zika, chikungunya, and yellow fever viruses, are also sig-
nificant mosquito-borne pathogens that are mainly vectored by Aedes mosquitoes.

The mosquito-borne diseases not only are restricted to underdeveloped coun-
tries but also escalate in the developed world. Urbanization, continuous climate 
change, global warming, and other environmental factors are facilitating mos-
quitoes’ adaptation and survival during adverse situations [3, 4]. Taken together, 
it is not hard to predict the situation of mosquito and other insect-borne diseases 
becoming exacerbate in the coming century [5, 6]. Even the diverse ecological and 
epidemiological settings within Southeast Asia favor the association of diverse 
Anopheline fauna which makes malaria prevalence and malaria eradication more 
challenging. In order to save humans from the mosquito’s infectious bites, advanced 
chemical insecticide(s) still play a central role; however, fast emergence of insecti-
cide resistance and increased toxicants to the environment demands the develop-
ment of new molecular tools. Thus, it is challenging to understand the complex 
biology of mosquitoes which popularize themselves as the most dangerous animals 
on earth (https://www.statista.com/chart/2203/the-worlds-deadliest-animals/).

Disease transmission by mosquitoes is restricted to the blood-feeding behavior of 
adult female mosquitoes which takes blood meal from humans and other vertebrate 
hosts for the completion of their gonotropic cycle. In order to carry out the success-
ful blood-feeding event, the integration of the “olfactory system,” the receiver of the 
chemical/environmental stimuli; the “central nervous system,” the hardware system 
with high processing efficacy; and the “salivary gland,” the output/feedback device 
are obligatory. Here we provide an overview and update the current knowledge on 
how the sensory system of mosquito detects essential chemical information which 
are then processed by the central nervous system for successful navigation and 
stimulate the salivary gland for salivation to facilitate the feeding event.

2. Mosquito feeding behavior

Feeding is a fundamental need of every animal to achieve their optimal growth, 
survival, and reproductive requirements. But the strategy of food intake and the feed-
ing preference largely vary depending on the internal metabolic needs, i.e., whether 
they are starved or satiated; on the internal physiological state, i.e., whether they are 
virgin or mated and gravid or unfed; and also on the external sensory stimuli. In the 
case of mosquitoes, plant sugars such as nectar and honeydew are the primary energy 
source for survival, flight, and foraging activities of both males and females. Only 
adult female mosquitoes take blood meal as an optional dietary supplement, and this 
specialization is predicted to evolve for better fitness [7–9]. Genetic architecture and 
the allelic polymorphism of different mosquito species influence their traits towards 
selection and preference for feeding hosts. Apart from that other internal factors such 
as circadian rhythm and physiological status including nutritional and mating status, 
as well as environmental factors such as temperature and humidity, affect mosquito 
feeding behavior cumulatively [10, 11] (Figure 1).

Each feeding event of mosquitoes is initiated by random navigation from a long 
distance, which becomes specific when triggered by a certain group of chemicals 
such as CO2, lactic acid, 1-Octen-3-Ol, acetone, ammonia, etc. The detection of 
other additional cues such as visual and thermal factors facilitates the downstream 
events of host localization, landing over the host and searching for a suitable site 
for probing by the proboscis to initiate blood-feeding. But, successful navigation 
does not always corroborate with a successful feeding event, because it involves 
another level of regulation of the central nervous system by discriminating the 
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odor molecules and making a decision for either to feed or not. Post landing and 
piercing on a particular site of the vertebrate host, successful uptake of blood meal 
largely depends on the proper functioning of the salivary gland which acts as the 
final action machinery by facilitating the feeding process through salivation. Thus, 
here we provide a detailed integrative description of (1) how mosquitoes detect 

Figure 1. 
Factors affecting mosquitoes’ feeding behavior. The genetic structure, circadian cycle, mating status, internal 
nutritional status, and external environmental factors such as temperature and humidity cumulatively work to 
shape the mosquitoes’ feeding preference toward either sugar meal or blood meal. The internal nutritional status 
is dependent on larval nutrition, the amount of nutrient storage, and the feeding condition of the mosquito, i.e., 
either starved or satiate.

Figure 2. 
The path of signal processing for achieving successful mosquito navigation and feeding. The tripartite inter-
organ communication among three tissues, viz., olfactory tissue, central nervous system (brain), and the 
salivary gland, is crucial for the completion of feeding events. The olfactory tissue (highlighted by purple circle) 
senses and binds to odor molecules emanating from either plant or vertebrate host and sends the respective 
signal towards the brain system (highlighted as yellow circle). After processing the initial signal of odor in the 
central nervous system, the decision-making process occurs, and then the brain sends the signal towards the 
salivary gland (highlighted as red circle), and the process of salivation started to facilitate feeding. Photo credit 
goes to Zwiebel Lab, Vanderbilt University, for the olfactory system of Anopheles mosquito. The salivary gland 
picture was taken from the research article by Ghosh et al. [12].
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and discriminate among odorant molecules through olfactory system, (2) how 
the initial signal of odor is processed in the central nervous system/brain and the 
molecular factors responsible for feeding decision-making process, and (3) how the 
brain influences and regulates distant tissue such as salivary gland for salivation and 
consequently helps in food acquisition (Figure 2).

3. Mosquito navigation

A sophisticated olfactory system of mosquitoes enables them to communicate 
and responds to the diverse array of biological and environmental chemical stimuli 
throughout their life cycle. They use olfactory cues for locating a food source (nectar 
sugar), finding a mate partner, locating oviposition site, and most importantly select-
ing a vertebrate host for blood-feeding. Among these olfactory-guided behaviors, 
searching and locating the desired plant for nectar-feeding involves both visual and 
chemical cues emanating from different plant species [13]. Volatiles such as mono- 
and bicyclic monoterpenes are major floral odors for mosquito attraction, and lighter-
colored plant flowers have an additional benefit for successful sugar feeding [14]. But, 
detection of blood-feeding host requires the integration of olfactory, visual, thermal, 
and humidity cues [15, 16]. The pattern of host-seeking behavior and selection of a 
certain host are strictly species-specific. However, the navigation trajectory of all the 
blood-feeding mosquitoes may have some common events (Figure 3).

a. Female mosquitoes are engaged in random, non-oriented navigation until they 
encounter a plume of host odorants including skin emanates consisting of 
hundreds of chemicals.

b. Random navigation became oriented when a female mosquito detects fluctua-
tion in the carbon dioxide concentration above the atmospheric measurement, 
caused by the addition of ~4% CO2 from human breath. The mosquito then 
follows the trail of odor plume and initiates to fly upwind in a zigzag pattern 
which drives mosquitoes to reach the odor source. The concentration gradient 
of different odorants, initiating from CO2 from long distance (> 10 m), over-
laps with other host odors such as lactic acid and 1-octen-3-ol available at closer 
vicinity, which acts in a synergistic way to make the navigation successful.

Figure 3. 
Mosquito navigation trajectory according to odor plume. The random, non-oriented navigation becomes 
oriented when mosquitoes sense a gradient of different host odors such as CO2, lactic acid, 1-octen-3-ol, etc. 
olfaction along with vision, thermosensation, and hygrosensation facilitates the navigation process and blood 
meal uptake.
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c. When mosquitoes reach in the close vicinity of their potential host through 
olfactory-guided random to specific navigation, the cumulative role of visual 
thermosensors enhances. The compound eyes of mosquitoes enable them to 
visualize a particular host at a distance of 5–10 m by discriminating the light 
intensity and color of the respective host.

d. After host localization, a mosquito must first land over the host for biting. 
Temperature and humidity also play a crucial role in short-range host orienta-
tion and landing. Then, mosquitoes trace a suitable site for probing through 
mechanosensory system. The olfactory appendages labellum and stylets along 
with the peripheral appendages (legs) of mosquitoes finally determine the 
probing site for successful blood meal uptake.

4. Mosquito sensory system and olfactory signal transduction

It is not difficult to admire that the multimodal sensory system of mosquitoes 
is the critical regulator of different behavioral processes and thus has a potential 
impact on disease transmission. In addition, the wide diversity of host preference in 
mosquitoes is governed by the different genetic makeup of individual species which 
has strong epidemiological consequences. Therefore, decoding species-specific 
molecular factors of the mosquitoes’ olfactory system may unravel the mechanism 
of their behavioral plasticity. Two primary components of the chemosensory system 
are the peripheral system where the chemical information is detected and the central 
processing unit where the initial signal of odor is processed. The appendages present 
on the head of the mosquitoes act as the principal detection system, which includes 
paired antennae, paired maxillary palp, and a labium [8, 17]. These peripheral 
appendages are equipped with fine hair-like structures called the sensilla, which 
are distributed nonrandomly across these antennae, maxillary palp, and labium. 
The type and number of sensilla present on the olfactory organ are highly species-
specific [8, 17]. Odorants are thought to penetrate through the numerous pores 
present on the wall of the sensilla and then traverse through the aqueous sensillar 
lymph towards the array of molecular receptors present on the dendrites of olfactory 
receptor neurons (ORNs) [18]. Binding of the diverse odorants with their cognate 
receptors either activates or inhibits the receptors by changing the ORN action 
potential. More than two decades of research on insect olfaction uncover several 
molecular factors that are responsible for odor detection and downstream signal 
transduction processes. These include odorant-binding proteins (OBPs), odorant-
degrading enzymes (ODEs), odorant receptors (ORs), sensory neuron membrane 
proteins (SNMPs), G proteins, arrestins, and other signaling molecules [8].

4.1 Odorant-binding proteins and odorant-degrading enzymes

Odorant molecules are hydrophobic in nature which require cargo to traverse 
through the sensillar lymph to reach the receptor molecules, which are present on 
the dendritic membrane [19–21]. This role is carried out by the odorant-binding 
proteins (OBPs), which act as a passive carrier of the chemical odorant molecules. 
OBPs are water-soluble globular proteins containing six α-helical domains with 
conserved cysteine residues [22]. The number of genes encoding different OBPs 
varied across different mosquito species and is also dependent on the number of 
odorant receptors [22]. The availability of this wide and diverse spectrum of OBPs 
in the insect’s tissues facilitates their rapid adaptation in distinct environment. 
The OBP family broadly includes the pheromone-binding proteins (PBPs) which 
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transport pheromones and different chemosensory proteins (CSPs) which are 
smaller in size but can bind with a broad spectrum of semiochemicals. In mosqui-
toes, the OBP genes are classified in three subfamilies: (i) classic OBPs that carry a 
conserved motif consisting of six cysteine residues; (ii) Plus-C OBPs which contain 
six additional cysteine residues with novel disulfide connectivity along with three 
classic OBP motifs; and (iii) atypical OBPs, the longest OBPs that contain a single 
classic OBP domain in its N-terminal which is extended by a C-terminal extension. 
Among these three subfamilies, Plus-C OBP class is more divergent in nature and 
has only been identified from Diptera Anopheles, Culex, and Drosophila; however, 
Hymenoptera and Lepidoptera did not possess these OBPs. The first OBP of 
mosquito origin was isolated from the antennae of female Culex quinquefasciatus 
(CquiOBP1) in the early twenty-first century [20, 23]. The availability of genome 
sequence of several mosquito species in the public domain facilitates the identifica-
tion and characterization of this large family of OBP genes from different mosquito 
species, for example, the total number of 69 OBPs from A. gambiae, 111 OBPs from 
A. aegypti, 109 OBPs from C. quinquefasciatus, and 63 OBPs in A. culicifacies [20, 
24, 25]. Activation of the chemosensory receptors by odorants also requires timely 
termination and desensitization of peripheral signaling to maintain sensitivity of 
ORN-based signaling [26, 27]. In this process, odorant-degrading enzymes (ODEs), 
particularly several esterases and cytochrome p450s, play a crucial role by terminat-
ing the odor-induced signal transduction processes [28–30].

4.2 Odorant receptors

After the OBPs, the principal molecules in odor detection are odorant receptors 
that convert the chemical signal into electrical outputs and therefore ensure the 
continuous flow of information from the environment to the insect brain [31–33]. 
Within the insect phylum, odorant receptors (Ors) were first identified and char-
acterized from the model insect Drosophila melanogaster, using an intensive bioin-
formatics approach [34, 35]. Insects’ OR proteins consist of seven transmembrane 
domains with inverted topology, where N-terminus is intracellular, as compared 
to mammalian odorant receptors, which are the conventional G protein-coupled 
receptors (GPCR) [36, 37]. Further experimental evidence suggested that mosquito 
ORs act as ligand-gated ion channels comprising of heteromeric complexes of two 
subunits [38, 39]. One subunit is highly conserved and known as olfactory receptor 
co-receptors (Orco), and the other subunit is largely divergent in terms of number 
as well as amino acid sequences (Orx) [31, 40–42]. Pilot studies of the OR gene 
repertoire primarily in Drosophila melanogaster [35] and later in mosquitoes [42, 
43] suggest that despite having a limited number of ORs, mosquitoes can respond 
to an array of varied chemicals depending on the specific demand at different life 
cycle stages [44]. This is possible due to the combinatorial coding mechanism of the 
insect’s olfactory system which increases the perceived odor space of each species. 
Combinatorial coding increases odor sensitivity to several-fold, where each OR can 
respond to multiple ligands and a single ligand can activate more than one OR [45]. 
Moreover, a single odorant can either elicit attractive responses or activate repellent 
pathway depending on their quality and concentration which subsequently deter-
mine insects’ behavior [46, 47].

The number of receptors present in each mosquito species is highly variable, 
e.g., A. gambiae genome contains 79 OR genes, C. quinquefasciatus has 117, and 
A. aegypti possesses 110 OR genes [47]. Among them the receptor protein Or8 is 
predominantly studied in mosquitoes because of its conserved nature and speci-
ficity towards 1-octen-3-ol, which is a crucial component of human sweat [48, 
49]. Deorphanization of other olfactory receptors of mosquitoes was performed 
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using an in vivo heterologous expression system, the “empty neuron” system, 
originally established in the fruit fly Drosophila. The “empty neuron” system is a 
combination of a GAL4 driver line and a mutant ORN line (UAS—“OR gene”) 
where endogenous odorant receptor is missing and thus gives the opportunity to 
express and functionally characterize mosquito olfactory receptor gene repertoire. 
The complexes of both Drosophila and mosquitoes using “empty neuron” model 
indicated that the “odor space” of mosquito and flies is significantly distinct [50, 
51]. Furthermore, over the evolutionary time scale, the sensitivity of a particular 
mosquito OR either increases towards certain predominant hosts or decreases if 
the host odor profile changes [47]. Thus, it is not difficult to predict that ORs have 
evolved with highly sensitive and selective property for the detection of diverse 
odorants which consequently facilitate mosquito adaptation in diverse ecology.

4.3 Other sensory receptors

After detection of a particular odor through synergistic actions of OBPs and 
ORs, mosquitoes use other sensory modalities such as vision, thermosensation, and 
hygrosensation to make the differentiation between biting hosts [15, 47, 50]. For 
visualization, the photoreceptor cells expressing multiple UV-sensitive and long-
wavelength sensitive opsin proteins are responsible for detecting and transmitting 
visual information towards optic lobe (the region of mosquito brain where optic 
information is processed) [52]. But how mosquitoes integrate visual information 
with other cues to differentiate hosts remains unclear. Following visual selection, 
the temperature and humidity are intricately linked to make biting decision [47, 
50]. The thermosensory transient receptor potential (TRP) channel protein present 
on the tips of the antennae of mosquitoes can sense the variation of temperature 
associated with vertebrate skin [53]. For hygrosensory information processing, the 
ionotropic receptors (IRs) are reported to play a crucial role in Drosophila [47]. 
Although the role of IRs in humidity sensing in mosquitoes remains elusive, few 
recent studies highlight their sensitivities against narrow range of odorants such as 
amines and carboxylic acids and thus have potential function in host-seeking [54].

Once the host is located by the harmonious actions of all the sensory modali-
ties, the mosquito first lands over the host and engages in a mission of locating a 
proper site for probing by repeated contacting of the skin with the labellum [50]. 
The gustatory receptors (taste receptors) (GRs), expressing on the labellum and 
the tarsae (the last segment of their legs through which mosquitoes make contact 
with the host), may play a pivotal role in biting behavior of mosquitoes [47, 55]. 
While the functional characterization of mosquito OR genes are of prime focus, a 
significant number of studies reported that the putative gustatory receptors (Gr1, 
Gr3 in A. aegypti and C. quinquefasciatus; Gr22, Gr24 in A. gambiae) of mosquitoes 
are sensitive to CO2 and thus influence host-seeking behavioral activities [47, 50].

4.4 Olfactory signal transduction

The information, i.e., hidden within the odor molecules, are amplified by 
activating the sensory neurons. The activation of a different subset of sensory 
neurons to a different degree is the basis for neuronal coding. When compared with 
the vertebrate OR, the insect’s ORs show a high degree of variation with differ-
ent topologies, which strongly suggest a different signal transduction mechanism 
[8]. Some previous studies highlight that olfactory signal transduction in insects 
involving a ligand-gated ion channel that is formed by the hetero-dimerization of 
diverse odorant receptor and its co-receptors [27]. This fast ionotropic response 
does not postulate the involvement of any G proteins and any intracellular second 
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conserved motif consisting of six cysteine residues; (ii) Plus-C OBPs which contain 
six additional cysteine residues with novel disulfide connectivity along with three 
classic OBP motifs; and (iii) atypical OBPs, the longest OBPs that contain a single 
classic OBP domain in its N-terminal which is extended by a C-terminal extension. 
Among these three subfamilies, Plus-C OBP class is more divergent in nature and 
has only been identified from Diptera Anopheles, Culex, and Drosophila; however, 
Hymenoptera and Lepidoptera did not possess these OBPs. The first OBP of 
mosquito origin was isolated from the antennae of female Culex quinquefasciatus 
(CquiOBP1) in the early twenty-first century [20, 23]. The availability of genome 
sequence of several mosquito species in the public domain facilitates the identifica-
tion and characterization of this large family of OBP genes from different mosquito 
species, for example, the total number of 69 OBPs from A. gambiae, 111 OBPs from 
A. aegypti, 109 OBPs from C. quinquefasciatus, and 63 OBPs in A. culicifacies [20, 
24, 25]. Activation of the chemosensory receptors by odorants also requires timely 
termination and desensitization of peripheral signaling to maintain sensitivity of 
ORN-based signaling [26, 27]. In this process, odorant-degrading enzymes (ODEs), 
particularly several esterases and cytochrome p450s, play a crucial role by terminat-
ing the odor-induced signal transduction processes [28–30].

4.2 Odorant receptors

After the OBPs, the principal molecules in odor detection are odorant receptors 
that convert the chemical signal into electrical outputs and therefore ensure the 
continuous flow of information from the environment to the insect brain [31–33]. 
Within the insect phylum, odorant receptors (Ors) were first identified and char-
acterized from the model insect Drosophila melanogaster, using an intensive bioin-
formatics approach [34, 35]. Insects’ OR proteins consist of seven transmembrane 
domains with inverted topology, where N-terminus is intracellular, as compared 
to mammalian odorant receptors, which are the conventional G protein-coupled 
receptors (GPCR) [36, 37]. Further experimental evidence suggested that mosquito 
ORs act as ligand-gated ion channels comprising of heteromeric complexes of two 
subunits [38, 39]. One subunit is highly conserved and known as olfactory receptor 
co-receptors (Orco), and the other subunit is largely divergent in terms of number 
as well as amino acid sequences (Orx) [31, 40–42]. Pilot studies of the OR gene 
repertoire primarily in Drosophila melanogaster [35] and later in mosquitoes [42, 
43] suggest that despite having a limited number of ORs, mosquitoes can respond 
to an array of varied chemicals depending on the specific demand at different life 
cycle stages [44]. This is possible due to the combinatorial coding mechanism of the 
insect’s olfactory system which increases the perceived odor space of each species. 
Combinatorial coding increases odor sensitivity to several-fold, where each OR can 
respond to multiple ligands and a single ligand can activate more than one OR [45]. 
Moreover, a single odorant can either elicit attractive responses or activate repellent 
pathway depending on their quality and concentration which subsequently deter-
mine insects’ behavior [46, 47].

The number of receptors present in each mosquito species is highly variable, 
e.g., A. gambiae genome contains 79 OR genes, C. quinquefasciatus has 117, and 
A. aegypti possesses 110 OR genes [47]. Among them the receptor protein Or8 is 
predominantly studied in mosquitoes because of its conserved nature and speci-
ficity towards 1-octen-3-ol, which is a crucial component of human sweat [48, 
49]. Deorphanization of other olfactory receptors of mosquitoes was performed 
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using an in vivo heterologous expression system, the “empty neuron” system, 
originally established in the fruit fly Drosophila. The “empty neuron” system is a 
combination of a GAL4 driver line and a mutant ORN line (UAS—“OR gene”) 
where endogenous odorant receptor is missing and thus gives the opportunity to 
express and functionally characterize mosquito olfactory receptor gene repertoire. 
The complexes of both Drosophila and mosquitoes using “empty neuron” model 
indicated that the “odor space” of mosquito and flies is significantly distinct [50, 
51]. Furthermore, over the evolutionary time scale, the sensitivity of a particular 
mosquito OR either increases towards certain predominant hosts or decreases if 
the host odor profile changes [47]. Thus, it is not difficult to predict that ORs have 
evolved with highly sensitive and selective property for the detection of diverse 
odorants which consequently facilitate mosquito adaptation in diverse ecology.

4.3 Other sensory receptors

After detection of a particular odor through synergistic actions of OBPs and 
ORs, mosquitoes use other sensory modalities such as vision, thermosensation, and 
hygrosensation to make the differentiation between biting hosts [15, 47, 50]. For 
visualization, the photoreceptor cells expressing multiple UV-sensitive and long-
wavelength sensitive opsin proteins are responsible for detecting and transmitting 
visual information towards optic lobe (the region of mosquito brain where optic 
information is processed) [52]. But how mosquitoes integrate visual information 
with other cues to differentiate hosts remains unclear. Following visual selection, 
the temperature and humidity are intricately linked to make biting decision [47, 
50]. The thermosensory transient receptor potential (TRP) channel protein present 
on the tips of the antennae of mosquitoes can sense the variation of temperature 
associated with vertebrate skin [53]. For hygrosensory information processing, the 
ionotropic receptors (IRs) are reported to play a crucial role in Drosophila [47]. 
Although the role of IRs in humidity sensing in mosquitoes remains elusive, few 
recent studies highlight their sensitivities against narrow range of odorants such as 
amines and carboxylic acids and thus have potential function in host-seeking [54].

Once the host is located by the harmonious actions of all the sensory modali-
ties, the mosquito first lands over the host and engages in a mission of locating a 
proper site for probing by repeated contacting of the skin with the labellum [50]. 
The gustatory receptors (taste receptors) (GRs), expressing on the labellum and 
the tarsae (the last segment of their legs through which mosquitoes make contact 
with the host), may play a pivotal role in biting behavior of mosquitoes [47, 55]. 
While the functional characterization of mosquito OR genes are of prime focus, a 
significant number of studies reported that the putative gustatory receptors (Gr1, 
Gr3 in A. aegypti and C. quinquefasciatus; Gr22, Gr24 in A. gambiae) of mosquitoes 
are sensitive to CO2 and thus influence host-seeking behavioral activities [47, 50].

4.4 Olfactory signal transduction

The information, i.e., hidden within the odor molecules, are amplified by 
activating the sensory neurons. The activation of a different subset of sensory 
neurons to a different degree is the basis for neuronal coding. When compared with 
the vertebrate OR, the insect’s ORs show a high degree of variation with differ-
ent topologies, which strongly suggest a different signal transduction mechanism 
[8]. Some previous studies highlight that olfactory signal transduction in insects 
involving a ligand-gated ion channel that is formed by the hetero-dimerization of 
diverse odorant receptor and its co-receptors [27]. This fast ionotropic response 
does not postulate the involvement of any G proteins and any intracellular second 
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messengers. In contrast, another study indicated the entanglement of G protein 
and the synthesis of cAMP, IP3, and other secondary messengers that consequently 
induce the downstream effector enzymes and also affect the membrane potential 
through activating the co-receptor protein [27, 56]. The resultant change in the 
membrane potential/permeability by either process causes the generation and 
propagation of action potentials along the ORN axon membrane towards the 
antennal lobes. In contrast to the rapid ionotropic pathway, the G protein-mediated 
metabotropic pathway is slower. However, it plays an important role when the 
odor cues are present in lower concentration, whereas high concentration directly 
involves the ionotropic pathway [8, 27, 57].

5. The decision-making unit: the brain

The discrimination and integration among the odor molecules and the exchange 
of electrochemical information consequently influence the neuronal decision-making 
abilities of the brain system [58]. When an animal is given preference for food, several 
decisions can be made such as whether to eat or not, what to eat, and when to eat, 
which not only depends on the internal physiological condition but also relies on the 
biological clock of the respective animal. In the case of mosquito species, making a 
choice among the different available foods requires a fine-tuning of the nasal system 
and strong integration of the decision-making machinery. The availability of diverse 
nature of blood-feeding hosts not only makes the decision-making process more 
complex but also has an impact on mosquito survival, fitness, and fecundity [59].

5.1 Structural basis of signal processing

The knowledge about insect olfactory coding is strongly rooted in the fruit fly 
Drosophila melanogaster. Over the last two decades, the cellular and molecular bases 
of Drosophila olfaction have been studied well with the assistance of varied genetic 
tools. The three milestones of olfaction have been documented comprehensively  
in the fruit fly on how odor information is received, concatenated, and processed by 
the peripheral and central nervous systems, respectively [60, 61]. Apart from that, 
“the parallel olfactory processing” and “feature detection” mechanism has also been 
unlocked in honey bee brain and sphinx moth, respectively [62–64]. Several studies 
on Drosophila and other insects (Manduca sexta and Bombyx mori) suggested that 
the primary brain structures responsible for receiving initial information of odor are 
the antennal lobes (ALs) [62, 63, 65, 66]. These antennal lobes consist of a specific 
number of spherical condensed neuropil structures, which are known as glomeruli. 
Depending on the nature and sex of the insect species, the number of glomeruli 
varied between 50 and 200, whereas each respective species possess the same num-
ber of glomeruli having identical features (shape, size, location) [67, 68]. Olfactory 
receptor neurons that express a particular type of receptor on their dendrites project 
their axons into the same glomerulus [8, 45, 67, 69]. Furthermore, each glomerulus 
is housed with the arms of the local interneurons (LNs) and the dendrites of the pro-
jection neurons (PNs) [69]. Thus, within the antennal lobe, a synaptic connection is 
formed between olfactory receptor neurons and antennal lobe interneurons. From 
the antennal lobe, the olfactory information is transmitted to a higher brain center 
by the projection neurons [8, 69, 70] (Figure 4). Horizontal innervation of the local 
interneurons within the glomerulus facilitates interglomerular communication. The 
primary neurotransmitter found to communicate between local interneurons is the 
gamma-aminobutyric acid (GABA) which facilitates the generation of Na+-mediated 
action potential in response to olfactory stimulation [8].
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Vertically arranged distinct fiber tract of the projection neurons connects the 
ALs to the higher brain centers such as calyces of the mushroom body and the 
lateral horn of the protocerebrum [8], where olfactory information is integrated 
with other sensory cues. The cell bodies of the PNs are located at the periphery of 
the antennal lobe glomeruli and their axons spread in the higher brain center. The 
branching pattern of PNs is either uniglomerular or multiglomerular [69]. The 
functional characterization of odor coding properties of individual ORN target-
ing each glomerulus revealed the existence of strong sexual dimorphism between 
male and female AL glomeruli which lead to a highly specialized odorant response 
towards general odorants and sex pheromones. PN odor response is not identical to 
the ORN odor response. The majority of the PNs are broadly tuned with respect to 
the general odors and send their dendritic arbor into the ordinary glomeruli (OG) 
(both uniglomerular and multiglomerular) which respond vigorously during the 
odor onset [69, 70]. This results from the high convergence of ORNs expressing 
the same odorant receptor into a single glomerulus. Generally, ORNs project its 
axon into a particular glomerulus, and PNs receive input from all of the ORN axons 
entering into that cognate glomerulus. As a result, the signal gets amplified many 
folds which makes the PNs very sensitive to small changes in the presynaptic ORN 
input. But the PNs associated with sex pheromone target different regions of the 
lateral horn in a sexually dimorphic manner, and thus the same pheromone elicits 
distinct behavior in males and females [32, 68, 71]. Most of the ORNs to PN syn-
apses are cholinergic, and PNs respond more strongly to the fluctuating amount of 

Figure 4. 
Schematic presentation of flow of odor signals from the environment to the central nervous system. Odor 
molecules of diverse nature (highlighted as multicolored small circle) bind to their respective receptors present 
on the olfactory receptor neurons of antennae of mosquitoes. Then the initial signal of odor is transmitted to 
the antennal lobe (AL), and from the AL the signal is transmitted to higher brain centers, i.e., mushroom body 
(MB) and lateral horn (LH) for signal processing and decision-making. The red arrow indicates the path of 
signal flow.
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messengers. In contrast, another study indicated the entanglement of G protein 
and the synthesis of cAMP, IP3, and other secondary messengers that consequently 
induce the downstream effector enzymes and also affect the membrane potential 
through activating the co-receptor protein [27, 56]. The resultant change in the 
membrane potential/permeability by either process causes the generation and 
propagation of action potentials along the ORN axon membrane towards the 
antennal lobes. In contrast to the rapid ionotropic pathway, the G protein-mediated 
metabotropic pathway is slower. However, it plays an important role when the 
odor cues are present in lower concentration, whereas high concentration directly 
involves the ionotropic pathway [8, 27, 57].

5. The decision-making unit: the brain

The discrimination and integration among the odor molecules and the exchange 
of electrochemical information consequently influence the neuronal decision-making 
abilities of the brain system [58]. When an animal is given preference for food, several 
decisions can be made such as whether to eat or not, what to eat, and when to eat, 
which not only depends on the internal physiological condition but also relies on the 
biological clock of the respective animal. In the case of mosquito species, making a 
choice among the different available foods requires a fine-tuning of the nasal system 
and strong integration of the decision-making machinery. The availability of diverse 
nature of blood-feeding hosts not only makes the decision-making process more 
complex but also has an impact on mosquito survival, fitness, and fecundity [59].

5.1 Structural basis of signal processing

The knowledge about insect olfactory coding is strongly rooted in the fruit fly 
Drosophila melanogaster. Over the last two decades, the cellular and molecular bases 
of Drosophila olfaction have been studied well with the assistance of varied genetic 
tools. The three milestones of olfaction have been documented comprehensively  
in the fruit fly on how odor information is received, concatenated, and processed by 
the peripheral and central nervous systems, respectively [60, 61]. Apart from that, 
“the parallel olfactory processing” and “feature detection” mechanism has also been 
unlocked in honey bee brain and sphinx moth, respectively [62–64]. Several studies 
on Drosophila and other insects (Manduca sexta and Bombyx mori) suggested that 
the primary brain structures responsible for receiving initial information of odor are 
the antennal lobes (ALs) [62, 63, 65, 66]. These antennal lobes consist of a specific 
number of spherical condensed neuropil structures, which are known as glomeruli. 
Depending on the nature and sex of the insect species, the number of glomeruli 
varied between 50 and 200, whereas each respective species possess the same num-
ber of glomeruli having identical features (shape, size, location) [67, 68]. Olfactory 
receptor neurons that express a particular type of receptor on their dendrites project 
their axons into the same glomerulus [8, 45, 67, 69]. Furthermore, each glomerulus 
is housed with the arms of the local interneurons (LNs) and the dendrites of the pro-
jection neurons (PNs) [69]. Thus, within the antennal lobe, a synaptic connection is 
formed between olfactory receptor neurons and antennal lobe interneurons. From 
the antennal lobe, the olfactory information is transmitted to a higher brain center 
by the projection neurons [8, 69, 70] (Figure 4). Horizontal innervation of the local 
interneurons within the glomerulus facilitates interglomerular communication. The 
primary neurotransmitter found to communicate between local interneurons is the 
gamma-aminobutyric acid (GABA) which facilitates the generation of Na+-mediated 
action potential in response to olfactory stimulation [8].
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lateral horn of the protocerebrum [8], where olfactory information is integrated 
with other sensory cues. The cell bodies of the PNs are located at the periphery of 
the antennal lobe glomeruli and their axons spread in the higher brain center. The 
branching pattern of PNs is either uniglomerular or multiglomerular [69]. The 
functional characterization of odor coding properties of individual ORN target-
ing each glomerulus revealed the existence of strong sexual dimorphism between 
male and female AL glomeruli which lead to a highly specialized odorant response 
towards general odorants and sex pheromones. PN odor response is not identical to 
the ORN odor response. The majority of the PNs are broadly tuned with respect to 
the general odors and send their dendritic arbor into the ordinary glomeruli (OG) 
(both uniglomerular and multiglomerular) which respond vigorously during the 
odor onset [69, 70]. This results from the high convergence of ORNs expressing 
the same odorant receptor into a single glomerulus. Generally, ORNs project its 
axon into a particular glomerulus, and PNs receive input from all of the ORN axons 
entering into that cognate glomerulus. As a result, the signal gets amplified many 
folds which makes the PNs very sensitive to small changes in the presynaptic ORN 
input. But the PNs associated with sex pheromone target different regions of the 
lateral horn in a sexually dimorphic manner, and thus the same pheromone elicits 
distinct behavior in males and females [32, 68, 71]. Most of the ORNs to PN syn-
apses are cholinergic, and PNs respond more strongly to the fluctuating amount of 
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molecules of diverse nature (highlighted as multicolored small circle) bind to their respective receptors present 
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odors in the odor plume [8, 32, 68]. Next, the PNs form synaptic connections with 
Kenyon cells, neurons of the protocerebrum, and mushroom bodies. Odor informa-
tion from multiple glomeruli finally merges into narrowly tuned Kenyon cells which 
affect memory formation [65].

Despite the knowledge about the neuronal firing path during odor transmission, 
a pilot question arises in mosquito neurobiology on how discrete sensory inputs 
integrate and translate into varied behavior. An in-depth understanding of the neu-
ronal circuitry involved in olfactory signaling and decision-making in mosquitoes is 
limited due to the absence of established neurogenetic methods. A recent study by 
Olena Riabinina et al. suggested that an integration of the olfactory and gustatory 
signals commenced within the antennal lobe and subesophageal zone of the brain, 
respectively [72]. Furthermore, Clement Vinauger et al. reported that despite hav-
ing a synergistic effect during mosquito navigation, the visual and odor modulation 
is asymmetric and processed by distinct loci of the brain, where olfaction always 
works preceding to visual selection. But detailed understanding of the molecular 
and neurophysiological bases of mosquito olfactory behaviors and crucial decision-
making events in the brain needs further research.

5.2 Molecular physiology of neuronal signal processing

Mosquitoes are well known for their plasticity in host preference. The selection 
of host species for blood meal uptake is skewed depending on the availability of the 
preferred host, the quality of blood meal, and the defensive behavior of the host. 
Apart from the neuronal firing and neurotransmitter-mediated signal transmis-
sion, the molecular factors of the brain are shown to play a crucial role in olfactory 
learning, neuronal decision-making, and memory formation in insects [73, 74]. 
The diverse neuromodulators that include neurotransmitters, neuropeptides, 
neurohormones, and biogenic amines facilitate the nervous system to transduce 
varied signals and thus enable the insects to manage the complex behavioral events 
with amazing accuracy [8, 11]. Neurotransmitters are the primary and potent 
neurochemicals that make synaptic connections between neurons and thus relay 
information from presynaptic cells to postsynaptic cells. The crucial neurotransmit-
ters in the insect chemosensory system are acetylcholine, gamma-aminobutyric 
acid (GABA), and nitrous oxide (NO) [17, 75, 76]. Our ongoing study has shown 
that blood meal intake causes dynamic changes in the neurotransmitter abundance 
within the brain, suggesting their possible contribution in cognition and food-
associated memory formation in adult female mosquitoes [77]. Furthermore, we 
also showed that the gut of the mosquitoes also can synthesize neurotransmitters 
and play a crucial role in gut-brain-axis communication during metabolic switch 
(sugar-fed condition to blood-fed condition) and thus modulate neuronal decision-
making process [77].

Neuromodulators include the neuropeptide and biogenic amines, which have 
an intense effect on mosquito chemosensation, feeding, social behavior, circadian 
rhythm, and also maintenance of general physiological homeostasis [11, 17, 78–81]. 
Usually, these neuromodulators are produced by the specialized neurosecretory 
cells and released into the local vicinity of the brain circuits and in the hemo-
lymph. Both neuropeptides and biogenic amines modulate the response through G 
protein-coupled receptor signaling pathway [11, 79]. Two important amine neuro-
modulators are dopamine and serotonin which are found to modulate mosquitoes’ 
learning and memory response. The immunoreactive neurons of serotonin and 
dopamine innervate all the glomeruli of AL and higher brain regions such as lateral 
horn and mushroom body, indicating their role in memory formation [73]. Apart 
from the biogenic amines, 28 neuropeptides have been predicted from the genome 
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database of Aedes aegypti through the bioinformatics approach [82]. Among them, 
short neuropeptide F (sNPF) was found to play a crucial role in mosquito feeding 
and inhibition of host-seeking behavior following blood feeding [83, 84]. Recent 
studies provide contrasting evidence that either sNPF is synthesized from male 
accessory gland and transferred to the female during mating or female’s own sNPF 
titer is increased in the hemolymph after consumption of blood meal significantly 
and reduces host-seeking behavior in adult females. While the functions of dif-
ferent neurohormones have been studied in many insects, functional studies in 
mosquitoes are limited. The wide distribution of peptide hormones throughout the 
mosquito body from the neurosecretory cells of the brain (corpora allata, corpus 
cardiacum) to the endocrine cells of the gut enable them to perform diverse func-
tion in mosquito physiology such as (1) regulation of metabolism, (2) maintenance 
of physiological homeostasis, (3) metamorphosis and eclosion, (4) osmoregula-
tion, and (5) regulation of vitellogenesis and gonotropic cycle [11]. Table 1 sum-
marizes the name of peptide hormones in mosquitoes and their possible functions.

6. The action machinery: salivary gland

A successful feeding event of mosquitoes is regulated by the synchronized 
action of mosquito navigation and food choice decision which finally tuned 

Sl. no. Peptide hormone name Function

1. Adipokinetic hormone Mobilizes stored carbohydrate

2. Allatostatin A and C Regulate juvenile hormone biosynthesis and gut motility

3. Allatotropin Stimulates juvenile hormone biosynthesis

4. CCHamide 1 A nutrient-responsive hormone in Drosophila but function not 
known in mosquitoes

5. Corazonin Cardioactive peptide

6. Diuretic hormone Myotropic activity, regulation of Malpighian tubule for fluid 
secretion, osmoregulation, and diuresis

7. Ecdysis triggering hormone Trigger ecdysis during larval and pupal molting

8. Eclosion hormone Function not known in mosquitoes

9. FMRFamide Heart contraction

10. Insulin-like peptide Elevate carbohydrate and lipid storage, female reproduction, 
vitellogenesis, hemocyte differentiation, blood meal digestion

11. Leukokinin Diuresis

12. Neuropeptide F Inhibition of anterior midgut peristalsis in larval stage

13. Ovary ecdysteroidogenic 
hormone

Induces ecdysone production and egg development

14. Prothoracicotropic hormone Regulates metamorphosis

15. Pyrokinin Regulation of diuresis

16. Short neuropeptide F Regulation of host-seeking behavior

17. Sulfakinin Function not known in mosquitoes

18. Tachykinin Function not known in mosquitoes

Table 1. 
List of peptide hormones and their possible functions.
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odors in the odor plume [8, 32, 68]. Next, the PNs form synaptic connections with 
Kenyon cells, neurons of the protocerebrum, and mushroom bodies. Odor informa-
tion from multiple glomeruli finally merges into narrowly tuned Kenyon cells which 
affect memory formation [65].

Despite the knowledge about the neuronal firing path during odor transmission, 
a pilot question arises in mosquito neurobiology on how discrete sensory inputs 
integrate and translate into varied behavior. An in-depth understanding of the neu-
ronal circuitry involved in olfactory signaling and decision-making in mosquitoes is 
limited due to the absence of established neurogenetic methods. A recent study by 
Olena Riabinina et al. suggested that an integration of the olfactory and gustatory 
signals commenced within the antennal lobe and subesophageal zone of the brain, 
respectively [72]. Furthermore, Clement Vinauger et al. reported that despite hav-
ing a synergistic effect during mosquito navigation, the visual and odor modulation 
is asymmetric and processed by distinct loci of the brain, where olfaction always 
works preceding to visual selection. But detailed understanding of the molecular 
and neurophysiological bases of mosquito olfactory behaviors and crucial decision-
making events in the brain needs further research.

5.2 Molecular physiology of neuronal signal processing

Mosquitoes are well known for their plasticity in host preference. The selection 
of host species for blood meal uptake is skewed depending on the availability of the 
preferred host, the quality of blood meal, and the defensive behavior of the host. 
Apart from the neuronal firing and neurotransmitter-mediated signal transmis-
sion, the molecular factors of the brain are shown to play a crucial role in olfactory 
learning, neuronal decision-making, and memory formation in insects [73, 74]. 
The diverse neuromodulators that include neurotransmitters, neuropeptides, 
neurohormones, and biogenic amines facilitate the nervous system to transduce 
varied signals and thus enable the insects to manage the complex behavioral events 
with amazing accuracy [8, 11]. Neurotransmitters are the primary and potent 
neurochemicals that make synaptic connections between neurons and thus relay 
information from presynaptic cells to postsynaptic cells. The crucial neurotransmit-
ters in the insect chemosensory system are acetylcholine, gamma-aminobutyric 
acid (GABA), and nitrous oxide (NO) [17, 75, 76]. Our ongoing study has shown 
that blood meal intake causes dynamic changes in the neurotransmitter abundance 
within the brain, suggesting their possible contribution in cognition and food-
associated memory formation in adult female mosquitoes [77]. Furthermore, we 
also showed that the gut of the mosquitoes also can synthesize neurotransmitters 
and play a crucial role in gut-brain-axis communication during metabolic switch 
(sugar-fed condition to blood-fed condition) and thus modulate neuronal decision-
making process [77].

Neuromodulators include the neuropeptide and biogenic amines, which have 
an intense effect on mosquito chemosensation, feeding, social behavior, circadian 
rhythm, and also maintenance of general physiological homeostasis [11, 17, 78–81]. 
Usually, these neuromodulators are produced by the specialized neurosecretory 
cells and released into the local vicinity of the brain circuits and in the hemo-
lymph. Both neuropeptides and biogenic amines modulate the response through G 
protein-coupled receptor signaling pathway [11, 79]. Two important amine neuro-
modulators are dopamine and serotonin which are found to modulate mosquitoes’ 
learning and memory response. The immunoreactive neurons of serotonin and 
dopamine innervate all the glomeruli of AL and higher brain regions such as lateral 
horn and mushroom body, indicating their role in memory formation [73]. Apart 
from the biogenic amines, 28 neuropeptides have been predicted from the genome 
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database of Aedes aegypti through the bioinformatics approach [82]. Among them, 
short neuropeptide F (sNPF) was found to play a crucial role in mosquito feeding 
and inhibition of host-seeking behavior following blood feeding [83, 84]. Recent 
studies provide contrasting evidence that either sNPF is synthesized from male 
accessory gland and transferred to the female during mating or female’s own sNPF 
titer is increased in the hemolymph after consumption of blood meal significantly 
and reduces host-seeking behavior in adult females. While the functions of dif-
ferent neurohormones have been studied in many insects, functional studies in 
mosquitoes are limited. The wide distribution of peptide hormones throughout the 
mosquito body from the neurosecretory cells of the brain (corpora allata, corpus 
cardiacum) to the endocrine cells of the gut enable them to perform diverse func-
tion in mosquito physiology such as (1) regulation of metabolism, (2) maintenance 
of physiological homeostasis, (3) metamorphosis and eclosion, (4) osmoregula-
tion, and (5) regulation of vitellogenesis and gonotropic cycle [11]. Table 1 sum-
marizes the name of peptide hormones in mosquitoes and their possible functions.

6. The action machinery: salivary gland

A successful feeding event of mosquitoes is regulated by the synchronized 
action of mosquito navigation and food choice decision which finally tuned 

Sl. no. Peptide hormone name Function

1. Adipokinetic hormone Mobilizes stored carbohydrate

2. Allatostatin A and C Regulate juvenile hormone biosynthesis and gut motility

3. Allatotropin Stimulates juvenile hormone biosynthesis

4. CCHamide 1 A nutrient-responsive hormone in Drosophila but function not 
known in mosquitoes

5. Corazonin Cardioactive peptide

6. Diuretic hormone Myotropic activity, regulation of Malpighian tubule for fluid 
secretion, osmoregulation, and diuresis

7. Ecdysis triggering hormone Trigger ecdysis during larval and pupal molting

8. Eclosion hormone Function not known in mosquitoes

9. FMRFamide Heart contraction

10. Insulin-like peptide Elevate carbohydrate and lipid storage, female reproduction, 
vitellogenesis, hemocyte differentiation, blood meal digestion

11. Leukokinin Diuresis

12. Neuropeptide F Inhibition of anterior midgut peristalsis in larval stage

13. Ovary ecdysteroidogenic 
hormone

Induces ecdysone production and egg development

14. Prothoracicotropic hormone Regulates metamorphosis

15. Pyrokinin Regulation of diuresis

16. Short neuropeptide F Regulation of host-seeking behavior

17. Sulfakinin Function not known in mosquitoes

18. Tachykinin Function not known in mosquitoes

Table 1. 
List of peptide hormones and their possible functions.
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with the salivary gland action for successful food uptake. The endocrine system 
of the salivary gland induces saliva secretion that gets mixed with foods and 
facilitates the food intake [85]. Mosquitoes have paired salivary glands in their 
thorax which is flanking in the esophagus. During sugar feeding saliva is mixed 
with the sugar, and the mixture enters into the crop where digestion com-
menced. During blood meal ingestion, salivary gland secretions serve in blood 
vessel localization [86]. The hemostatic and immune factor of the vertebrate 
host makes the blood meal uptake process challenging for mosquitoes [86]. 
Thus, salivary glands of mosquitoes are evolved and adapted with a unique 
ability to serve the leading function during blood meal ingestion by providing 
secretory salivary factors such as vasodilators, anticoagulant, antihistamines, 
etc. [86, 87]. Furthermore, salivary gland components not only support mos-
quitoes to overcome host homeostasis and defense response but also serve as 
the primary route for parasite transmission and maintenance of disease cycle 
[86, 88]. Due to the involvement of salivary gland in malaria transmission, 
most of the previous studies are restricted to the role of salivary gland in blood 
feeding and pathogen survival [89]. A recent study by Sharma et al. showed 
that salivary gland has a distinguished ability of gene expression switching to 
manage the meal-specific (sugar vs. blood meal) molecular responses [90]. But, 
our understanding of the regulatory mechanism of the neuro-olfactory system 
modulating salivary gland cocktail composition depending on the type of food 
is still in infancy.

6.1 Mosquito sialome leads to feeding success

To feed on a vertebrate host, the arthropods are required to overcome a series of 
obstacles [86]. The saliva produced by the hematophagous insects contains bioac-
tive molecules that counteract host defense [91]. Mosquitoes are reported to feed 
on arterioles and venules rather than capillaries, and they often probe multiple 
times at different sites to find a suitable site for feeding [86]. Initiation of feeding 
induces hemostatic cascade within the host including the platelet aggregation 
followed by collagen interaction with ADP which supports the blood coagulation 
pathway [87, 92]. The presence of secretory apyrase enzyme in the salivary gland 
of blood-feeding arthropods inhibits platelet aggregation by hydrolyzing ATP and 
ADP into AMP and inorganic phosphate [93]. Vasoconstriction is a common phe-
nomenon following laceration of blood vessels due to insect bite to minimize blood 
flow and hence loss of blood [87]. The hematophagous insects, including Aedes 
aegypti mosquito saliva, contain sialokinins which act as a vasodilatory molecule 
by stimulating nitric oxide (NO) production by the endothelial cells via cGMP 
induction [87, 94, 95]. Except apyrase and sialokinin, salivary specific D7 family 
proteins have been implicated to function as a scavenger molecule of serotonin, 
histamine, and norepinephrine and antagonize their vasoconstrictor, platelet-
aggregating, and pain-inducing properties [94, 96]. Salivary peroxidases are well 
known for their potent function as a vasodilator, as it might act as a hydrogen 
peroxide-dependent destructor of serotonin and noradrenaline [97]. Furthermore, 
the secretory anophelin protein is reported to inhibit thrombin activity and 
collagen sequestration and hence delay platelet aggregation [98]. An additional 
challenge arises from the immune components of the blood meal itself which have 
been generated during previous exposure of mosquito bites [86]. Thus, successful 
blood feeding is dependent on the evolution of salivary composition possessing 
anti-immune molecules to suppress the action of host immune factors. Antitumor 
necrosis factor in female salivary glands is one of the crucial molecule that may 
play anti-immune function in hematophagous insects [86].
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6.2 Neurological control over salivation

The experimental evidence about the classical conditioning of salivation in dogs 
was demonstrated by Pavlov in the early nineteenth century [99, 100]. By defini-
tion, classical conditioning refers to the learning procedure where a conditioned 
stimulus (CS), for example, the sound of a bell, is paired with an unconditioned 
stimulus (US), such as food which eventually triggers salivation [100], although 
secretion of saliva is obligatory to facilitate feeding for majority of animals from 
invertebrates to vertebrates. However, the knowledge of classical conditioning of 
salivation is restricted to mammals and invertebrate cockroaches [99]. The salivary 
gland and the saliva make the bridge that joins the mosquito vectors, parasite, and 
the host together by facilitating blood meal uptake and parasite transmission [86]. 
But, the cellular and molecular mechanisms underlying the classical conditioning 
of salivation in mosquitoes remain unknown. Considering the finicky host-seeking 
behavior of mosquitoes and their preference towards a certain host [47], it can be 
hypothesized that mosquitoes can learn during the repeated exposure of condi-
tioned stimulus such as host odor and unconditioned stimulus, which is a reward of 
blood meal [47]. Reward may be appetitive when mosquitoes get benefited from the 
blood meal or aversive if mosquitoes experience any kind of host defensive behavior 
[47]. Thus, it can be speculated that mosquitoes should exhibit classical condition-
ing of salivation, i.e., increase saliva secretion which is tightly regulated by the 
neuro-olfactory system (Figure 5).

Our knowledge about control of insects’ salivary secretion is limited to cock-
roaches, locusts, and blowflies, where neuronal innervation of the salivary gland 
or neuro-hormonal regulation was reported to play a significant role in salivation 
[101, 102]. Insects’ salivary glands are innervated with nerves that are originated 
from different sources of the central nervous system [102]. Stomatogastric ner-
vous system projects its nerves in the salivary gland of Manduca sexta [103]. The 
salivary gland of cockroaches (Periplaneta americana) is innervated with nerves 
that are projected from both the stomatogastric system and the subesophageal 
ganglion [102, 104, 105]. An exception to that is that the blowfly salivary glands 
are not innervated, but the salivary secretion is regulated by the secretion of the 
biogenic amine serotonin [102, 106]. Gustatory stimulation leads to the release of 

Figure 5. 
Graphical illustration of conditioning of salivation in mosquitoes. Mosquitoes navigate towards vertebrate host 
through olfaction when they sense the odor plume emanating from the host (both appetitive and defensive). 
Olfaction also induces the salivary secretion (conditioning of salivation) with the aim to facilitate blood meal 
uptake. But the host’s defensive behavior interrupts successful encountering of the mosquito with the host (red-
colored human), which mosquitoes can memorize, and during consecutive exposure they probably restrict the 
salivation process to avoid the respective host, whereas mosquitoes get a reward from the appetitive host through 
successful blood-feeding without any interference. This positive memory along with olfaction further empowers 
the navigation process by induction of salivation.
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the navigation process by induction of salivation.
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Figure 6. 
The tripartite communication of three tissues [olfactory tissue (OLF), central nervous system (CNS)/brain, 
and salivary gland (SG)] for successful feeding. The left picture showed the flow of signal from odor response 
to salivary action, which is indicated by the downward arrows. The right picture is the detailed representation 
of the left one. Primarily, odorants bind with their cognate receptors, present on the dendritic membrane of 
the olfactory receptor neurons (ORNs). Odor binding initiates the downstream signal transduction procedure, 
which includes the synthesis of either the second messengers (cAMP, IP3) or change in the membrane ion 
channel conformation which then allows the flow of ions (Na+, Ca+, and K+) and facilitates the change in 
membrane potential and consequently generates the action potential. This action potential rapidly moves 
through the axons towards the CNS (indicated as red arrow). The antennal lobe (AL) is the primary site for 
odor perception in mosquitoes. The axons of the ORNs expressing the same receptors which bind to a particular 
odor molecule merge in a single AL (indicated by orange and blue rods). From the AL, the odor signal then 
transmitted to higher brain centers [mushroom body (MB), and lateral horn (LH)] through projection neurons 
(PNs). Along with the neuromodulator-mediated regulation, nerve innervation (originating from the higher 
brain region) also regulates salivation of the salivary gland in insects (indicated by red zigzag lines over the 
salivary gland). One of the biogenic amines, the 5-hydroxy tryptamine (5-HT), and its cognate receptor 
(highlighted in sky blue circle and purple rods) facilitate salivation. But this receptor-mediated downstream 
signal transduction events and the resultant change in salivary gland membrane potential is not known in the 
case of mosquitoes (highlighted in red circle). The involvement of other biogenic amine receptors (BAR) and 
neuropeptide receptors (NPR) in saliva regulation is also yet to be explored. DL, distant lobe; ML, medial lobe 
of the salivary gland.

serotonin from the neurons into the hemolymph which acts as a neurohormone and 
alters the cytosolic calcium (Ca2+) and adenosine cyclic monophosphate (cAMP) 
concentration within the secretory cells of the salivary gland [107]. The increased 
calcium level consequently facilitates the movement of chloride (Cl−) ions from the 
hemolymph side into the lumen of the gland. On the contrary, cAMP was found to 
stimulate potassium (K+) transport towards the luminal side of the salivary gland. 
The simultaneous induction of two different pathways leads to the activation of 
either phospholipase C (PLC)/inositol 1,4,5-trisphosphate (IP3)/diacylglycerol/
Ca2+ signaling pathway or cyclic AMP/adenylyl cyclase signaling cascade which 
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are the potent secondary messengers found to play a significant role in insect 
salivation [107, 108]. Studies in blood-feeding insects are limited to Aedes aegypti 
mosquito and on tsetse flies Glossina pallidipes, depicting the presence of seroto-
nergic innervation in their salivary glands [109, 110]. Together it can be stated that 
both the biogenic amines and neuropeptides play a crucial role in insect salivation 
by modulating the salivary glands’ ability to alter second messenger level and ion 
channel conformation. Furthermore, olfactory conditioning of salivation is directly 
linked to long-term memory formation which is accomplished by the active involve-
ment of NO signaling for the induction of protein synthesis required for memory 
signature [111]. Salivary conditioning is also suitable to monitor the activity pattern 
of salivary neurons located in specific regions of the brain; thus this conditioning 
system will be suitable for the study of molecular mechanisms of learning and 
memory formation in mosquitoes’ brains (Figure 6).

7. Conclusion and future direction

Evolution and adaptation to blood-feeding behavior in adult female mosquitoes 
provided a natural mechanism for their reproductive success. Here, we propose a 
system biology approach which defines the harmonious actions of the olfactory, the 
brain, and salivary glands, regulating the complex feeding behavior of mosquitoes. 
However, deciphering the molecular basis on how mosquitoes meet and manage the 
conflicting demands of sugar feeding vs. blood-feeding and how olfactory condi-
tioning of salivation commenced may lead to the identification of crucial molecular 
targets including different neurohormones, biogenic amines, neuropeptides, and 
their receptors for genetic manipulation. Functional genomics and the advance-
ment of electrophysiological techniques illuminate our understanding of mosqui-
toes’ sensory systems. Although it is challenging to identify the species-specific 
potential olfactory factors that play a pivotal role in mosquitoes’ host-seeking 
and blood-feeding behavior, it will be very effective for the development of novel 
approaches to control different mosquito populations. The efficacy of emerging 
genetic tools such as CRISPR/Cas9, a gene drive technology in mosquitoes, can 
facilitate the molecular understanding of neuronal mechanism of olfactory selec-
tion and differential learning and memory formation across different mosquito 
species which can be manipulated for more effective disruption of host-seeking 
behavior. Furthermore, unraveling the microbiome-gut-brain-axis communication 
mechanism during metabolic switch in mosquitoes may enlighten the innovative 
idea of microbiome-mediated alteration of mosquitoes’ olfactory perception.
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Chapter 7

Neurological and Neuropsychiatric 
Disorders in Relation to Olfactory 
Dysfunction
Naina Bhatia-Dey and Thomas Heinbockel

Abstract

Olfaction is an underestimated sensory modality in terms of its predictive value 
as an indicator of disorders. It is a well-known phenomenon that a significant 
percentage of people afflicted with certain prevalent disorders causing degenerative 
neuropathology, progressive loss of memory and communication function, normal 
age-based decline of physiological functions, intellectual challenges, depressive and 
anxiety disorders as well as post-traumatic stress disorders, present with a range 
of olfactory deficits. Here, we review our understanding of these deficits and their 
relation to various clinical manifestations such as neurological and neuropsychiatric 
diseases and disorders. At the outset, we will briefly describe the olfactory pathway 
from olfactory sensory neurons in the nasal epithelium to the olfactory bulb and 
on to olfactory cortical and subcortical structures involved in olfaction such as the 
amygdala.

Keywords: aging, Alzheimer’s disease, amygdala, dementia, hippocampus, limbic 
system, mood disorders, olfactory bulb, olfactory cortex, olfactory sensory neuron, 
Parkinson’s disease

1. Introduction

This chapter provides a cursory description of a well-known phenomenon, 
namely that a significant percentage of people afflicted with certain prevalent 
disorders causing degenerative neuropathology, depressive and anxiety disorders, 
progressive loss of memory and communication function such as Autism Spectrum 
Disorder (ASD), intellectual challenges, as well as post-traumatic stress disorders 
present with a range of olfactory deficits. Here, we review our understanding of 
these deficits and their relation to various clinical manifestations such as neuro-
logical and neuropsychiatric diseases and disorders, disorders affecting mood, 
cognition, communication and memory and finally, olfactory deficits as secondary 
outcome of therapeutic drugs. At the outset, we will briefly describe the olfactory 
pathway from olfactory sensory neurons in the nasal epithelium to the olfactory 
bulb and on to olfactory cortical structures and subcortical structures involved in 
olfaction such as the amygdala. Then, we shall discuss olfaction in the context of 
normal age-based decline of physiological functions relating olfactory deficits to 
the onset of neurodegenerative pathology, decline in cognition, memory, ability to 
communicate as well as with episodes of depression and anxiety.



97

Chapter 7

Neurological and Neuropsychiatric 
Disorders in Relation to Olfactory 
Dysfunction
Naina Bhatia-Dey and Thomas Heinbockel

Abstract

Olfaction is an underestimated sensory modality in terms of its predictive value 
as an indicator of disorders. It is a well-known phenomenon that a significant 
percentage of people afflicted with certain prevalent disorders causing degenerative 
neuropathology, progressive loss of memory and communication function, normal 
age-based decline of physiological functions, intellectual challenges, depressive and 
anxiety disorders as well as post-traumatic stress disorders, present with a range 
of olfactory deficits. Here, we review our understanding of these deficits and their 
relation to various clinical manifestations such as neurological and neuropsychiatric 
diseases and disorders. At the outset, we will briefly describe the olfactory pathway 
from olfactory sensory neurons in the nasal epithelium to the olfactory bulb and 
on to olfactory cortical and subcortical structures involved in olfaction such as the 
amygdala.

Keywords: aging, Alzheimer’s disease, amygdala, dementia, hippocampus, limbic 
system, mood disorders, olfactory bulb, olfactory cortex, olfactory sensory neuron, 
Parkinson’s disease

1. Introduction

This chapter provides a cursory description of a well-known phenomenon, 
namely that a significant percentage of people afflicted with certain prevalent 
disorders causing degenerative neuropathology, depressive and anxiety disorders, 
progressive loss of memory and communication function such as Autism Spectrum 
Disorder (ASD), intellectual challenges, as well as post-traumatic stress disorders 
present with a range of olfactory deficits. Here, we review our understanding of 
these deficits and their relation to various clinical manifestations such as neuro-
logical and neuropsychiatric diseases and disorders, disorders affecting mood, 
cognition, communication and memory and finally, olfactory deficits as secondary 
outcome of therapeutic drugs. At the outset, we will briefly describe the olfactory 
pathway from olfactory sensory neurons in the nasal epithelium to the olfactory 
bulb and on to olfactory cortical structures and subcortical structures involved in 
olfaction such as the amygdala. Then, we shall discuss olfaction in the context of 
normal age-based decline of physiological functions relating olfactory deficits to 
the onset of neurodegenerative pathology, decline in cognition, memory, ability to 
communicate as well as with episodes of depression and anxiety.



Sino-Nasal and Olfactory System Disorders

98

2. The olfactory system

The main role of the olfactory system is the detection of odors. This function is 
critical for food selection by detecting olfactory and gustatory signals. Moreover, 
our sense of smell plays a role in reproductive and neuroendocrine regulation and 
is relevant for memory, aggression, emotion, social organization, and recognition 
of prey and predators [1]. Social chemical stimuli or semiochemical signals are 
processed by the olfactory system in most mammals. These chemicals differ from 
general odorants and mediate physiological aspects of mating and aggression. These 
chemical signals are processed in the accessory olfactory bulb in the brain which is 
part of the vomeronasal system [1].

The olfactory pathway starts deep in the nasal cavity with an olfactory epithe-
lium that sits on the superior conchae (Figure 1). This pseudostratified ciliated 
columnar epithelium houses olfactory sensory neurons, supporting cells (susten-
tacular cells), and basal stem cells. In addition, Bowman’s glands located in the 
connective tissue under the epithelium (lamina propria) send ducts to the surface 
of the epithelium and secrete a serous fluid that immerses the cilia of olfactory 
receptor neurons in a mucous layer to trap odorant molecules. Odorant molecules 
bind to olfactory receptor proteins in the cilia of olfactory sensory neuron den-
drites. The number of cilia that emerges from the dendrite of an olfactory sensory 
neuron is relatively small, 20 to 30, compared to the ciliated cells that are found in 
the respiratory epithelium (~300 cilia). Air-borne odorant molecules in the air that 
we breathe in activate the olfactory receptor proteins in the olfactory cilia. Odorant 
molecules can find their way to the olfactory sensory neurons either through the 

Figure 1. 
Schematic representation of olfactory pathways. Olfactory sensory neurons in the olfactory epithelium of the 
nasal cavity send their axons to form synapses with secondary sensory neurons in the olfactory bulb. A small 
number of neurons from the olfactory bulb participate in olfactory processing as they exchange information 
with both limbic system components and cortical structures.
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nose (orthonasal stimulation) or from the mouth to the nose (retronasal stimula-
tion) [2]. Often this retronasal olfactory stimulation is confused with taste, which 
takes place in taste buds in the tongue and soft palate of the oral cavity. However, 
food odors and the consistency of the food (‘crunchiness’) together with tastants 
contribute to the flavor or aroma of food. The membrane of olfactory sensory 
neuron cilia houses odorant receptor proteins and thereby activates these neurons 
in the nasal epithelium. The olfactory receptor proteins form a large gene family 
(1000 genes in rodents, 350 in humans, [3, 4]). Each olfactory sensory neuron 
sends an axon through the cribriform plate of the ethmoid bone to the ipsilateral 
main olfactory bulb in the brain (Figure 1). The axons of olfactory sensory neurons 
coalesce to form the olfactory nerve (cranial nerve I) and olfactory nerve layer of 
the main olfactory bulb.

The main olfactory bulb is a cortical structure of the cerebrum. However, the 
main olfactory bulb is not part of the neocortex but part of the allocortex as shown 
by its fetal development and cytoarchitecture. Neocortical structures undergo a 
prenatal phase that results in six layers, whereas allocortical structures have three 
or four layers in the mature brain [5]. While the main olfactory bulb presents itself 
as a small extension of the brain in humans, in rodents, the main olfactory bulb is a 
large structure that fills roughly a quarter of the length of the cranial cavity [6] and 
is dedicated to the processing of odorant information [1, 2, 7].

Several million sensory neurons are present in the olfactory epithelium. A given 
olfactory receptor protein is expressed by several thousand of them. The olfactory 
sensory neurons that express the same olfactory receptor protein send their axon to 
the same one or two glomeruli in the main olfactory bulb to form synaptic contacts 
(Figure 1). The dendrites of interneurons (juxtaglomerular cells) and output 
neurons (mitral and tufted neurons) in the olfactory bulb synapse with olfactory 
sensory neurons. Compared to the large number of olfactory sensory neurons, only 
relatively few output neurons innervate each glomerulus. These output neurons 
send their axons to higher order brain centers for brain processing of olfactory 
signals [8]. The precise sending of olfactory sensory neuron axons to specific glom-
eruli is critical for the discrimination of odorants [2]. The axons of output neurons 
leave the main olfactory bulb through the lateral olfactory tract and terminate in 
various higher order olfactory centers such as the anterior olfactory nucleus (AON), 
piriform cortex, the anterior parahippocampal cortex (entorhinal cortex), and the 
cortico-medial amygdala, all of which belong to limbic system (Figure 1) and are 
on the ipsilateral brain side. In contrast to other sensory modalities, the olfactory 
pathway routes sensory information directly from the olfactory bulb to cortical 
centers and bypasses the thalamus [1, 2].

The amygdala is a collection of nuclei in the limbic system [9]. The basolateral 
nucleus is the largest one and receives input from sensory cortices (vision, hearing) 
as well as direct auditory signals through a subcortical structure, the medial genicu-
late nucleus which is part of the thalamus. The olfactory bulb and piriform cortex 
send sensory information to the cortical and medial nuclei of the amygdala, the 
cortico-medial nucleus [10, 11]. In addition, the amygdala receives input from other 
cortical and subcortical brain systems, such as the prefrontal cortex with the anterior 
cingulate and orbitofrontal cortices. In turn, both piriform cortex and amygdala 
project to the orbitofrontal cortex to regulate emotion and associative learning. 
The amygdala is also connected with the entorhinal and hippocampal system for 
long-term memory [12]. Furthermore, the amygdala is a target for fibers from the 
hippocampus and rhinal (olfactory) cortices [10, 11]. Functionally, it has been 
established that odors have the ability to evoke strong emotions and trigger the recall 
of emotional memories and modulate cognition [11].
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nose (orthonasal stimulation) or from the mouth to the nose (retronasal stimula-
tion) [2]. Often this retronasal olfactory stimulation is confused with taste, which 
takes place in taste buds in the tongue and soft palate of the oral cavity. However, 
food odors and the consistency of the food (‘crunchiness’) together with tastants 
contribute to the flavor or aroma of food. The membrane of olfactory sensory 
neuron cilia houses odorant receptor proteins and thereby activates these neurons 
in the nasal epithelium. The olfactory receptor proteins form a large gene family 
(1000 genes in rodents, 350 in humans, [3, 4]). Each olfactory sensory neuron 
sends an axon through the cribriform plate of the ethmoid bone to the ipsilateral 
main olfactory bulb in the brain (Figure 1). The axons of olfactory sensory neurons 
coalesce to form the olfactory nerve (cranial nerve I) and olfactory nerve layer of 
the main olfactory bulb.

The main olfactory bulb is a cortical structure of the cerebrum. However, the 
main olfactory bulb is not part of the neocortex but part of the allocortex as shown 
by its fetal development and cytoarchitecture. Neocortical structures undergo a 
prenatal phase that results in six layers, whereas allocortical structures have three 
or four layers in the mature brain [5]. While the main olfactory bulb presents itself 
as a small extension of the brain in humans, in rodents, the main olfactory bulb is a 
large structure that fills roughly a quarter of the length of the cranial cavity [6] and 
is dedicated to the processing of odorant information [1, 2, 7].

Several million sensory neurons are present in the olfactory epithelium. A given 
olfactory receptor protein is expressed by several thousand of them. The olfactory 
sensory neurons that express the same olfactory receptor protein send their axon to 
the same one or two glomeruli in the main olfactory bulb to form synaptic contacts 
(Figure 1). The dendrites of interneurons (juxtaglomerular cells) and output 
neurons (mitral and tufted neurons) in the olfactory bulb synapse with olfactory 
sensory neurons. Compared to the large number of olfactory sensory neurons, only 
relatively few output neurons innervate each glomerulus. These output neurons 
send their axons to higher order brain centers for brain processing of olfactory 
signals [8]. The precise sending of olfactory sensory neuron axons to specific glom-
eruli is critical for the discrimination of odorants [2]. The axons of output neurons 
leave the main olfactory bulb through the lateral olfactory tract and terminate in 
various higher order olfactory centers such as the anterior olfactory nucleus (AON), 
piriform cortex, the anterior parahippocampal cortex (entorhinal cortex), and the 
cortico-medial amygdala, all of which belong to limbic system (Figure 1) and are 
on the ipsilateral brain side. In contrast to other sensory modalities, the olfactory 
pathway routes sensory information directly from the olfactory bulb to cortical 
centers and bypasses the thalamus [1, 2].

The amygdala is a collection of nuclei in the limbic system [9]. The basolateral 
nucleus is the largest one and receives input from sensory cortices (vision, hearing) 
as well as direct auditory signals through a subcortical structure, the medial genicu-
late nucleus which is part of the thalamus. The olfactory bulb and piriform cortex 
send sensory information to the cortical and medial nuclei of the amygdala, the 
cortico-medial nucleus [10, 11]. In addition, the amygdala receives input from other 
cortical and subcortical brain systems, such as the prefrontal cortex with the anterior 
cingulate and orbitofrontal cortices. In turn, both piriform cortex and amygdala 
project to the orbitofrontal cortex to regulate emotion and associative learning. 
The amygdala is also connected with the entorhinal and hippocampal system for 
long-term memory [12]. Furthermore, the amygdala is a target for fibers from the 
hippocampus and rhinal (olfactory) cortices [10, 11]. Functionally, it has been 
established that odors have the ability to evoke strong emotions and trigger the recall 
of emotional memories and modulate cognition [11].
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Not only does the olfactory bulb send axons to higher order olfactory centers (affer-
ent fibers), an even larger number of centrifugal axons originating in higher olfactory 
centers innervate the olfactory bulb glomeruli (efferent fibers) [6, 13, 14]. These 
centrifugal neurons have been shown to provide modulatory feedback to neurons 
in the different layers of the main olfactory bulb which is important for experience-
dependent modulation [13]. The origin of the centrifugal fibers is in the locus coeru-
leus (noradrenergic), the horizontal limb of the diagonal band of Broca (cholinergic), 
and the raphe nucleus (serotonergic) [15–18]. The centrifugal fibers travel mainly 
through the anterior olfactory nucleus and the anterior commissure, and very little 
through the lateral olfactory tract [13].

3. Aging effects in the olfactory system

Age-associated impairment in the sense of olfaction has been well documented 
[19–23]. Akin to neurodegenerative pathology, a decline in olfactory acuity and 
olfactory dysfunction are common features of the normal aging process [24–27] 
detectable in over 50% individuals ranging in age from 65 to 80 years and almost 
in 75% of those above 80 years [24, 28–30]. This decline in olfactory function is 
detected using different kinds of tests such as psychophysical, psychophysiological 
and electrophysiological tests that determine odor detection, identification and 
discrimination, odor related physiological changes in cardiac and respiratory system 
as well as odor-event related potentials [29]. However, studies analyzing the mecha-
nism of non-pathological, normal chronological age-related decline of olfactory 
acuity and impaired olfactory function are limited, despite the fact that deficits in 
the olfactory sense are considered as important symptom for early and differential 
diagnosis of neurodegenerative disorders [28]. At the anatomical level, the sense 
of olfaction is affected by age-associated ossification and closure of foramina of 
the cribriform plate [29, 31]. There is evidence of a quantitative reduction in the 
olfactory epithelium and its replacement by respiratory epithelium in normal 
subjects of the aging population which is evident in biopsies of the upper nasal 
septum [32]. It is now clearly evident that in the course of normal aging, subopti-
mal olfaction and olfactory dysfunction are associated with a number of anatomi-
cal and physiological features such as age-associated thinning of the olfactory 
neuroepithelium, altered cellular patterns and regional distribution of nuclei of 
olfactory sensory and sustentacular cells [29], reduction of mucosal metabolizing 
enzymes and sensory loss of olfactory sensory cells to various odorants along with 
a cumulative effect of environmental exposure to the olfactory epithelium [30]. 
An additional causative factor is the parallel loss of olfactory function in direct 
correlation with a clear age-associated decline in the volume of the olfactory bulb 
in adults of both genders [33–35]. Other than the olfactory bulb, a reduction in 
volume of AON, amygdala, hippocampus and piriform cortex in the limbic system 
contribute to a loss of olfaction due to their pivotal role in olfactory processing [36]. 
Testing the sensitivity and response of isolated sensory neurons to odorant mixtures 
indicates a loss of olfactory sensitivity and specificity in neurons derived from 
older subjects [37]. In older individuals, there is evidence of decreased beta-event 
related synchronization in response to certain pleasant odorants and, therefore, 
these individuals rated such odorants as less pleasant, thereby, denoting a decline in 
olfactory processing [38]. A change in olfactory perception represents subtle olfac-
tory dysfunction that appears to precede a number neurodegenerative disorders 
and is presumed due to loss of synaptic function [39, 40]. Subsequent studies have 
shown that loss in olfactory sensitivity and perception is heterogeneous and appears 
to be more specific to heavier molecules [41]. Inherent allelic variations of brain 
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derived neurotrophic factor (BDNF) also affect and add to age-dependent olfac-
tory decline [29, 42]. A comparative research study quantifying heritability of odor 
identification and cognition detected a role of common genes in both olfaction and 
cognition. However, heritability of odor identification was lower in contrast to that 
of cognition [43]. Quantitative analysis of olfaction using odor identification (OI) 
scale in community dwelling subjects of age group 70–79 years reveals association of 
higher risk of dementia with poor OI score [44] and reduction in OI has been linked 
to advanced physiological brain aging as well as with a number of neurodegenerative 
diseases [45]. An aging cortical synapse in limbic structures has been considered as 
a hallmark of age-associated decline in cognition [46]. However, such studies are 
still preliminary for the olfactory bulb, despite evidence of growth factor dependent 
induction of synaptic strength in olfactory bulb cell layers during odor-dependent 
social transmission of food preference [47]. Chronological age adds to the impact of 
environmental exposure through living and working conditions on all physiological 
systems and their functions [48]. Experimental analysis indicates age-dependent 
accumulation of somatic mutations using both proliferative and non-proliferative cell 
types from human brain tissue [49]. It further indicates the probability of mutation 
accumulation in neurons. Genome-wide single somatic nucleotide variant analysis on 
DNA of 159 single neurons of 15 normal individuals with a wide age range (4 months 
to 82 years) and 9 individuals diagnosed with early onset of neurodegeneration 
revealed linear increase in both sets, indicating age-dependent accumulation of 
somatic mutations as significant factor affecting neurodegeneration [50]. Research 
studies of classical neurodegenerative disorders have proposed that the observed vari-
ability of olfactory dysfunction in diverse neurological and neuropsychiatric diseases 
could aid in early differential diagnosis of Alzheimer’s disease (AD), Parkinson’s 
disease (PD), mild cognitive impairment (MCI), progressive supranuclear palsy 
(PSP) and frontotemporal lobar degeneration known as FTLD-TDP43 [51–54]. A cell 
biology oriented experimental approach to detect the presence of neurodegeneration-
associated proteins used nasal brushing to collect olfactory neurons from olfactory 
mucosa of normal subjects and detected four different characteristic proteins involved 
in neurodegenerative pathology: α-synuclein, transactive response DNA-binding 
protein 43 (TDP-43), hyperphosphorylated tau and β-amyloid proteins [55]. These 
findings have prompted an analysis of the parallel progression of loss of olfaction 
with onset of neurodegenerative pathology and/or decline in cognitive abilities as 
initial symptoms of neurological and neuropsychiatric disorders.

4. Alzheimer’s disease, dementia and olfactory deficits

Olfactory deficiencies are evident in a number of neurodegenerative disorders 
such as AD, dementia with Lewy bodies (DLB), frontotemporal dementia (FTD), 
MCI, PD and Huntington disease [40, 51, 56–59]. In an extensive two year study 
with six-monthly follow up, all MCI patients with lower range of olfaction score but 
no subjective smelling loss detected by standard UPSIT (University of Pennsylvania 
Smell Identification Test) developed AD. In contrast, in a control group of higher 
olfaction score, AD occurrence was nil [60]. A similar association of lower olfaction 
score with development of AD pathology was evident in a multiethnic community 
cohort with UPSIT test [61]. In a comparative OI analysis of FTD and AD patients 
with normal age matched control individuals, OI score of FTD patients differed 
significantly with control group, however, there was a close resemblance in OI 
pattern of FTD patients with OI in AD patients [62]. An analysis using Pocket Small 
Test as indicator of OI performance in AD patients and healthy young and age 
matched control group of individuals detected reduced OI in an older control group 
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derived neurotrophic factor (BDNF) also affect and add to age-dependent olfac-
tory decline [29, 42]. A comparative research study quantifying heritability of odor 
identification and cognition detected a role of common genes in both olfaction and 
cognition. However, heritability of odor identification was lower in contrast to that 
of cognition [43]. Quantitative analysis of olfaction using odor identification (OI) 
scale in community dwelling subjects of age group 70–79 years reveals association of 
higher risk of dementia with poor OI score [44] and reduction in OI has been linked 
to advanced physiological brain aging as well as with a number of neurodegenerative 
diseases [45]. An aging cortical synapse in limbic structures has been considered as 
a hallmark of age-associated decline in cognition [46]. However, such studies are 
still preliminary for the olfactory bulb, despite evidence of growth factor dependent 
induction of synaptic strength in olfactory bulb cell layers during odor-dependent 
social transmission of food preference [47]. Chronological age adds to the impact of 
environmental exposure through living and working conditions on all physiological 
systems and their functions [48]. Experimental analysis indicates age-dependent 
accumulation of somatic mutations using both proliferative and non-proliferative cell 
types from human brain tissue [49]. It further indicates the probability of mutation 
accumulation in neurons. Genome-wide single somatic nucleotide variant analysis on 
DNA of 159 single neurons of 15 normal individuals with a wide age range (4 months 
to 82 years) and 9 individuals diagnosed with early onset of neurodegeneration 
revealed linear increase in both sets, indicating age-dependent accumulation of 
somatic mutations as significant factor affecting neurodegeneration [50]. Research 
studies of classical neurodegenerative disorders have proposed that the observed vari-
ability of olfactory dysfunction in diverse neurological and neuropsychiatric diseases 
could aid in early differential diagnosis of Alzheimer’s disease (AD), Parkinson’s 
disease (PD), mild cognitive impairment (MCI), progressive supranuclear palsy 
(PSP) and frontotemporal lobar degeneration known as FTLD-TDP43 [51–54]. A cell 
biology oriented experimental approach to detect the presence of neurodegeneration-
associated proteins used nasal brushing to collect olfactory neurons from olfactory 
mucosa of normal subjects and detected four different characteristic proteins involved 
in neurodegenerative pathology: α-synuclein, transactive response DNA-binding 
protein 43 (TDP-43), hyperphosphorylated tau and β-amyloid proteins [55]. These 
findings have prompted an analysis of the parallel progression of loss of olfaction 
with onset of neurodegenerative pathology and/or decline in cognitive abilities as 
initial symptoms of neurological and neuropsychiatric disorders.

4. Alzheimer’s disease, dementia and olfactory deficits

Olfactory deficiencies are evident in a number of neurodegenerative disorders 
such as AD, dementia with Lewy bodies (DLB), frontotemporal dementia (FTD), 
MCI, PD and Huntington disease [40, 51, 56–59]. In an extensive two year study 
with six-monthly follow up, all MCI patients with lower range of olfaction score but 
no subjective smelling loss detected by standard UPSIT (University of Pennsylvania 
Smell Identification Test) developed AD. In contrast, in a control group of higher 
olfaction score, AD occurrence was nil [60]. A similar association of lower olfaction 
score with development of AD pathology was evident in a multiethnic community 
cohort with UPSIT test [61]. In a comparative OI analysis of FTD and AD patients 
with normal age matched control individuals, OI score of FTD patients differed 
significantly with control group, however, there was a close resemblance in OI 
pattern of FTD patients with OI in AD patients [62]. An analysis using Pocket Small 
Test as indicator of OI performance in AD patients and healthy young and age 
matched control group of individuals detected reduced OI in an older control group 
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than in a younger control group, and AD patients had even reduced OI compared to 
their age matched control group [27]. At the cellular level, a characteristic neuro-
pathological feature of AD is the appearance of neurofibrillary tangles consisting of 
hyperphosphorylated tau protein [63]. In relation to olfactory dysfunction, the two 
key hallmarks of AD neuropathology are the detection of amyloid-beta (Aβ) and 
hyperphosphorylated tau protein in the olfactory system; both have been detected 
together with impaired olfaction much before a clinical presentation of the disease 
[57]. An analysis assessing OI as indicator of presymptomatic AD pathogenesis 
in cognitively normal aged individuals shows an association of reduced OI with 
lower cognitive score and older age as well as increased ratio of total tau protein to 
phosphorylated tau protein in cerebrospinal fluid [64]. Therefore, at the behavioral 
level, diminished OI has emerged as a practical and affordable biomarker of AD 
pathology [64] as well as prodromal symptom of AD [65].

5. Parkinson’s disease and olfactory impairment

A major factor leading to neurodegenerative PD pathology is the loss of dopa-
minergic neurons from the substantia nigra, resulting in slow but substantial loss of 
dopamine that eventually leads to many clinical motor symptoms such as bradyki-
nesia, rigidity, tremor, instability of posture and decline of cognitive function [66]. 
The olfactory system is a severely affected non-motor system in PD patients with 
early appearance of olfactory dysfunction that remains independent of progressive 
PD symptoms, their duration and treatment [67]. Additional research studies have 
indicated association of olfactory dysfunction with PD for over three decades [25, 68]. 
Olfactory dysfunction, including hyposmia and decline in olfactory acuity, has been 
established as one of the earliest features of PD. These are detectable in approximately 
90% of early stage PD patients, where they may precede the onset of the motor 
symptoms by a margin of years [69–73]. Hyposmia and progressive olfactory decline 
in PD patients have been attributed to central olfactory processing, since the olfactory 
epithelium biopsy samples of PD patients were normal [74]. Subsequent MRI studies 
indicate a varying degree of reduction in olfactory bulb volume and depth of olfac-
tory sulcus in PD patients than in normal control individuals. These studies indicate 
an association of anatomical changes with altered olfaction in PD patients [75]. Lewy 
bodies and Lewy neurites comprised of α-synuclein are histological hallmarks of 
neurodegenerative pathology in PD [76]. The olfactory bulb and lower brainstem 
have been considered as the induction site for the onset of histopathological features 
comprising of both Lew bodies and Lewy neurites [73, 77]. Along with the peripheral 
nervous system, such histological aberrations also begin to appear in gut nerve plexa 
and the olfactory bulb, thereby indicating participation of olfactory bulb cell layers in 
the progression of neurodegenerative pathology of PD [78].

Dementia associated with PD, known as Parkinson’s disease dementia (PDD), is 
one of the most debilitating symptoms of PD and is difficult to predict during early 
stages of the disease. A research study using OSIT-J (odor stick identification test for 
Japanese) shows over 18 fold increase in risk of dementia for PD patients with severe 
hyposmia [79]. Indeed OI has emerged as a reliable tool for providing excellent 
diagnostic accuracy for PD distinguishing it from PD mimics [80].

6. Mood and communication disorders

In addition to aging, neurodegenerative and psychiatric conditions, olfactory 
deficits including low OI appear as characteristic feature of mild to severe major 
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depressive disorders [81, 82]. As there is overlap in brain regions involved in AD, 
depression and olfactory processing, olfactory dysfunction could be the potential 
early biomarker of both AD and depressive disorders [83]. Similar to research 
studies using animal models that indicate a strong link between loss of olfaction and 
depressive behavior, a comparative analysis of age matched control individuals and 
patients diagnosed with depression showed loss of normal olfaction as marker of 
depression in humans [84]. Literature reviews of multiple research findings using 
specific parameters indicate a clear and consistent relation between depression 
and poor life quality in individuals from both clinical and community setting in 
age dependent manner [85]. Encoded olfactory stimuli activate emotional memory 
[86]; olfactory system and brain circuits participating in memory and cognition 
show a close anatomical link as well as frequent functional alteration in patients 
with depression [87–89]. Additional analysis clearly denotes a reciprocal relation-
ship between olfaction and depression; patients with olfactory dysfunction show 
worsening depressive symptoms while olfactory performance is clearly reduced in 
depression patients in comparison to normal controls [90]. Moreover,

Declined olfactory acuity and olfactory dysfunction are also evident in indi-
viduals suffering with post-traumatic stress disorder (PTSD) and in patients 
diagnosed with major depressive disorder (MDD). PTSD leads to decreased 
olfactory bulb volume, thereby leading to decreased olfactory acuity, additional 
olfactory deficits and dysfunction [35]. MDD indicates decline in both primary 
and secondary olfactory processing [84, 91]. MDD patients denote lower score for 
olfactory threshold, odor discrimination in 40-point smell identification test in 
comparison to normal controls At the same time, patients with olfactory dysfunc-
tion show clear symptoms of depression that become acute in comparative analysis 
of hyposmic to anosmic subjects [90].

ASD adult patients show decline in odor identification ability [92]. Experimental 
evidence in two different mouse models of ASD indicates weaker and fewer synapses 
between olfactory sensory nerve terminals and olfactory bulb tufted cell layer; and 
weaker synapses between olfactory sensory nerve terminals and inhibitory periglo-
merular cells of the olfactory bulb [93]. Duplication of GABA receptor genes and 
deletion of TOP3B, topoisomerase involved in relaxation of supercoiled DNA con-
tribute to autism susceptibility and have been assigned to gene families with specific 
contribution to neurodevelopmental disorders [94]. Out of 102 identified genes that 
contribute to ASD, most genes are expressed and enriched early in excitatory and 
inhibitory neuronal lineages and affect synapses [95].

7. Drugs

The regenerative ability of olfactory epithelium has made it an attractive target 
for exploring and evaluating therapeutic strategies to distinguish and treat drug 
induced olfactory disorders [96]. More than 86% of cancer patients of wide age 
range display smell and taste disorders that persist even after completion of chemo-
therapy for cancer [97]. However, not every therapeutic chemotherapy drugs has 
negative impact on olfactory acuity (personal communication). Bacopa monnieri 
extracts administration reverses bulbectomy induced neurochemical and histologi-
cal alterations in mouse model of depression; cognition dysfunction is reversed 
through a mechanism that enhances synaptic plasticity related signaling, BDNF 
transcription and protection of cholinergic systems [98].

The flavonoid Naringenin functions as antidepressant by restoring serotonin 
and noradrenaline levels in brain tissue [99]. In bulbectomized mice, two weeks of 
Naringenin treatment ameliorated depression like behavioral alterations, decreased 
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elevated pro-inflammatory cytokines and increased levels of BDNF and serotonin 
in hippocampus and cortex [100].

Depression with psychomotor agitation (PMA) is a putative psychiatric disorder 
associated with substance dependence, specifically, opioids. It remains unaffected by 
drug induced major depressive episodes indicating complex interplay of therapeutic 
drugs in treating depression [101].

The AON, a key area of the olfactory system, shows accumulation of character-
istic neuropathological markers such as hyperphosphorylated tau, α-synuclein and 
β-amyloid proteins at the earliest stages of AD in a Somatostatin (SST) expressing 
subpopulation of interneurons. In the limbic system, the same accumulation is 
evident in same subpopulation of interneurons [102]. However, SST is unequally 
involved in two predominant neurodegenerative disorders with a very strong 
involvement in AD pathology but quite weaker participation in PD. In early stages of 
AD, SST is reduced in olfactory areas whereas it is preserved in non-demented PD 
cases [102]. Further analysis of SST related olfactory deficiencies will pave the way 
of SST based therapeutic approaches.

Olfactory dysfunctions unrelated to blocked nasal passages are present in a 
significant percentage of Covid-19 patients [103–105]. Altered expression of SARS-
CoV-2 entry genes in supporting cells of the olfactory epithelium has been proposed 
as a mechanism underlying COVID-19-associated anosmia [106, 107].

8. Discussion and conclusions

The mammalian olfactory bulb has been termed the “brain inside the brain”, 
due to the presence of sensory inputs, neuronal lamination and contribution of 
new neural elements throughout the lifetime [108]. It plays a pivotal role in olfac-
tory processing [8, 109]. In addition to AD, PD, MCI and depressive disorders, 
inadequate and/or improper olfactory function together with impaired olfactory 
processing exist in many other neurodegenerative and neuropsychiatric disorders. 
For instance, in the case of multiple sclerosis (MS), prevalence of olfactory dys-
function ranges from 20 to 45% of the MS population. However, the mechanism of 
loss of olfaction remains unknown, except for decreased olfactory bulb and brain 
volume [110, 111]. In patients with a diagnosis of a behavioral FTD variant, OI and 
odor discrimination did not show any difference from control cases, but there was a 
significant difference in the odor association test. It has been attributed to impaired 
olfactory processing [112]. Within the healthy population, impulsive tendencies 
exhibit some link to olfactory defects [113]. Narcolepsy is associated with hypo-
cretin deficiency of the limbic system. Despite genetic predisposition, it has been 
postulated to increase by environmental substances that may access the olfactory 
bulb, triggering neuroinflammation and induce neurodegeneration [114].

Single cell transcriptome analysis during mouse olfactory neurogenesis in early 
development reveals that expression of olfactory receptor (OR) genes becomes 
progressively restricted to one gene per neuron in each mature neuron instead of 
several receptor genes that express in immature neurons [115, 116]. Expression 
of a single OR allele in olfactory sensory neurons is the outcome of coalescence of 
multiple intergenic enhancers to a multi-chromosomal hub that allows the expres-
sion of a single OR allele while the remaining OR genes converge into few hetero-
chromatic compartments leading to effective transcriptional silencing [117]. Age 
associated chromosomal breakage and DNA damage lead to an increase in markers 
of genome instability [118] and requires many layers of regulatory functions such as 
inducing senescence [48], reducing accumulation of DNA damage and enhancing 
DNA repair pathways [119]. Genome protection from DNA damage to minimize 
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aging effects is also an effective strategy to minimize risk factor for neurodegenera-
tion [119]. This is likely to retain olfactory acuity and ability based on the model 
proposed by Bashkirova and Lomvardas [117].

Single cell RNA sequencing reveals differentially regulated and expressed genes 
as neuronal markers specific to adult born interneurons that may serve as molecular 
markers for synapse formation, synapse maintenance, and neural plasticity of adult 
brain circuits [120]. Research studies analyzing functional mechanisms of these 
markers and their regulation are likely to facilitate the understanding of decreased 
OI, olfactory dysfunction and onset of neurodegenerative pathology.

Olfactory ensheathing glial cells help olfactory bulb neurons to connect with 
both the peripheral and central nervous system, and, therefore, they have been 
widely used as therapeutic tools for neural repair and olfactory/neural regenera-
tion for injuries and neurodegenerative pathological conditions [121]. Indeed, 
the olfactory bulb has emerged as an attractive target for many novel therapeutic 
approaches [122].

Another fast growing research topic addresses the role of microRNAs in regu-
lating genes that participate in cognition and neurodegeneration [123–125] and 
olfactory acuity. Such findings would also add to a better understanding of the 
relationship between olfactory dysfunction and neurodegenerative pathologies.

Targeting synaptic deficits in AD patients and aging individuals by improv-
ing synaptic plasticity though alteration of structural deficits in dendritic spines 
through microRNA mediated regulatory pathways could be an effective and novel 
therapeutic strategy for AD as well as other neurodegenerative disorders [126].
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Abstract

Cross-modality in function is a fundamental ability in humans and is closely 
associated with the basic functions. Several studies have demonstrated that vision 
strongly influences other senses such as hearing, touch, taste, and smell. However, 
the dysfunction in this cross-modality caused by disease, is poorly understood. 
In addition to evidence that Parkinson’s disease (PD) impairs various cognitive 
functions including olfaction, a recent study showed that olfactory function is 
unaffected by visual information in patients with PD. This finding suggests that 
the link between vision and olfaction is underactive in PD. This chapter reviews the 
cross-modal dysfunction and dwells on the possibility of a novel precursor assess-
ment for PD.

Keywords: cross-modality, vision, olfaction, Parkinson’s disease, striatum

1. Introduction

Sensory organs independently process the corresponding external stimuli such 
as light, sound, pressure, taste, and smell. However, one sense rarely acts alone 
during the perception/cognition of a given event in daily life. Our experiences are 
dependent on the integration of the visual, auditory, somesthetic, gustatory, and 
olfactory systems. For example, during the act of smelling a strawberry, the sense 
of smell may vary according to the color of the strawberry (whether it is bright red 
or green-tinged), even if the physical odorant is the same (Figure 1). This example 
demonstrates that cognition is built upon cross-modality of function. The regions 
associated with cross-modality are spread throughout a wide area in brain [1]. For 
example, the integration of vision and touch is mainly associated with the right 
posterior fusiform gyrus and primary somatosensory cortices [2], whereas the 
integration of vision and audition is mainly associated with the right frontal lobe 
and right superior temporal gyrus [3].

The accuracy of each of the senses is different, and vision is often prioritized 
over other senses during integration. Several studies have demonstrated that 
visual input strongly influences hearing [4] touch [5], taste [6], and smell [7, 8] 
(Figure 2); however, the reverse, in which other senses influence vision, is a rare 
phenomenon, excluding the auditory-vision relationships such as the McGurk effect 
[9] or double flash illusion [10]. For the McGurk effect, on a video of audiovisual 
speech, if a lip movements show a “ba-ba” sound, whereas an auditory information 
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is that of “ga-ga”, most people experiences an illusory sound “da-da”. For the double 
flash illusion, if one dot flashes on the display when two beeps are sounded, most 
people reports experiencing two flashes. Thus, vision dominates the other senses in 
many cases. Although the mechanism of cross-modality has become increasingly 
clear in healthy persons [1–10], a function in disease states remains unclear.

2. Clinical state and cognitive dysfunction in Parkinson’s disease

Parkinson’s disease (PD) causes tremors of the hands, stiffness, akinesia, or 
inability to maintain posture. Patients with PD have decreased levels of dopamine 
in the striatum, which consists of the putamen and caudate nucleus, which are a 
part of the basal ganglia [11]. They may further develop protein-related disorders, 

Figure 2. 
Diagram representing the effective relationship among the five senses. Vision is often prioritized over the other 
senses during integration.

Figure 1. 
An example of the effect of color effect on smell recognition. The red strawberry on the left may seem to have a 
more pleasant odor than the green strawberry on the right.
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such as the presynaptic dopamine transporter (DaT), which is responsible for the 
incorporation and transmission of dopamine components [12]. DaT scanning is 
performed with ioflupane (123I-FP-CIT), a radio-iodinated cocaine analogue [13, 
14]. It has a high affinity for the DaT protein located on presynaptic nerve endings 
in the striatum. These nerve endings are projections of dopaminergic neurons 
from the substantia nigra. Binding of a radiopharmaceutical agent to DaT reflects 
number of striatal dopaminergic neurons. The accumulation of DaT is expressed in 
proportion to the occipital lobe (Figure 3). The degree of DaT deficit is associated 
with the severity of the movement disorder [15].

The principal symptoms of PD are related to movement, although the non-
motor symptoms are also noteworthy. For example, attention function, which 
demands a response speed or switching [16]; executive function, which is related 
to action planning or problem solving [17]; working memory function, which 
holds information temporarily and allocates attentional resources [18, 19]; social 
cognition function, which involves interpreting emotions based on others’ facial 
expressions [20, 21]; and temporal function, which estimates duration [22, 23] were 
shown to be impaired in PD.

Impairment of olfaction has also been reported in patients with PD and may be 
a biomarker for cognitive dysfunction and early PD [24–26]. Olfactory information 
is projected directly to the limbic system, including the piriform (PIR), amygdala 
(AMG), hippocampus (HI), and entorhinal cortex (ENT). These areas determine 
odor detection, its emotional evaluation (pleasant or unpleasant), and memory 
retrieval [27]. Olfactory information finally ascends to the orbitofrontal cortex 
(OFC). The OFC participates in the identification or recognition of odor, filtered 
through emotion and memory via activation of the AMG and HI [28]. Olfactory 
dysfunction in PD may occur due to deficiency of dopamine and pathological 
changes in the ENT, AMG and HI, especially in the areas affected by early onset of 
PD [29].

Furthermore, the striatum is involved in various functions, which include an 
integration of sensory information [30–32]. Studies have demonstrated that the 
striatum (putamen and caudate) acts as a “hub,” with specialized functional roles 
for different neuron types in mice [33] and humans [34, 35]. However, it was 
unclear whether PD affects cross-modal function.

Figure 3. 
Striatal DaT deficit in Parkinson’s disease (coronal view). The left panel shows a binding radiopharmaceutical 
agent accumulation in a healthy person. The right panel shows a binding radiopharmaceutical agent 
accumulation in a patient with Parkinson’s disease. The numbers indicate binding radiopharmaceutical agent 
counts on the striatum per pixel.
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3. Cross-modality dysfunction in Parkinson’s disease

Recently, a study showed that PD causes a decline in the cross-modal function of 
vision and olfaction [36]. This study conducted behavioral experiments to identify 
the influence of PD on cross-modal function by comparing the behavior of patients 
with PD with that of healthy controls. The principal aim of this study was to mea-
sure odor-strength perception and preference, while presenting smells paired with 
visual information, to characterize vision/olfaction integration in patients with PD.

In the experiment, odor detection thresholds in each participant were first 
determined using an olfactometer, which has five odorants (β-phenylethyl alcohol, 
methyl cyclopentenolone, isovaleric acid, γ-undecalactone, and skatole). For 
example, methyl cyclopentenolone smells like caramel pudding (pleasant) and 
skatole smells like rotten vegetables (unpleasant). The study employed detectable 
odorant thresholds in each of five categories and prepared five original pictures 
associated with the five odorants of each category. For example, the category 
“caramel pudding” consisted of a picture of “pudding” and the odorant “methyl 
cyclopentenolone,” whereas “rotten vegetables” consisted of “rotten vegetables” 
and the odorant “skatole” (Figure 4). The “control” category consisted of a noise 
picture and an odorless liquid. Four combinations were arranged: the original 
picture with the original odorant (combination “A”), the control picture with the 
original odorant (combination “B”), and the original picture with the control 
odorant (combination “C”). A control combination was added: the control picture 
with the control odorant (combination “D”) (Figure 5). Participants were asked 
take a sniff while viewing the picture, and were subsequently asked to evaluate the 
strength (weak – strong) and preference (pleasant – unpleasant) of each odor on a 
visual analog scale (VAS).

In the caramel pudding category, healthy controls overestimated the odor 
strength compared with patients with PD, when the original picture was presented 
(combinations A and C). Furthermore, healthy controls negatively estimated odor 
preference in combinations A and C in the “rotten vegetables” category (Figure 6). 
The results indicate that patients with PD accurately judged odor strength, without 
being distracted by visual appearance whereas odor strength/preference in healthy 
controls was influenced by visual appearance.

Furthermore, the study reported a possible effect of striatal DaT deficits in 
patients with PD on the olfaction-vision cross-modality. DaT imaging indicated 
that striatal DaT deficit in PD, especially that in the posterior putamen, is associated 

Figure 4. 
Examples of the category type. Each category consists of an original odorant and an original picture 
corresponding to the odorant, and a control category consisting of a noise picture and an odorless liquid (this 
figure is cited with edit from a part of Honma et al. [36]).
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with the cross-modal effect of perception on odor preference, and the laterality may 
depend on the emotional category (pleasant or unpleasant) (Figure 7).

4.  Possible mechanism of dysfunctional cross-modality between vision 
and olfaction

Honma et al. [36] showed that the olfactory function was unaffected by visual 
information in patients with PD, supporting the hypothesis that PD impairs 
cross-modality between vision and olfaction [36]. Healthy participants tend to 

Figure 5. 
Combinations of the pictures and odorants. Combination a includes the original picture and original odorant. 
Combination B includes the control picture and original odorant. Combination C includes the original picture 
and the control odorant. Combination D includes the control picture and control odorant (this figure is cited 
with edit from a part of Honma et al. [36]).
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corresponding to the odorant, and a control category consisting of a noise picture and an odorless liquid (this 
figure is cited with edit from a part of Honma et al. [36]).
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with the cross-modal effect of perception on odor preference, and the laterality may 
depend on the emotional category (pleasant or unpleasant) (Figure 7).

4.  Possible mechanism of dysfunctional cross-modality between vision 
and olfaction

Honma et al. [36] showed that the olfactory function was unaffected by visual 
information in patients with PD, supporting the hypothesis that PD impairs 
cross-modality between vision and olfaction [36]. Healthy participants tend to 

Figure 5. 
Combinations of the pictures and odorants. Combination a includes the original picture and original odorant. 
Combination B includes the control picture and original odorant. Combination C includes the original picture 
and the control odorant. Combination D includes the control picture and control odorant (this figure is cited 
with edit from a part of Honma et al. [36]).
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overestimate odor when presented with an original picture, for example, a picture 
of caramel pudding without the methyl cyclopentenolone odorant, will be perceived 
as pleasant. In contrast, patients with PD tend to concentrate more on smell, rather 
than the influence of visual stimuli. The odor estimate is independent of vision in 
patients with PD.

Figure 6. 
(A) Strength of the odor represented on the visual analog scale. (B) Preference for odor on the visual 
analog scale. The visual analog scale scores of the groups (healthy controls and participants with PD) and 
combinations (A, B, and C) were compared for each category. The control category (combination D) was 
analyzed independently. Asterisks indicate significant differences. These results show that the visual input 
affects odor estimation in healthy controls, with little effect in PD (this figure is cited with edit from a part of 
Honma et al. [36]).
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Olfactory perception is ambiguous, and a smell may be hard to identify without 
verbal or visual assistance. It is true that olfaction is modulated by visual elements 
[7, 8]. This multimodal integration is responsible for the OFC, which receives 
information from visual association, and the olfactory, gustatory, somatosensory 
and, auditory areas [37]. Recent brain imaging studies showed that the OFC 
participates in vision-olfaction integration in healthy individuals [7]. Gottfried and 
Dolan (2003) noted higher activation of the OFC when a smell is presented with a 
word label [7]. Cognitive factors, such as visual stimuli modulate representations 
of odor at a relatively early level of cortical processing, known as the top-down 
cognitive influence, which directly affects emotion [38]. Healthy participants 
exhibited dominance of the visual sense in this study. On the other hand, patients 
with PD exhibited decrease dominance of visual information. They concentrated 
more on olfactory perception, without modulation from visual input. The OFC in 
patients with PD is known to be less active for all modalities during stimulation, 
including olfaction [39]. Decreased activation of the OFC in patients with PD may 
partly account for declining cross-modality. Moreover, detection and cognition 
levels for odor were lower than those in the controls. During olfaction, the OFC also 
integrates information from the AMG and HI, which play a role in emotional evalu-
ation and memory retrieval [37]. Reduction of OFC function may lead to deficits 
in recognition and identification of odor. Thus, patients with PD may tend to focus 
more on smell detection, which may need activation of the basic primary olfactory 
areas, such as the ENT and PIR.

The relationship of DaT levels in PD with odor preferences demonstrated by the 
study is significant. However, it has been reported that administration of dopamine 
agonists (levodopa) does not influence the olfactory deficit. Thus, dopamine loss 
may not affect olfaction [40]. Here, it was not possible to establish a direct link 
between olfaction and dopamine levels, as measured by DaT in the putamen. 
However, earlier findings suggest that the putamen may play a role in sensory inte-
gration [34, 35]. Lack of dopamine linked to deficient DaT protein in the striatum 
leads to a decline in dopamine levels in several regions [41]. The corticostriatal loop 
sends signals that pass through brain regions, such as the striatum–pallidus–tha-
lamic–cortex [42]. Dopamine regulates the prefrontal-AMG circuit, which plays an 
important role in emotion processing [43]. This suggests that vision-olfaction inte-
gration may be influenced by dopamine signals, via a striatum-centered network. 

Figure 7. 
Regression analysis identified the left posterior putamen as the independent variable for the cross-modal effects 
of pleasant categories (caramel pudding, fresh roses, and canned peaches). The right posterior putamen was 
identified as the independent variable for the cross-modal effects of unpleasant categories (rotten vegetables 
and dirty socks). The laterality in putamen may depend on emotionality.
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Dopamine deficiency in PD may affect vision-olfaction integration, including 
emotion and cognitive processing.

The laterality of DaT level in the putamen related to odor preference is of further 
interest. That is, the left is associated with pleasant smells and the right is associated 
with unpleasant smells. A recent study has shown that a pleasant odor is associated 
with bilateral or left AMG activation, and an unpleasant odor is associated with 
activation of the right AMG [27]. The left/right difference for smell-evoked emo-
tion may be linked to AMG processing, because these regions are strongly con-
nected at a fiber level [44].

5. Conclusion

It is essential to investigate the onset of cross-modality dysfunction in the future. 
Studies are currently focusing on early detection of PD, including signs of declining 
olfactory ability and rapid eye movement-related sleep disorders, as precursory bio-
markers for PD [24–26, 45]. This approach may provide a new view of precursors, 
if the dysfunction develops before onset of movement disorders in PD (Figure 8). 
Furthermore, it is necessary to examine whether cross-modal dysfunction occurs 
in other diseases with striatum deficit, such as multiple system atrophy [46] and 
Huntington’s disease [47]. Cross-modal dysfunction may also lead to diagnoses of 
other diseases.

Acknowledgements

The author thanks his original collaborators, Dr. Masaoka, Dr. Kuroda, Dr. 
Futamura, Dr. Shiromaru, Dr. Izumizaki, and Dr. Kawamura (Showa University 
School of Medicine). This paper was supported by Grant-in-aids for Scientific 
Research (C) (No. 18 K03185).

Conflict of interest

The author of this manuscript has no conflict of interest.

Figure 8. 
Conceivable onsets of cross-modality dysfunction. Declining olfactory ability and rapid eye movement-related 
sleep disorder are known to be precursory biomarkers for Parkinson’s disease. Cross-modality dysfunction also 
has the potential of becoming a novel biomarker.

123

Cross-Modality Dysfunction between the Visual and Olfactory Systems in Parkinson’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.90116

Author details

Motoyasu Honma
School of Medicine, Showa University, Tokyo, Japan

*Address all correspondence to: mhonma@med.showa-u.ac.jp

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Sino-Nasal and Olfactory System Disorders

122

Dopamine deficiency in PD may affect vision-olfaction integration, including 
emotion and cognitive processing.

The laterality of DaT level in the putamen related to odor preference is of further 
interest. That is, the left is associated with pleasant smells and the right is associated 
with unpleasant smells. A recent study has shown that a pleasant odor is associated 
with bilateral or left AMG activation, and an unpleasant odor is associated with 
activation of the right AMG [27]. The left/right difference for smell-evoked emo-
tion may be linked to AMG processing, because these regions are strongly con-
nected at a fiber level [44].

5. Conclusion

It is essential to investigate the onset of cross-modality dysfunction in the future. 
Studies are currently focusing on early detection of PD, including signs of declining 
olfactory ability and rapid eye movement-related sleep disorders, as precursory bio-
markers for PD [24–26, 45]. This approach may provide a new view of precursors, 
if the dysfunction develops before onset of movement disorders in PD (Figure 8). 
Furthermore, it is necessary to examine whether cross-modal dysfunction occurs 
in other diseases with striatum deficit, such as multiple system atrophy [46] and 
Huntington’s disease [47]. Cross-modal dysfunction may also lead to diagnoses of 
other diseases.

Acknowledgements

The author thanks his original collaborators, Dr. Masaoka, Dr. Kuroda, Dr. 
Futamura, Dr. Shiromaru, Dr. Izumizaki, and Dr. Kawamura (Showa University 
School of Medicine). This paper was supported by Grant-in-aids for Scientific 
Research (C) (No. 18 K03185).

Conflict of interest

The author of this manuscript has no conflict of interest.

Figure 8. 
Conceivable onsets of cross-modality dysfunction. Declining olfactory ability and rapid eye movement-related 
sleep disorder are known to be precursory biomarkers for Parkinson’s disease. Cross-modality dysfunction also 
has the potential of becoming a novel biomarker.

123

Cross-Modality Dysfunction between the Visual and Olfactory Systems in Parkinson’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.90116

Author details

Motoyasu Honma
School of Medicine, Showa University, Tokyo, Japan

*Address all correspondence to: mhonma@med.showa-u.ac.jp

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



124

Sino-Nasal and Olfactory System Disorders

[1] Sperdin HF, Cappe C, Murray MM.  
The behavioral relevance of 
multisensory neural response 
interactions. Frontiers in 
Neuroscience. 2010;4:9. DOI: 10.3389/
neuro.01.009.2010

[2] Helbig HB, Ernst MO, Ricciardi E, 
Pietrini P, Thielscher A, Mayer KM, 
et al. The neural mechanisms of 
reliability weighted integration of shape 
information from vision and touch. 
NeuroImage. 2012;60:1063-1072. DOI: 
10.1016/j.neuroimage.2011.09.072

[3] Kawashima R, Watanabe J,  
Kato T, Nakamura A, Hatano K, 
Schormann T, et al. Direction of cross-
modal information transfer affects 
human brain activation: A PET study. 
The European Journal of Neuroscience. 
2002;16:137-144

[4] Bertelson P, Radeau M. Cross-
modal bias and perceptual fusion with 
auditory-visual spatial discordance. 
Perception & Psychophysics. 
1981;29:578-584

[5] Pavani F, Spence C, Driver J. Visual 
capture of touch: Out-of-the-body 
experiences with rubber gloves. 
Psychological Science. 2000;11:353-359

[6] Maga JA. Influence of color on 
taste thresholds. Chemical Senses. 
1974;1:115-119

[7] Gottfried JA, Dolan RJ. The nose 
smells what the eye sees: Crossmodal 
visual facilitation of human olfactory 
perception. Neuron. 2003;39:375-386

[8] Luisa Demattè M, Sanabria D, 
Spence C. Cross-modal associations 
between odors and colors. Chemical 
Senses. 2006;31:531-538

[9] McGurk H, MacDonald J. Hearing 
lips and seeing voices. Nature. 
1976;264:746-748

[10] Shams L, Kamitani Y, Shimojo S. 
Visual illusion induced by sound. Brain 
Research. Cognitive Brain Research. 
2002;14:147-152

[11] Haber SN. The place of dopamine 
in the cortico-basal ganglia circuit. 
Neuroscience. 2014;282:248-257. DOI: 
10.1016/j.neuroscience.2014.10.008

[12] Vaughan RA, Foster JD. Mechanisms 
of dopamine transporter regulation in 
normal and disease states. Trends in 
Pharmacological Sciences. 2013;34:489-
496. DOI: 10.1016/j.tips.2013.07.005

[13] Kägi G, Bhatia KP, Tolosa E. The role 
of DAT-SPECT in movement disorders. 
Journal of Neurology, Neurosurgery, 
and Psychiatry. 2010;81:5-12. DOI: 
10.1136/jnnp.2008.157370

[14] Tatsch K, Poepperl G. Nigrostriatal 
dopamine terminal imaging with 
dopamine transporter SPECT: An 
update. Journal of Nuclear Medicine. 
2013;54:1331-1338. DOI: 10.2967/
jnumed.112.105379

[15] Jaakkola E, Joutsa J, Kaasinen V. 
Predictors of normal and abnormal 
outcome in clinical brain dopamine 
transporter imaging. Journal of Neural 
Transmission. 2016;123:205-209. DOI: 
10.1007/s00702-015-1495-0

[16] Cerasa A, Gioia MC, Salsone M, 
Donzuso G, Chiriaco C, Realmuto S, 
et al. Neurofunctional correlates of 
attention rehabilitation in Parkinson’s 
disease: An explorative study. 
Neurological Sciences. 2014;35:1173-
1180. DOI: 10.1007/s10072-014-1666-z

[17] Trujillo JP, Gerrits NJ, Vriend C, 
Berendse HW, van den Heuvel OA, 
van der Werf YD. Impaired planning 
in Parkinson’s disease is reflected 
by reduced brain activation and 
connectivity. Human Brain Mapping. 

References

125

Cross-Modality Dysfunction between the Visual and Olfactory Systems in Parkinson’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.90116

2015;36:3703-3715. DOI: 10.1002/
hbm.22873

[18] Ventre-Dominey J, Bourret S,  
Mollion H, Broussolle E, Dominey PF.  
Dissociable dorsal and ventral 
frontostriatal working memory circuits: 
Evidence from subthalamic stimulation 
in Parkinson’s disease. Human Brain 
Mapping. 2014;35:552-566. DOI: 
10.1002/hbm.22205

[19] Moustafa AA, Bell P, Eissa AM, 
Hewedi DH. The effects of clinical 
motor variables and medication dosage 
on working memory in Parkinson’s 
disease. Brain and Cognition. 
2013;82:137-145. DOI: 10.1016/j.
bandc.2013.04.001

[20] Alonso-Recio L, Serrano JM, 
Martín P. Selective attention and facial 
expression recognition in patients with 
Parkinson’s disease. Archives of Clinical 
Neuropsychology. 2014;29:374-384. 
DOI: 10.1093/arclin/acu018

[21] Sprengelmeyer R, Young AW, Mahn K, 
Schroeder U, Woitalla D, Büttner T, et al. 
Facial expression recognition in people 
with medicated and unmedicated 
Parkinson’s disease. Neuropsychologia. 
2003;41:1047-1057

[22] Honma M, Kuroda T,  
Futamura A, Shiromaru A, 
Kawamura M. Dysfunctional counting 
of mental time in Parkinson’s disease. 
Scientific Reports. 2016;6:25421. DOI: 
10.1038/srep25421

[23] Honma M, Murai Y, Shima S, 
Yotsumoto Y, Kuroda T, Futamura A, 
et al. Spatial distortion related to time 
compression during spatiotemporal 
production in Parkinson’s 
disease. Neuropsychologia. 
2017;102:61-69. DOI: 10.1016/j.
neuropsychologia.2017.06.004

[24] Doty RL, Deems DA, Stellar S. 
Olfactory dysfunction in parkinsonism: 
A general deficit unrelated to neurologic 

signs, disease stage, or disease duration. 
Neurology. 1988;38:1237-1244

[25] Masaoka Y, Yoshimura N, Inoue M, 
Kawamura M, Homma I. Impairment 
of odor recognition in Parkinson’s 
disease caused by weak activations of 
the orbitofrontal cortex. Neuroscience 
Letters. 2007;412:45-50

[26] Mahlknecht P, Pechlaner R, 
Boesveldt S, Volc D, Pinter B, Reiter E, 
et al. Optimizing odor identification 
testing as quick and accurate diagnostic 
tool for Parkinson’s disease. Movement 
Disorders. 2016;31:1408-1413. DOI: 
10.1002/mds.26637

[27] Patin A, Pause BM. Human 
amygdala activations during nasal 
chemoreception. Neuropsychologia. 
2015;78:171-194. DOI: 10.1016/j.
neuropsychologia.2015.10.009

[28] Rolls ET. The rules of formation 
of the olfactory representations found 
in the orbitofrontal cortex olfactory 
areas in primates. Chemical Senses. 
2001;26:595-604

[29] Braak H, Del Tredici K.  
Neuroanatomy and pathology of 
sporadic Parkinson’s disease. Advances 
in Anatomy, Embryology, and Cell 
Biology. 2009;201:1-119

[30] Chudler EH, Dong WK. The role 
of the basal ganglia in nociception and 
pain. Pain. 1995;60:3-38

[31] Schultz W. Reward functions of 
the basal ganglia. Journal of Neural 
Transmission. 2016;123:679-693. DOI: 
10.1007/s00702-016-1510-0

[32] Middleton FA, Strick PL. Basal 
ganglia and cerebellar loops: Motor and 
cognitive circuits. Brain Research. Brain 
Research Reviews. 2000;31:236-250

[33] Reig R, Silberberg G. Multisensory 
integration in the mouse striatum. 



124

Sino-Nasal and Olfactory System Disorders

[1] Sperdin HF, Cappe C, Murray MM.  
The behavioral relevance of 
multisensory neural response 
interactions. Frontiers in 
Neuroscience. 2010;4:9. DOI: 10.3389/
neuro.01.009.2010

[2] Helbig HB, Ernst MO, Ricciardi E, 
Pietrini P, Thielscher A, Mayer KM, 
et al. The neural mechanisms of 
reliability weighted integration of shape 
information from vision and touch. 
NeuroImage. 2012;60:1063-1072. DOI: 
10.1016/j.neuroimage.2011.09.072

[3] Kawashima R, Watanabe J,  
Kato T, Nakamura A, Hatano K, 
Schormann T, et al. Direction of cross-
modal information transfer affects 
human brain activation: A PET study. 
The European Journal of Neuroscience. 
2002;16:137-144

[4] Bertelson P, Radeau M. Cross-
modal bias and perceptual fusion with 
auditory-visual spatial discordance. 
Perception & Psychophysics. 
1981;29:578-584

[5] Pavani F, Spence C, Driver J. Visual 
capture of touch: Out-of-the-body 
experiences with rubber gloves. 
Psychological Science. 2000;11:353-359

[6] Maga JA. Influence of color on 
taste thresholds. Chemical Senses. 
1974;1:115-119

[7] Gottfried JA, Dolan RJ. The nose 
smells what the eye sees: Crossmodal 
visual facilitation of human olfactory 
perception. Neuron. 2003;39:375-386

[8] Luisa Demattè M, Sanabria D, 
Spence C. Cross-modal associations 
between odors and colors. Chemical 
Senses. 2006;31:531-538

[9] McGurk H, MacDonald J. Hearing 
lips and seeing voices. Nature. 
1976;264:746-748

[10] Shams L, Kamitani Y, Shimojo S. 
Visual illusion induced by sound. Brain 
Research. Cognitive Brain Research. 
2002;14:147-152

[11] Haber SN. The place of dopamine 
in the cortico-basal ganglia circuit. 
Neuroscience. 2014;282:248-257. DOI: 
10.1016/j.neuroscience.2014.10.008

[12] Vaughan RA, Foster JD. Mechanisms 
of dopamine transporter regulation in 
normal and disease states. Trends in 
Pharmacological Sciences. 2013;34:489-
496. DOI: 10.1016/j.tips.2013.07.005

[13] Kägi G, Bhatia KP, Tolosa E. The role 
of DAT-SPECT in movement disorders. 
Journal of Neurology, Neurosurgery, 
and Psychiatry. 2010;81:5-12. DOI: 
10.1136/jnnp.2008.157370

[14] Tatsch K, Poepperl G. Nigrostriatal 
dopamine terminal imaging with 
dopamine transporter SPECT: An 
update. Journal of Nuclear Medicine. 
2013;54:1331-1338. DOI: 10.2967/
jnumed.112.105379

[15] Jaakkola E, Joutsa J, Kaasinen V. 
Predictors of normal and abnormal 
outcome in clinical brain dopamine 
transporter imaging. Journal of Neural 
Transmission. 2016;123:205-209. DOI: 
10.1007/s00702-015-1495-0

[16] Cerasa A, Gioia MC, Salsone M, 
Donzuso G, Chiriaco C, Realmuto S, 
et al. Neurofunctional correlates of 
attention rehabilitation in Parkinson’s 
disease: An explorative study. 
Neurological Sciences. 2014;35:1173-
1180. DOI: 10.1007/s10072-014-1666-z

[17] Trujillo JP, Gerrits NJ, Vriend C, 
Berendse HW, van den Heuvel OA, 
van der Werf YD. Impaired planning 
in Parkinson’s disease is reflected 
by reduced brain activation and 
connectivity. Human Brain Mapping. 

References

125

Cross-Modality Dysfunction between the Visual and Olfactory Systems in Parkinson’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.90116

2015;36:3703-3715. DOI: 10.1002/
hbm.22873

[18] Ventre-Dominey J, Bourret S,  
Mollion H, Broussolle E, Dominey PF.  
Dissociable dorsal and ventral 
frontostriatal working memory circuits: 
Evidence from subthalamic stimulation 
in Parkinson’s disease. Human Brain 
Mapping. 2014;35:552-566. DOI: 
10.1002/hbm.22205

[19] Moustafa AA, Bell P, Eissa AM, 
Hewedi DH. The effects of clinical 
motor variables and medication dosage 
on working memory in Parkinson’s 
disease. Brain and Cognition. 
2013;82:137-145. DOI: 10.1016/j.
bandc.2013.04.001

[20] Alonso-Recio L, Serrano JM, 
Martín P. Selective attention and facial 
expression recognition in patients with 
Parkinson’s disease. Archives of Clinical 
Neuropsychology. 2014;29:374-384. 
DOI: 10.1093/arclin/acu018

[21] Sprengelmeyer R, Young AW, Mahn K, 
Schroeder U, Woitalla D, Büttner T, et al. 
Facial expression recognition in people 
with medicated and unmedicated 
Parkinson’s disease. Neuropsychologia. 
2003;41:1047-1057

[22] Honma M, Kuroda T,  
Futamura A, Shiromaru A, 
Kawamura M. Dysfunctional counting 
of mental time in Parkinson’s disease. 
Scientific Reports. 2016;6:25421. DOI: 
10.1038/srep25421

[23] Honma M, Murai Y, Shima S, 
Yotsumoto Y, Kuroda T, Futamura A, 
et al. Spatial distortion related to time 
compression during spatiotemporal 
production in Parkinson’s 
disease. Neuropsychologia. 
2017;102:61-69. DOI: 10.1016/j.
neuropsychologia.2017.06.004

[24] Doty RL, Deems DA, Stellar S. 
Olfactory dysfunction in parkinsonism: 
A general deficit unrelated to neurologic 

signs, disease stage, or disease duration. 
Neurology. 1988;38:1237-1244

[25] Masaoka Y, Yoshimura N, Inoue M, 
Kawamura M, Homma I. Impairment 
of odor recognition in Parkinson’s 
disease caused by weak activations of 
the orbitofrontal cortex. Neuroscience 
Letters. 2007;412:45-50

[26] Mahlknecht P, Pechlaner R, 
Boesveldt S, Volc D, Pinter B, Reiter E, 
et al. Optimizing odor identification 
testing as quick and accurate diagnostic 
tool for Parkinson’s disease. Movement 
Disorders. 2016;31:1408-1413. DOI: 
10.1002/mds.26637

[27] Patin A, Pause BM. Human 
amygdala activations during nasal 
chemoreception. Neuropsychologia. 
2015;78:171-194. DOI: 10.1016/j.
neuropsychologia.2015.10.009

[28] Rolls ET. The rules of formation 
of the olfactory representations found 
in the orbitofrontal cortex olfactory 
areas in primates. Chemical Senses. 
2001;26:595-604

[29] Braak H, Del Tredici K.  
Neuroanatomy and pathology of 
sporadic Parkinson’s disease. Advances 
in Anatomy, Embryology, and Cell 
Biology. 2009;201:1-119

[30] Chudler EH, Dong WK. The role 
of the basal ganglia in nociception and 
pain. Pain. 1995;60:3-38

[31] Schultz W. Reward functions of 
the basal ganglia. Journal of Neural 
Transmission. 2016;123:679-693. DOI: 
10.1007/s00702-016-1510-0

[32] Middleton FA, Strick PL. Basal 
ganglia and cerebellar loops: Motor and 
cognitive circuits. Brain Research. Brain 
Research Reviews. 2000;31:236-250

[33] Reig R, Silberberg G. Multisensory 
integration in the mouse striatum. 



Sino-Nasal and Olfactory System Disorders

126

Neuron. 2014;83:1200-1212. DOI: 
10.1016/j.neuron.2014.07.033

[34] Gentile G, Petkova VI, Ehrsson HH.  
Integration of visual and tactile 
signals from the hand in the human 
brain: An FMRI study. Journal of 
Neurophysiology. 2011;105:910-922. 
DOI: 10.1152/jn.00840.2010

[35] von Saldern S, Noppeney U. 
Sensory and striatal areas integrate 
auditory and visual signals 
into behavioral benefits during 
motion discrimination. Journal of 
Neuroscience. 2013;33:8841-8849. DOI: 
10.1523/JNEUROSCI.3020-12.2013

[36] Honma M, Masaoka Y, Kuroda T,  
Futamura A, Shiromaru A, 
Izumizaki M, et al. Impairment of 
cross-modality of vision and olfaction 
in Parkinson disease. Neurology. 
2018;90:e977-e984. DOI: 10.1212/
WNL.0000000000005110

[37] Rolls ET, Baylis LL. Gustatory, 
olfactory, and visual convergence within 
the primate orbitofrontal cortex. Journal 
of Neuroscience. 1994;14:5437-5452

[38] Rolls ET. Top-down control of visual 
perception: Attention in natural vision. 
Perception. 2008;37:333-354

[39] Masaoka Y, Pantelis C, Phillips A, 
Kawamura M, Mimura M, Minegishi G, 
et al. Markers of brain illness may be 
hidden in your olfactory ability: A 
Japanese perspective. Neuroscience 
Letters. 2013;549:182-185. DOI: 
10.1016/j.neulet.2013.05.077

[40] Doty RL, Stern MB, Pfeiffer C,  
Gollomp SM, Hurtig HI. Bilateral 
olfactory dysfunction in early stage 
treated and untreated idiopathic 
Parkinson’s disease. Journal of 
Neurology, Neurosurgery, and 
Psychiatry. 1992;55:138-142

[41] DeLong MR. Primate models of 
movement disorders of basal ganglia 

origin. Trends in Neurosciences. 
1990;13:281-285

[42] Galvan A, Devergnas A, 
Wichmann T. Alterations in neuronal 
activity in basal ganglia-thalamocortical 
circuits in the parkinsonian state. 
Frontiers in Neuroanatomy. 2015;9:5. 
DOI: 10.3389/fnana.2015.00005

[43] Rey CD, Lipps J, Shansky RM. 
Dopamine D1 receptor activation 
rescues extinction impairments in 
low-estrogen female rats and induces 
cortical layer-specific activation 
changes in prefrontal-amygdala 
circuits. Neuropsychopharmacology. 
2014;39:1282-1289. DOI: 10.1038/
npp.2013.338

[44] Gattass R, Galkin TW, Desimone R, 
Ungerleider LG. Subcortical connections 
of area V4 in the macaque. The 
Journal of Comparative Neurology. 
2014;522:1941-1965. DOI: 10.1002/
cne.23513

[45] Chen MC, Yu H, Huang ZL, Lu J. 
Rapid eye movement sleep behavior 
disorder. Current Opinion in 
Neurobiology. 2013;23:793-798. DOI: 
10.1016/j.conb.2013.02.019

[46] Cilia R, Marotta G, Benti R, 
Pezzoli G, Antonini A. Brain SPECT 
imaging in multiple system atrophy. 
Journal of Neural Transmission. 
2005;112:1635-1645

[47] Rüb U, Seidel K, Heinsen H,  
Vonsattel JP, den Dunnen WF, 
Korf HW. Huntington’s disease (HD): 
The neuropathology of a multisystem 
neurodegenerative disorder of the 
human brain. Brain Pathology. 
2016;26:726-740. DOI: 10.1111/
bpa.12426

127

Chapter 9

Cerebrospinal Fluid Leaks and 
Encephaloceles
Henry P. Barham, Harry E. Zylicz and Christian A. Hall

Abstract

Encephaloceles and cereberospinal fluid (CSF) leaks of the ventral skull base 
resulting from trauma (surgical and non-surgical), neoplasm, congenital, and 
spontaneous are a complex problem typically managed by rhinologists/skull base 
surgeons. Conservative management is often the first step in managing these complex 
problems. Endoscopic repair of CSF leaks and encephaloceles has greatly evolved with 
the evolution of endoscopic visualization and instrumentation. Endoscopic repairs of 
CSF leaks are effective and offer decreased morbidity compared to open approaches 
with comparative success rates. Meticulous technique is key to success in repair of 
skull base defects. Materials used are often less important than quality of repair.
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1. Introduction

Cerebrospinal fluid (CSF) is produced by the choroid plexus in the lateral 
ventricles, third, and fourth ventricles at a rate of 0.35 mL/min (20 mL/hour or 
350–500 mL/day) in the normal physiologic states and is reabsorbed into the dural 
venous sinuses through the arachnoid villi. The total volume of circulating CSF is 
90–150 mL. The entire volume of CSF turns over three to five times per day. Typical 
intracranial pressure is 5–15 cm H2O and is considered elevated when it is greater 
than 15 cm H2O. The three layers of the meninges are the dura mater, arachnoid, 
and pia mater. The dura mater is separated into the superficial layer and the menin-
geal layers. Common causes of CSF leaks can be divided into trauma, both surgical 
and nonsurgical, neoplasm, congenital, and spontaneous [1].

An encephalocele is herniation of neural tissue through a defect in the skull base 
and is defined by the type of tissue that herniates through the defect. A meningocele 
contains herniated meninges, a meningoencephalocele contains herniated brain 
matter and meninges, and a meningoencephalocystocele is made up of herniated 
brain matter and meninges that communicate with a cerebral ventricle.

2. Etiology

2.1 Cerebrospinal fluid leak

The most common cause is nonsurgical (70–80%). 1–3% of acute head 
injuries result in a CSF leak. Conservative management is often the first step in 
managing CSF leaks resulting from acute trauma. Seventy percent of leaks close 
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injuries result in a CSF leak. Conservative management is often the first step in 
managing CSF leaks resulting from acute trauma. Seventy percent of leaks close 
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spontaneously with observation and conservative management which may include 
bed rest, head of bed elevation, and lumbar drainage. Overall, there is a 30–40% 
risk of meningitis with conservative treatment [2].

Surgical causes (planned and unplanned) make up a large portion of leaks 
requiring intervention. Functional endoscopic sinus surgery (FESS) carries <1% 
incidence of CSF leak. The most common site of skull base injury is the lateral 
lamella of the cribriform plate. The posterior ethmoid skull base is at greater risk 
when the maxillary sinus is highly pneumatized in the superior–inferior dimension, 
which creates a relatively decreased posterior ethmoid height. Neurologic Surgery 
caries an increased risk albeit typically include planned CSF leak with expected 
violation of the meninges. Transsphenoidal approach for sellar and suprasellar 
lesions carry a reported 0.5–15% incidence of CSF leak [3].

Neoplasms can result in CSF leak via direct tumor invasion and/or mass effect 
leading to intracranial hypertension. Congenital causes result from failure of 
closure of developmental spaces with resultant herniation of intracranial contents. 
Foramen cecum is the most common location. Spontaneous leaks are often the 
result of idiopathic intracranial hypertension (IIH) resulting from decreased CSF 
reabsorption. Patient characteristics and symptoms often include middle-age, obe-
sity, female, pressure-type headaches, pulsatile tinnitus, and balance dysfunction.

Empty sella syndrome is a radiographic appearance of CSF-filled sella due to 
flattening of the pituitary gland which is an endocrine gland that resides in the sella 
turcica and functions to control other endocrine glands by secretion of controlling 
hormones. Empty sella syndrome can be seen in IIH, which typically affects obese 
women. Patients typically will present with headaches, pulsatile tinnitus, and dip-
lopia. A hallmark physical exam finding is bilateral optic disc edema secondary to 
increased intracranial pressure (ICP). Treatment is focused on decreasing ICP with 
pharmacologic therapy consisting of acetazolamide and furosemide to lower ICP, 
and headache management, which may include amitriptyline and propranolol. In 
severe cases with vision problems, surgical intervention may be required, including 
optic nerve decompression or CSF shunting. Empty sella syndrome can be seen in 
conjunction with spontaneous CSF leaks.

2.2 Encephalocele

Encephaloceles can occur in both the skull and spinal column. Twenty percent 
occur within the cranium and 15% of these are associated with the nasal cavity. 
Nasal encephaloceles are divided into two types: sincipital and basal. Sincipital 
(anterior and superior) encephaloceles make up approximately 60% of nasal 
encephaloceles and typically present as a soft compressible mass over the glabella. 
Basal encephaloceles occur through the skull base more posteriorly and make up 
approximately 40% of nasal encephaloceles. They may remain hidden for many 
years because they are located more posteriorly than the sincipital type.

3. Clinical presentation

Clear rhinorrhea that is unilateral, watery, and salty to taste is the most common 
complaint in CSF leaks. It may run out of the nose in more anterior leaks, or down 
the back of the throat in more posterior leaks. The drainage can be exacerbated by 
the Dandy maneuver, which entails tilting the head forward into a chin-tuck posi-
tion and straining.

Patients with an encephalocele will often present with rhinorrhea or recurrent 
meningitis and may have a broad nasal dorsum or hypertelorism. Encephaloceles may 
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characteristically transilluminate, expand with the Valsalva maneuver, and demon-
strate a positive Furstenberg sign (enlargement with compression of internal jugular 
veins). Radiologic imaging including computed tomography (CT) and magnetic reso-
nance imaging (MRI) may be used to evaluate the size and location of encephaloceles.

4. Investigations

The most sensitive and specific test is qualitative β2-transferrin evaluation of the 
nasal drainage. β2-transferrin is detected in few fluids in the body including CSF, 
perilymph, and aqueous humor. Only 0.2 mL is needed for an adequate specimen. 
β2-transferrin has a sensitivity of 97% and specificity of 93%. False positive results 
can occur with abnormal transferrin metabolism from chronic liver disease, glyco-
gen metabolic disease, and carcinomas; therefore, results should be verified with a 
negative serum β2-transferrin. β-trace protein is a newer laboratory test with higher 
sensitivity and specificity which offers faster results than β2-transferrin.

The radiologic evaluation of a CSF leak can be extensive and often begins with 
a fine cut maxillofacial CT scan to demonstrate bony abnormalities such as defects 
and fractures. CT is the mainstay for radiologic workup of CSF rhinorrhea with 
a sensitivity of 92% and a specificity of 92–96%. If the initial imaging does not 
show an obvious abnormality but suspicion is still high, a CT cisternogram may be 
useful. This study entails injection of radiopaque material through a lumbar drain 
into the intrathecal space to help delineate the CSF leak. Presence of contrast within 
the nasal space or paranasal sinuses indicates a CSF leak. CT cisternography has a 
sensitivity of 92% with an active leak to 40% with an intermittent leak. MRI cis-
ternography (T2 weighted fast-spin protocol) can be helpful in cases of neoplasm, 
meningoencephalocele, encephalocele, and in patients with an iodine allergy.

5. Management

In patients who have a traumatic leak and normal CSF pressure, conservative 
treatment consists of bed rest with head of bed elevation and lumbar drainage of 
CSF for 5–10 days. With conservative management, there is a reported risk ranging 
from 7 to 30% of ascending meningitis. The incidence of spontaneous resolution 
with conservative management is reported to be 70%.

The general consensus among practicing otolaryngologist is that antibiotics 
should not be used for conservative management unless there is a very large defect 
with comminuted bone of the skull base as a simple CSF leak carries a 7% infection 
rate (meningitis, intracranial abscess, cellulitis abscess, and osteomyelitis) and 
prophylactic antibiotics have not been shown to decrease the risk of infection. After 
endoscopic repair, antibiotics are generally recommended for 24–48 hours including 
Cefazolin (1 gm q8), Vancomycin (1 gm q12), or Clindamycin (600 mg q8). This 
is done to cover possible contamination at the time of surgery in a non-sterile field 
with concomitant sealing of the sterile to non-sterile flushing of an active leak [4, 5].

6. Surgical Intervention

Endoscopic repair of CSF leaks is effective and offers decreased morbidity 
compared to open approaches. Meticulous technique is key to success in repair 
of skull base defects. Materials used and procedures employed are less important 
than the quality of the repair [6].
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Advancements in the endoscopic surgical repair of CSF leaks and encephalo-
celes have resulted from improvements in instrumentation, visualization, access, 
and technique. Improved diagnostic imaging and surgical navigation have also 
improved management. Advancements in endoscopic reconstructive techniques of 
the skull base including utilization of local vascularized flaps have improved success 
rates with endoscopic approaches [7].

Compared to open surgery, the endoscopic approach allows for more direct 
visualization with less manipulation of the surrounding soft tissues. This may 
allow for a more precise reconstruction of the skull base due to better visualization, 
and minimal manipulation of nearby neurovascular structures. Compared to the 
traditional microscopic view, endoscopes give a dynamic operative view with the 
added ability to see around corners using angled endoscopes. ESBS can avoid scars, 
decrease hospital stays, and cause less postoperative pain [8].

Not all areas of the skull base can be visualized and safely instrumented via a 
transnasal endoscopic route. As a general rule, the endoscopic approach should 
not compromise the ability to achieve the appropriate reconstruction, and crossing 
major neurovascular structures is not suggested [9].

Common complications from skull base surgery include anosmia and associated 
taste dysfunction, epistaxis and neurologic complications such as cranial nerve 
injury. Major skull base surgery complications include CSF rhinorrhea, meningitis, 
intracranial hemorrhage, orbital complications such as diplopia or vision loss, 
vascular injury, stroke, and death [8–11].

Intrathecal fluorescein is often used in the surgical repair of CSF leaks. Its 
advantages include the ability to stain defects that may be more difficult to identify 
clinically, through the visible dye of CSF to a light green color. The surgeon can also 
use it to confirm a water-tight repair. It carries a 0% false positive rate. Its disad-
vantages include a moderate false negative result. It requires a lumbar puncture, 
and the use of fluorescein intrathecally is not FDA-approved. Rare complications 
including seizures (0.3%) and death have been reported; however, these have more 
commonly been associated with administration through a suboccipital puncture. If 
used to help localize a CSF leak it should be used with caution and should be dosed 
as 0.05–0.1 mL per 10 kg body weight up to maximum 0.1 mL 10% fluorescein. This 
is mixed in 10 mL of preservative-free normal saline or CSF. The surgeon should 
inject slowly (over 5–10 min) without paralytics in the anesthetic regimen to assess 
for seizure activity. Fluorescein should be avoided in patients with abnormal renal 
function [12].

The primary goal in endoscopic repair of CSF leaks and skull base reconstruc-
tion is to definitively identify all leaks in order to completely reconstruct all defects. 
After identifying the leak or leaks, the goals of reconstruction are creation of a safe 
barrier with separation of intracranial and sinonasal spaces and elimination of any 
dead space. As with any surgical intervention, meticulous surgical technique is 
paramount for success.

A reconstructive ladder should be used to help determine the type of repair 
performed. For simple, small (less than 1 cm) defects, a fat plug harvested from 
the earlobe or abdomen can be used to plug the defect. The next option includes 
a simple overlay graft harvested from the nasal floor mucosa, turbinate mucosa, 
or nasal septum. If a more complex, larger reconstruction is in order, a composite 
(underlay and overlay) graft can be used consisting of an intracranial underlay of 
bone or cartilage from nasal septum, auricular cartilage or turbinate bone, and an 
overlay graft of mucosa (free or pedicled) as above. Local pedicled flaps should 
include the nasoseptal flap, which is supplied by the posterior nasal septal artery, 
a terminal branch of the sphenopalatine artery. Additional grafts that can be useful 
in larger defects include temporal fascia or tensor fascia lata grafts. These grafts are 
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often bolstered in the sinonasal cavity with abdominal fat, a nasoseptal flap or both. 
In complex situations of extensive defects or poor local tissue, such as in chemoradi-
ated patients, a craniotomy with pericranial flap or free flap reconstruction of the 
skull base may be necessary.

Lumbar drains are often used to decrease intracranial pressure and thereby 
reduce the pressure applied to the skull base reconstruction; however, they may 
be associated with significant morbidity and potential for complications. The use 
of lumbar drain primarily following a repair varies from different surgeons, and 
should not be universally utilized in a routine fashion. When used, the duration of 
drainage is also up to surgeon discretion.

Most reconstructive methods appear to have similar efficacy, and therefore there 
is no universal “best type of reconstruction.” In general, small defects (<1 cm) can 
be closed in a single layer, and multilayer repair is preferred for larger defects. Some 
surgeons prefer to use a rigid layer of bone or cartilage to reconstruct the skull base, 
although this is not required [13]. Vascularized mucosal tissue (e.g., nasoseptal flap) 
has been demonstrated to improve repair results for larger defects; however, single 
layer nonvascularized tissue can also be successful in this setting.

Postoperative antibiotics are an important consideration for skull base surgery 
because of the temporary connection between the intracranial space and external 
world. Rates of postoperative wound infection following ESBS are approximately 
2%, and appear to be higher in open skull base surgery. Broad coverage with IV 
cephalosporins with or without vancomycin (or oral amoxicillin/clavulanate) is 
most often recommended. Studies are lacking to support the use of prolonged 
postoperative antibiotics, although most surgeons prefer to use systemic or topical 
antibiotics in some form after surgery.

7. Conclusion

A multitude of studies over the past 25 years have shown high success rates of 
primary repair around 90%, and secondary repair around 97%. These success rates 
compare favorably to traditional craniotomy approaches with reported success 
rates between 70 and 80% that carry a higher morbidity profile. Symptoms of 
failure in reconstruction include clear rhinorrhea and constant postnasal drip. 
Other signs may include meningitis, severe headaches, seizures, and worsening 
pneumocephalus.
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A reconstructive ladder should be used to help determine the type of repair 
performed. For simple, small (less than 1 cm) defects, a fat plug harvested from 
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Chapter 10

Optical Fiber-Based Sleep Apnea
Syndrome Sensor
Seiko Mitachi, Ken Satoh, Kumiko Shimoyama,
Makoto Satoh and Takeshi Sugiyama

Abstract

A noninvasive sleep apnea syndrome (SAS) sensor using optical fibers, the
“F-SAS sensor,” has been evaluated in a clinical application ranging in age from 13 to
78 years and with BMIs of 19.2–39.3. The respiratory disturbance index (RDI) from
the F-SAS sensor corresponded well with the apnea hypopnea index (AHI) from
polysomnography (PSG). Concurrent measurement of the RDI and the AHI had a
correlation coefficient of 0.71. This means that the F-SAS is well-suited for prelim-
inary SAS screening. They would also be useful for screening potential SAS sufferers
during normal sleep at home. Then, we have succeeded in downsizing F-SAS sensor
and have recognized that it is highly correlated with PSG and pulse oximetry. Next,
we applied the compact F-SAS sensor to examining SAS diagnosis in a child patient
(2–12 years) and report on improved pediatric analysis. The analysis results
revealed the correlation value to be R = 0.87 was a significant improvement over the
correlation value of R = 0.697 between the AHI obtained by a sleep apnea syndrome
examination apparatus (SAS 2100) and RDI obtained by the conventional F-SAS
sensor.

Keywords: optical fiber sensors, sleep apnea syndrome, SAS, F-SAS sensor,
noninvasive, plastic optical fiber

1. Ordinal size of F-SAS sensors and application to adults

1.1 Introduction

Sleep apnea syndrome (SAS) has been identified as a risk factor for traffic
accidents because it can cause excessive daytime sleepiness. As shown in Figure 1,
the probability of a traffic accident for ordinary people is about 5% while that for
SAS sufferers range from about 7–25% depending on the level of the apnea–
hypopnea index (AHI), which indicates the severity of sleep apnea. Given this
finding, the Japanese government requires train drivers and airplane pilots to get
periodic SAS check-ups.

The prevalence of SAS sufferers in Japan is estimated to be 4%: 2.0 million and
2.8 million yet to be identified. The polysomnography (PSG) test commonly used
for diagnosing SAS is a bothersome and uncomfortable examination as shown in
Figure 2.

In contrast, a previously developed sleep apnea syndrome (SAS) sensor using
optical fibers, the “F-SAS sensor,” is non-invasive and non-restrictive [1–4].
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It is both quiet and compact and thus potentially useful for screening potential SAS
sufferers during normal sleep at home.

This paper describes the F-SAS sensor and the measurement principle. It then
describes its application in a hospital setting and in hotels [5, 6]. Under the assis-
tance of the “Beautiful Fukushima Next-Generation Medical Industry Agglomera-
tion Project,” in Japan, we have succeeded in downsizing the F-SAS sensor and have
recognized that it highly correlates with polysomnography (PSG) and pulse

Figure 1.
Probability of traffic accident for various AHI levels of Japanese adults.

Figure 2.
Subjects ready for PSG test.
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oximetry (PLSX). The F-SAS sensor is promising for screening latent SAS patients
(Sleep Apnea Syndrome patients) during usual sleep.

On the other hands, obstructive sleep apnea syndrome (OSAS) in children is a
disease in which respiratory arrest during sleep is frequently observed due to
narrowing of the upper airways, such as due to tonsil hypertrophy, growth disorders,
and a lowered quality of life (QOL) such as from having a decreased ability to learn.
We reviewed the improvement made to pediatric analysis software by using the
F-SAS sensor and report it [7–11]. Further, we report on a comparison of sleep events
with the conventional F-SAS sensor and polysomnography (PSG) in children [9].

1.2 F-SAS sensor system

Figure 3 shows plastic optical fiber sheets and physics of measurement. Fibers
interspaces are narrower one and wider one within several centimeters. Commer-
cially available SI plastic optical fibers (CK10) were used. Physical principle is to
measure the deviation of output optical power from fiber sheet by micro-bending
loss and/or bending loss. Figure 4 is the experimental response for intentional
apnea. One pulse wave form means one breath in and out. Flat parts indicate the
apnea after breath in or out. Narrower fiber interspaces POF sheet is more sensitive
than the wider one. As shown in Figure 5, a plastic optical fiber (POF) sensor sheet
is simply placed under the bottom bed sheet. There is no need for the subject to
wear any special clothing or devices. The measurement data is transmitted to a
remote location for analysis and diagnosis. The measurement principle is illustrated
in Figure 3. The deviation in the output optical power from the POF sheet due to
micro-bending loss and/or bending loss caused by the lateral pressure change cre-
ated by the motion of the person’s chest during respiration is measured.

Figure 3.
Measurement principle.
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The theoretical formula for irregular bending loss of multimode optical fibers
was given by Furuya and Suematsu [12]. As shown by Eq. (1), R1 decreases/
increases depending on the stress increase/decrease with expansion/contraction of
the chest by respiration. Therefore, the stress increases/decreases, and transmission
loss Lm increases/decreases.

ð1Þ

Figure 4.
Example measurement results for intentional apnea.

Figure 5.
Overview of F-SAS sensor system.
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N: Average number of bends par meter, 1=R1ð Þ2: Mean square of fiber curvature,
: Correlation length, d: core diameter, Δ: Relative refractive index difference.
Example measurement results for intentional apnea are shown in Figure 4. One

pulse wave-form corresponds to one breath in and out. The flat parts indicate apnea
after breathing in or out. Results are shown for a POF sheet with narrow fiber spacing
and for one with wider spacing. The one with narrower spacing was more sensitive.
As shown in Figure 6, the sensor system comprises a SI-POF (240/250 micron,
NA = 0.5) sheet, an optical power meter (9 V DC) with a Si photodiode, an LED
(650 nm) built-in controller, a microcomputer (5 V DC), a memory card, and a small
liquid crystal display panel. Input power is 12 V DC from AC commercial power.

Commercially available Si plastic fibers (ESCA CK10, Mitsubishi Rayon Co.,
Ltd.) are used. The sheet is packed between the bottom sheet and the bed. The user
initiates operation by simply pushing the SW button and then sleeps on the bed as
usual without wearing any electrodes. While sleeping, the user can freely roll over,
change body position, and go to the toilet. The user ends operation upon awaking by
again pushing the SW button. The measurement data are automatically stored on
the memory card (SD card), which is attached to the side of the controller. The data
for more than 200 nights can be stored; the data for each night is stored in a
separate file with an automatically generated sequential file name. As necessary, the
data can be analyzed at remote site or on site by inserting the SD card into a PC
running a specially developed data analysis program. For one night’s data file, it
takes about 1 second to plot the signals for normal respiration, apnea, hypopnea,
body motion, rolling over, and sleeping body position, and to generate the respira-
tory disturbance index (RDI).

A clinical application of this F-SAS sensor system was conducted at JR Sendai
Hospital and in Tsukuba University Hospital in Japan using 20 subjects with ages
from 13 to 78 and with BMIs of from 19.2 to 39.3. The POF sheet and PSG were used
concurrently. The F-SAS sensor data were automatically analyzed by using the
specially developed data analysis program to plot the signals for normal respiration,

Figure 6.
Sensor system components and configuration.
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Figure 6.
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apnea, hypopnea, body motion and rolling over independently from the PSG anal-
ysis. The example respiration waveforms for the F-SAS sensor and PSG are shown
in Figure 7 exhibits good consistency. The correlation coefficient between the AHI
from the PSG and the RDI from the F-SAS was 0.71 in the region of AHI from 0 to
85.9 as shown in Figure 8. For AHI values from 0 to 20, the correlation coefficient
was much better 0.89. In contrast, it was 0.57 for AHI values from 20 to 85.9. This
means that the F-SAS sensor is more accurate and sensitive for milder degrees of
SAS. The RDI from the F-SAS sensor was smaller than the AHI from the PSG for
moderate and severe degrees of SAS because of the bigger difference between the
sleeping time and the time in bed. This means that the F-SAS sensor is better
suited for screening than for diagnosis. In fact, in a separate study of at-home use,
potential SAS sufferers from among 19 ordinary people were identified by using this

Figure 7.
Example respiration waveforms for F-SAS sensor and PSG [3] from 0 to 85.9 (R = 0.71).

Figure 8.
Correlation between AHI by PSG and RDI from F-SAS for AHI values.
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F-SAS sensor system. Definitive diagnoses made in the JR Sendai Hospital for
the four potential sufferers were that three had mild cases and one had
a moderate case.

The apnea and hypopnea distributions from the PSG and the F-SAS sensor for
one night for a severe SAS sufferer (Figure 9) show good accordance. Table 1
shows the reliability of the F-SAS sensor in comparison with PSG under the Amer-
ican Academy of Sleep Medicine (AASM) criteria published in 2001 [13]. It had
good sensitivity of 0.909.

1.3 Application to other areas

Amulti-channel F-SAS sensor system has been developed and done field test in a
hotel, full medical check-up and clinical test in pediatrics. Figure 10 shows the

Figure 9.
Apnea and hypopnea distributions from PSG and F-SAS sensor for one night for severe SAS sufferer.

Table 1.
Reliability of F-SAS sensor in comparison with PSG under AASM criteria published in 2001 [13].
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installation of the system in the pediatric ward. A correlation coefficient of 0.76 was
obtained for 11 infantile subjects (Figure 11).

2. Downsizing the F-SAS sensor

Under the assistance of the “Beautiful Fukushima Next-Generation Medical
Industry Agglomeration Project,” in Japan, we have succeeded in downsizing the
F-SAS sensor as shown in Figure 12 and have recognized that it highly correlates
with polysomnography (PSG) and pulse oximetry (PLSX). The F-SAS sensor is
promising for screening latent SAS patients (Sleep Apnea Syndrome patients)
during usual sleep.

Figure 10.
Clinical test of multichannel system of F-SAS sensor in pediatrics.

Figure 11.
Correlation between AHI of SAS2100 of the Yamanashi University Hospital (subjects: 11 children of age
2�10 y) as a reference and RDI of F-SAS sensor [11].
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2.1 Measuring procedure

Under the agreement of the ethical committee of Tohoku Rosai Hospital in Japan
and the following two conditions, coincident measurements of PLSX and F-SAS
sensors were taken for an overnight medical checkup screening.

1.Subjects were 33 men and 8 women (age: 55.7 � 7.49, BMI: 25.6 � 4.2, ESS:
6.9 � 3.5), and as shown in Figures 6 and 13–16, an optical fiber sheet was set
under the bed pad, respiratory motion of the chest was measured, and arterial
blood oxygen saturation was measured by PLSX from February 16, 2012 to
September 7, 2016 in Tohoku Rosai Hospital, Sendai in Japan.

2.Next, conditions for 68 men and 8 women (age: 52.5 � 20.5, BMI: 24.8 � 6.8,
ESS: 6 � 6) were measured by using the downsized F-SAS sensor (controller is
16.8% and weight is 19% less than before) with a conventional PLSX from
March 12, 2013 to Januray 11, 2016, in Tohoku Rosai Hospital, Sendai in Japan.

3.Finally, the clinical examination was carried out in the Department of Sleep
Medicine, University of Tsukuba in Japan. Candidates were chosen from both
healthy subjects and those suspected to be severe SAS patients who were
definitive diagnosed by PSG and complied with F-SAS sensor clinical tests.
Clinical test periods were from September 25, 2013 to February 12, 2014, and
measurements were taken for 35 SAS patients including healthy subjects.
Simultaneously parallel used measurements were taken with a PSG system,
Alice 5, and a compact F-SAS sensor system-Ver. 1 and 2, as shown in
Figures 15 and 16.

2.2 Results and discussion

The analytical results of RDI (Respiratory disturbance index, Pro-AHI; Provi-
sional Apnea Hypopnea Index) by the conventional F-SAS sensor and ODI3%
(oxygen desaturation index: 3%) of PLSX [5] are shown in Figure 17.

Figure 12.
Portable prototype and original F-SAS sensor.
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Figure 13.
A measured example by conventional F-SAS sensor.

Figure 14.
F-SAS sensor for used.
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Figure 15.
Compact F-SAS sensor system (175 � 100 � 45 mm, 390 g, voltaic drive during electric outage)
(before improvement).

Figure 16.
Compact F-SAS sensor system (175 � 100 � 45 mm, 390 g, voltaic drive during electric outage)
(after improvement).

Figure 17.
Correlation between conventional F-SAS sensor’s pro-AHI and ODI3% of PLSX.
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Thirty-eight of the 42 examinees show Pro-AHI > 5 and were suspected of SAS.
The coincident measurement of ODI3% and Pro-AHI shows significant correlation
(r = 0.79, p < 0.01). Seventeen examinees with Pro-AHI were over 10 and were
eventually given SAS outpatient consultation. Four of them received a complete
checkup by PSG and were given CPAP (Continuous Positive Airway Pressure)
therapy. Next, a comparison of the analytical data of RDI (Pro-AHI) by the compact
F-SAS sensor system and the coincident measurement of ODI3% by PULSOX are
shown in Figure 18. Out of 76 examinees, 56 were Pro-AHI > 5 and were suspected
of SAS. The coincident measurement of PULSOX, Pro-AHI, and ODI3% shows good
correlation (r = 0.796, p < 0.01). The 32 examinees were consulted during SAS
outpatient screening. In this manner, both the conventional type and the compact

Figure 18.
Correlation between the portable F-SAS sensor’s pro-AHI and ODI3% of PULSOX.

Figure 19.
Correlation between the portable F-SAS sensor’s pro-AHI and AHI of PSG.
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type F-SAS sensors are very useful for SAS screening during a complete medical
checkup.

Finally, we demonstrate the results of simultaneous measurement with the por-
table F-SAS sensor and PSG (Alice5). Healthy subjects and SAS patients diagnosed
by full PSG were included as examinees. There is a significant correlation between
AHI by PSG, the gold standard for diagnosis of SAS, and Pro-AHI by the compact F-
SAS sensor, as shown in Figure 19 (r = 0.83).

3. Application to children

The compact F-SAS sensor is made portable by it having only 15.3% of the
volume of a conventional F-SAS sensor, as is shown in Figure 20. Under the
approval of the Ethics Committee at the Dept. of Pediatrics at the University of
Yamanashi, the subject wore a portable sleep apnea syndrome examination appara-
tus (SAS 2100) while a plastic optical fiber sheet was placed under the subject’s bed.
The subject’s apnea/hypopnea index (AHI) was measured by the SAS 2100 and the
respiratory disturbance index (RDI) was measured with new analysis software
developed for the compact F-SAS sensor.

Further, this type of F-SAS sensor and Alice PDX of Philips-Respironics GK, a
PSG device used to inspect sleep for OSAS diagnosis, were used for measurement.
Figure 21 below shows a diagram of the F-SAS sensor and PSG (Alice PDX).

3.1 Results

Their correlation value was then obtained. The new analysis software was made
up of a new algorithm that is difficult to use when the number of body movements
per hour exceeds a certain number, and it analyzes the RDI by checking both the
gasping judgment and weakness judgment against the data from a seriously ill
patient. In this study, we improved the algorithm for severe markers in children
(2–12 years old) and aimed to expand the application area to the compact F-SAS
sensor. We compared severe markers obtained with the compact F-SAS sensor and
existing simple polysomnography (PSG) (SAS 2100manufactured by Nihon Kohden).

In this study, 27 data collected by the compact F-SAS sensor were analyzed by
using the new analysis software, which were a severe marker caused by RDI, severe
markers with periodic distribution, severe markers due to gasping respiratory

Figure 20.
Comparison of compact F-SAS sensor and conventional one (left) and SAS 2100 (right).
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frequency, severe markers due to hypopnea, and severe marker due to body
movement frequency. The results are shown below. Before introducing the
markers, the correlation value of R was 0.697 as shown in Figure 22.

After introducing the severe markers obtained by RDI, R = 0.58 as shown in
Figure 23. RDI 10 or more was considered as a serious patient and examined.

After introducing the severe markers due to gasping respiratory frequency,
R = 0.76 as shown in Figure 24. We divided the total number of detected low
respiration times by total landing time, and assumed that one with a high number of
low respirations per hour is a serious one.

After introducing the severe markers due to hypopnea, and R = 0.87 after intro-
ducing the severe markers due to body movement frequency, as shown in Figure 25.

Figure 21.
F-SAS sensor (left) and PSG (right).

Figure 22.
Scatter diagram of F-SAS RDI and SAS 2100 AHI of severe marker algorithm by RDI before introduction of
severe marker.
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Figure 23.
Scatter diagram of F-SAS RDI/AHGI and SAS 2100 AHI after introduction of severe marker that is RDI 10 or
more was considered as a serious patient and examined.

Figure 24.
Scatter diagram of F-SAS RDI/AHGI and SAS 2100 AHI of severe marker algorithm with the number of
hypopnea.

Figure 25.
Scatter diagram of F-SAS RDI/AHGI and SAS 2100 AHI of severe marker algorithm based on body movement
frequency.
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We divided the total number of detected body movements by total bedtime, and
assumed that one with more body movements per hour is a serious one.

Finally, we summarized as shown in Table 2. Sever markers were as RDI,
Periodic distribution, Candle breathing frequency, Low breathing frequency andNumber
of body movements. As a result, Number of body movements showed best data of
correlation value is 0.87.

The analysis results revealed the correlation value to be R = 0.87, which is a
significant improvement over the correlation value of R = 0.697 between AHI
obtained by SAS 2100 and RDI obtained by the conventional F-SAS sensor. From
this, the software using the new algorithm effectively analyzes the RDI. In the
future, to further improve the sensitivity of the compact F-SAS sensor, the
remaining gap between the AHI and RDI in seriously ill patients must be bridged.
To do this, algorithms will need to be developed that allow the analysis software of
F-SAS sensors to capture highly disturbed respiration in seriously ill patients.

We improve the accuracy of the software used for analysis with the F-SAS
sensor for child development. This was done for the development of PSG equip-
ment of Philips Respironics GK used in a pediatric clinical trial at Yamanashi
University School of Medicine for the purpose of comparing apneic events between
the pediatric F-SAS sensor and PSG. That is, the respiratory events were judged and
compared from the waveform data at bedtime, which is the analysis result of the
F-SAS sensor and PSG. On the basis of the definition of the scoring rule of children
for sleeping respiratory events, proposed by the American Academy of Sleep

Table 2.
Correlation value in each severe marker.

Figure 26.
Measurement analysis result of PSG (apnea waveform).
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Medicine (AASM) in 2007, apnea events were judged from the waveforms of PSG.
The analysis results are as shown in Figure 26.

The subject was a boy, aged 4 years and 0 months. The measurement compari-
son time was 21:18:39 to 23:36:24. His height was 99.1 cm, and his weight was
16.6 kg. The respiration cycle was 6 seconds/turn. Concerning the maximum
amplitude of the thermal sensor, which was 24 (unit unknown), a drop of 90% or
more can be seen for 15 seconds. Table 3 shows that all five apnea event durations
of F-SAS and PSG were consistent. As a result of comparing apneic events between
F-SAS sensor and PSG, five apneic events in five out of five matched. In this
subject, all apnea events could be detected by the F-SAS sensor.

4. Conclusions

Clinical application of the F-SAS sensor showed that the respiratory disturbance
index (RDI) from the F-SAS sensor corresponded well with the apnea-hypopnea
index (AHI) from polysomnography under the AASM criteria published in 2001.
The concurrently measured RDI and AHI had a correlation coefficient of 0.71. This
means that the F-SAS sensor is well suited for preliminary SAS screening. The
sensor would also be useful for screening potential SAS sufferers during normal
sleep at home and for SAS screening of and monitoring of the respiration and
heartbeat of neonates. Also we demonstrated through a detailed examination by
PLSX and PSG (Alice5) that PLSX data and PSG (Alice5) data are well correlated
with those of the F-SAS sensor. The F-SAS sensor is effective for SAS screening
during a full overnight medical check-up.

Further, a good correlation value of 0.87 was obtained between the RDI calcu-
lated by a new compact F-SAS sensor analysis system using an algorithm for
severely ill children and AHI calculated by using the SAS 2100. Also, by comparing
the sleep-event results of the F-SAS sensor with those of the PSG, it was observed
that apnea sleep events matched. This suggests that it might be valid applied to
diagnosing sleep apnea with the pediatric F-SAS sensor. We further analyze the
subject data for further improvement.

Acknowledgements

This research was supported by the Japanese Ministry of Education, Science,
Sports and Culture, Grant-in-Aid for Scientific Research, 19,656,101, in fiscal year
2007–2008 and partially supported by the Japan Science and Technology Agency,
Grant-in-Aid for A-STEP High-risk Challenge, JST (A-STEP, #AS2114072A), in
fiscal year 2009–2011. For the portable prototype manufacturing, I am grateful for

Table 3.
Results of apnea events comparison between F-SAS sensor and PSG.

151

Optical Fiber-Based Sleep Apnea Syndrome Sensor
DOI: http://dx.doi.org/10.5772/intechopen.91060



We divided the total number of detected body movements by total bedtime, and
assumed that one with more body movements per hour is a serious one.

Finally, we summarized as shown in Table 2. Sever markers were as RDI,
Periodic distribution, Candle breathing frequency, Low breathing frequency andNumber
of body movements. As a result, Number of body movements showed best data of
correlation value is 0.87.

The analysis results revealed the correlation value to be R = 0.87, which is a
significant improvement over the correlation value of R = 0.697 between AHI
obtained by SAS 2100 and RDI obtained by the conventional F-SAS sensor. From
this, the software using the new algorithm effectively analyzes the RDI. In the
future, to further improve the sensitivity of the compact F-SAS sensor, the
remaining gap between the AHI and RDI in seriously ill patients must be bridged.
To do this, algorithms will need to be developed that allow the analysis software of
F-SAS sensors to capture highly disturbed respiration in seriously ill patients.

We improve the accuracy of the software used for analysis with the F-SAS
sensor for child development. This was done for the development of PSG equip-
ment of Philips Respironics GK used in a pediatric clinical trial at Yamanashi
University School of Medicine for the purpose of comparing apneic events between
the pediatric F-SAS sensor and PSG. That is, the respiratory events were judged and
compared from the waveform data at bedtime, which is the analysis result of the
F-SAS sensor and PSG. On the basis of the definition of the scoring rule of children
for sleeping respiratory events, proposed by the American Academy of Sleep

Table 2.
Correlation value in each severe marker.

Figure 26.
Measurement analysis result of PSG (apnea waveform).

150

Sino-Nasal and Olfactory System Disorders

Medicine (AASM) in 2007, apnea events were judged from the waveforms of PSG.
The analysis results are as shown in Figure 26.

The subject was a boy, aged 4 years and 0 months. The measurement compari-
son time was 21:18:39 to 23:36:24. His height was 99.1 cm, and his weight was
16.6 kg. The respiration cycle was 6 seconds/turn. Concerning the maximum
amplitude of the thermal sensor, which was 24 (unit unknown), a drop of 90% or
more can be seen for 15 seconds. Table 3 shows that all five apnea event durations
of F-SAS and PSG were consistent. As a result of comparing apneic events between
F-SAS sensor and PSG, five apneic events in five out of five matched. In this
subject, all apnea events could be detected by the F-SAS sensor.
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Chapter 11

2D- and 3D-QSRR Studies of
Linear Retention Indices for
Volatile Alkylated Phenols
Assia Belhassan, Samir Chtita,Tahar Lakhlifi
and Mohammed Bouachrine

Abstract

In this study, 29 volatile alkylated phenols were subjected to a quantitative
structure retention relationships (QSRR) studies; we have developed two- and
three-dimensional quantitative structure retention relationships (2D- and 3D-
QSRR) for this series; and these molecules were subjected to a 2D-QSRR analysis for
their retention property using stepwise multiple linear regression (MLR) and 3D-
QSRR analysis using partial least squares (PLS). The 28 descriptors are calculated
for the 29 molecules using the ChemOffice and ChemSketch software to construct
2D-QSRR model. The 3D-QSRR models were constructed using comparative
molecular field analysis (CoMFA) method. The models were used to predict the
linear retention indices of the test set compounds, and agreement between the
experimental and predicted values was verified. The statistical results indicate that
the predicted values are in good agreement with the experimental results
(r2 = 0.980; r2CV = 0.977 and r2 = 0.998; r2CV = 0.959 for MLR and CoMFA methods,
respectively). To validate the predictive power of the resulting models, external
validation multiple correlation coefficient was calculated; in addition to a perfor-
mance prediction power, this coefficient has a favorable estimation of stability for
the two methods (rtest = 0.938 and rtest = 0.955 for MLR and CoMFA methods,
respectively).

Keywords: quantitative structure retention relationship, linear retention indices,
multiple linear regression, molecular field analysis, external validation,
alkylated phenols

1. Introduction

Phenols are widely present in the environment as building blocks for plants [1].
They are formed naturally from decomposition of leaves and wood as well as
through human activity like water purification processes [2]. Alkylphenols are a
family of organic compounds obtained by the alkylation of phenols. The term is
usually reserved for major industrial compounds such as propylphenol,
amylphenol, heptylphenol, octylphenol, nonylphenol, dodecylphenol, and other
long-chain carbon compounds. Methylphenols and ethylpenols are also
alkylphenols, but are more often referred to by their specific names, cresols and
xylenols, respectively. The alkylated phenols have a good ability to be adsorbed on
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solid materials and some are toxic to fish and other forms of aquatic environment.
Very low concentrations of these molecules have unfavorable effects on the taste
and odor of water and fish [3].

All phenolic compounds can be considered as important parameters of the
organoleptic (color, flavor, and aroma) and nutritional qualities of food products.
The phenolic compounds which participate in the vegetable aroma are relatively
simple volatile compounds whose odors can be pleasant or unpleasant. Vanilla, for
example, is the most popular aroma in the world, and its production is estimated at
1500 tons per year [4]. Approximately 250 compounds are responsible for vanilla
aroma and among these are about 20 phenolic compounds, the most abundant of
which are vanillin, p-hydroxybenzaldehyde, and vanillic acid [5]. The spices we
use to enhance taste and flavor of food contain volatile compounds characterized by
the presence of a methoxyl group. 4-vinyl guaiacol is responsible for the pleasant
odors that occur during the manufacture and storage of citrus juices (orange and
grapefruit in particular). This compound is formed from the degradation of
ferulic acid, and the quality of the orange juice aroma is directly related to changes
in free ferulic acid and 4-vinyl guaiacol contents [6]. These two compounds are
also produced during the thermal degradation of lignin. With their derivatives
(4-methyl guaiacol, 4-ethyl guaiacol, vanillin, vanillic acid, etc.), they are at the
origin of the aroma developed by the smoking techniques used in meat and fish
conservation [7].

Some alkylated phenols represent another group of compounds with a con-
stantly weak odor. In addition, some individual odorants in this group have been
described in several studies as having various sensory properties. Because of their
obviously high odor potency, the odor thresholds of the alkylated phenols have been
extensively evaluated.

The multidimensional quantitative structure-activity/property relationship
(multidimensional-QSAR/QSPR) analysis is a computational method used to pre-
dict biological activities or chemical properties of existing or supposed chemical
compounds. With incessant development, the multidimensional-QSAR/QSPR ana-
lyses have made notable achievement in diverse fields, such as toxicology and
medicinal chemistry [8, 9]. Through the fast progress of computer science and
theoretical study, it can quickly and accurately find molecular information (chem-
ical descriptors) of compounds by computation. These chemical descriptors used in
the construction of the QSAR/QSPR models can increase the interpretability and
can predict the activity/property of new molecules [10].

The release of odorant molecules from a solid or liquid medium and their pas-
sage in the vapor phase is the first step before a possible perception due to the
activation of the olfactory receptors present in the nasal cavity followed by a series
of complex neurophysiological reactions, in order to code a particular smell, that’s
why in this study, a series of 29 volatile alkylated phenols, including monoalkylated
phenols and di- and trimethylphenols, were subjected to a quantitative structure
retention relationships (QSRR) studies, we have developed two- and three-
dimensional quantitative structure retention relationships (2D- and 3D-QSRR) for a
series of 29 molecules odorants based on phenol. We construct 2D-QSRR model
using 28 descriptors. The 3D-QSAR/QSPR models were constructed using the com-
parative molecular field analysis (CoMFA) [11] tools that collect and interpret
complex data from series of bioactive molecules to construct computational models
that correlate chemical properties with biological activity/propriety [12]. Through
this approach, molecular features responsible for the retention property of the
investigated compounds (alkylated phenols) were identified using the CoMFA con-
tour plots. Furthermore, the statistical consistency of the developed models was
evaluated on the basis of their correlation ability for the training set, as well as their

156

Sino-Nasal and Olfactory System Disorders

predictive power for an external test set. We accordingly propose quantitative
models, using stepwise multiple linear regression (MLR) for 2D-QSRR analysis
and the partial least squares (PLS) for 3D-QSRR model, and we try to interpret the
retention property of the compounds relying on the multidimensional-QSRR
analyses [13].

2. Material and methods

2.1 2D-QSRR study

2.1.1 Data set

The reliability of the 2D-QSRR analysis is depending on the available data set,
and the method of analysis and the validations. In the present analysis, a series of 29
selected alkylated phenols that have been evaluated for their linear retention indices
was taken from literature, and as reported in the literature [14], high-resolution
GC/O (HRGC/O) analyses were performed with a type 5160 gas chromatograph
(Carlo Erba), and the analyses were accomplished using DB-1701, as demonstrated
by Czerny et al. [14]. We considered to carry out the 2D-QSRR analysis: 24 mole-
cules are selected to propose the quantitative model (training set) and 5 compounds
that have been selected randomly and were not used in training set have served to
test the performance of the proposed model (test set). Table 1 shows the studied
compounds and the experimental linear retention indices values (LRI).

No. Compound LRI Log(LRI) No. Compound LRI Log(LRI)

1a Phenol 1167 3.067 16 4-n-hexylphenol 1784 3.251

Monoalkylated phenols 17 4-n-heptylphenol 1886 3.276

2 2-Methylphenol 1244 3.095 18 4-n-octylphenol 1994 3.300

3 3-Methylphenol 1270 3.104 Dimethylated phenols

4 4-Methylphenol 1269 3.103 19 2,3-Dimethylphenol 1387 3.142

5 2-Ethylphenol 1330 3.124 20 2,4-Dimethylphenol 1344 3.128

6 3-Ethylphenol 1371 3.137 21 2,5-Dimethylphenol 1342 3.128

7 4-Ethylphenol 1369 3.136 22 2,6-Dimethylphenol 1300 3.114

8 2-n-propylphenol 1415 3.151 23 3,4-Dimethylphenol 1406 3.148

9a 3-n-propylphenol 1463 3.165 24 3,5-Dimethylphenol 1369 3.136

10 4-n-propylphenol 1463 3.165 Trimethylated phenols

11a 2-Isopropylphenol 1414 3.150 25 2,3,5-Trimethylphenol 1483 3.171

12 3-Isopropylphenol 1418 3.152 26 2,3,6-Trimethylphenol 1440 3.158

13 4-Isopropylphenol 1419 3.152 27 2,4,5-Trimethylphenol 1472 3.168

14 4-n-Butylphenol 1571 3.196 28a 2,4,6-Trimethylphenol 1400 3.146

15 4-n-Pentylphenol 1678 3.225 29a 3,4,5-Trimethylphenol 1551 3.191

LRI: linear retention indices.
aTest set.

Table 1.
Alkylated phenols used in this study and their experimental linear retention indices.

157

2D- and 3D-QSRR Studies of Linear Retention Indices for Volatile Alkylated Phenols
DOI: http://dx.doi.org/10.5772/intechopen.89576



solid materials and some are toxic to fish and other forms of aquatic environment.
Very low concentrations of these molecules have unfavorable effects on the taste
and odor of water and fish [3].

All phenolic compounds can be considered as important parameters of the
organoleptic (color, flavor, and aroma) and nutritional qualities of food products.
The phenolic compounds which participate in the vegetable aroma are relatively
simple volatile compounds whose odors can be pleasant or unpleasant. Vanilla, for
example, is the most popular aroma in the world, and its production is estimated at
1500 tons per year [4]. Approximately 250 compounds are responsible for vanilla
aroma and among these are about 20 phenolic compounds, the most abundant of
which are vanillin, p-hydroxybenzaldehyde, and vanillic acid [5]. The spices we
use to enhance taste and flavor of food contain volatile compounds characterized by
the presence of a methoxyl group. 4-vinyl guaiacol is responsible for the pleasant
odors that occur during the manufacture and storage of citrus juices (orange and
grapefruit in particular). This compound is formed from the degradation of
ferulic acid, and the quality of the orange juice aroma is directly related to changes
in free ferulic acid and 4-vinyl guaiacol contents [6]. These two compounds are
also produced during the thermal degradation of lignin. With their derivatives
(4-methyl guaiacol, 4-ethyl guaiacol, vanillin, vanillic acid, etc.), they are at the
origin of the aroma developed by the smoking techniques used in meat and fish
conservation [7].

Some alkylated phenols represent another group of compounds with a con-
stantly weak odor. In addition, some individual odorants in this group have been
described in several studies as having various sensory properties. Because of their
obviously high odor potency, the odor thresholds of the alkylated phenols have been
extensively evaluated.

The multidimensional quantitative structure-activity/property relationship
(multidimensional-QSAR/QSPR) analysis is a computational method used to pre-
dict biological activities or chemical properties of existing or supposed chemical
compounds. With incessant development, the multidimensional-QSAR/QSPR ana-
lyses have made notable achievement in diverse fields, such as toxicology and
medicinal chemistry [8, 9]. Through the fast progress of computer science and
theoretical study, it can quickly and accurately find molecular information (chem-
ical descriptors) of compounds by computation. These chemical descriptors used in
the construction of the QSAR/QSPR models can increase the interpretability and
can predict the activity/property of new molecules [10].

The release of odorant molecules from a solid or liquid medium and their pas-
sage in the vapor phase is the first step before a possible perception due to the
activation of the olfactory receptors present in the nasal cavity followed by a series
of complex neurophysiological reactions, in order to code a particular smell, that’s
why in this study, a series of 29 volatile alkylated phenols, including monoalkylated
phenols and di- and trimethylphenols, were subjected to a quantitative structure
retention relationships (QSRR) studies, we have developed two- and three-
dimensional quantitative structure retention relationships (2D- and 3D-QSRR) for a
series of 29 molecules odorants based on phenol. We construct 2D-QSRR model
using 28 descriptors. The 3D-QSAR/QSPR models were constructed using the com-
parative molecular field analysis (CoMFA) [11] tools that collect and interpret
complex data from series of bioactive molecules to construct computational models
that correlate chemical properties with biological activity/propriety [12]. Through
this approach, molecular features responsible for the retention property of the
investigated compounds (alkylated phenols) were identified using the CoMFA con-
tour plots. Furthermore, the statistical consistency of the developed models was
evaluated on the basis of their correlation ability for the training set, as well as their

156

Sino-Nasal and Olfactory System Disorders

predictive power for an external test set. We accordingly propose quantitative
models, using stepwise multiple linear regression (MLR) for 2D-QSRR analysis
and the partial least squares (PLS) for 3D-QSRR model, and we try to interpret the
retention property of the compounds relying on the multidimensional-QSRR
analyses [13].

2. Material and methods

2.1 2D-QSRR study

2.1.1 Data set

The reliability of the 2D-QSRR analysis is depending on the available data set,
and the method of analysis and the validations. In the present analysis, a series of 29
selected alkylated phenols that have been evaluated for their linear retention indices
was taken from literature, and as reported in the literature [14], high-resolution
GC/O (HRGC/O) analyses were performed with a type 5160 gas chromatograph
(Carlo Erba), and the analyses were accomplished using DB-1701, as demonstrated
by Czerny et al. [14]. We considered to carry out the 2D-QSRR analysis: 24 mole-
cules are selected to propose the quantitative model (training set) and 5 compounds
that have been selected randomly and were not used in training set have served to
test the performance of the proposed model (test set). Table 1 shows the studied
compounds and the experimental linear retention indices values (LRI).

No. Compound LRI Log(LRI) No. Compound LRI Log(LRI)

1a Phenol 1167 3.067 16 4-n-hexylphenol 1784 3.251

Monoalkylated phenols 17 4-n-heptylphenol 1886 3.276

2 2-Methylphenol 1244 3.095 18 4-n-octylphenol 1994 3.300

3 3-Methylphenol 1270 3.104 Dimethylated phenols

4 4-Methylphenol 1269 3.103 19 2,3-Dimethylphenol 1387 3.142

5 2-Ethylphenol 1330 3.124 20 2,4-Dimethylphenol 1344 3.128

6 3-Ethylphenol 1371 3.137 21 2,5-Dimethylphenol 1342 3.128

7 4-Ethylphenol 1369 3.136 22 2,6-Dimethylphenol 1300 3.114

8 2-n-propylphenol 1415 3.151 23 3,4-Dimethylphenol 1406 3.148

9a 3-n-propylphenol 1463 3.165 24 3,5-Dimethylphenol 1369 3.136

10 4-n-propylphenol 1463 3.165 Trimethylated phenols

11a 2-Isopropylphenol 1414 3.150 25 2,3,5-Trimethylphenol 1483 3.171

12 3-Isopropylphenol 1418 3.152 26 2,3,6-Trimethylphenol 1440 3.158

13 4-Isopropylphenol 1419 3.152 27 2,4,5-Trimethylphenol 1472 3.168

14 4-n-Butylphenol 1571 3.196 28a 2,4,6-Trimethylphenol 1400 3.146

15 4-n-Pentylphenol 1678 3.225 29a 3,4,5-Trimethylphenol 1551 3.191

LRI: linear retention indices.
aTest set.

Table 1.
Alkylated phenols used in this study and their experimental linear retention indices.

157

2D- and 3D-QSRR Studies of Linear Retention Indices for Volatile Alkylated Phenols
DOI: http://dx.doi.org/10.5772/intechopen.89576



2.1.2 Molecular descriptors generation

Twenty-eight molecular descriptors were calculated using ACD/ChemSketch
and ChemOffice programs [15, 16] to predict the correlation between these
descriptors and the retention property of studied compounds and to develop a
linear model [17]. The descriptors used in this study are displayed in Table 2.

2.1.3 Statistical analysis

To explain the structure-property relationship, 28 descriptors are calculated for
the 29 molecules using the ChemOffice and ChemSketch software, and they were
subjected to a stepwise multiple linear regression (MLR) available in the SPSS
software [18]. The stepwise MLR was generated to predict retention property
values Log(LRI). Equation was justified by the correlation coefficient (r), the root
mean square of the errors (RMSE), the Fishers F-statistic (F), and the significance
level (P-value) [19].

The final stage of this 2D-QSRR analysis consists of statistical validation in order
to assess the significance of the model and hence its ability to predict property of
other compounds. In this chapter, the model was validated internally by the cross-
validation test. The cross validations are statistical techniques in which different
proportions of chemicals are iteratively held out from the training set used for
model development. In this chapter, the leave-one-out procedure is used; this
process sequentially removes one compound from the training set containing 24
compounds. A 2D-QSRR model is created on a “23” set of molecules, and the
molecule removed is predicted by the constructed model. This process is repeated
“24” times in order to predict the retention property of all compounds [20].

2.2 3D-QSRR study

2.2.1 Minimization and alignment

Chemical structures of studied compounds were sketched with sketch module in
SYBYL [21] and minimized using Tripos force field [22] with the Gasteiger-Hückel
charges [23] and conjugated gradient method, and gradient convergence criteria of
0.01 kcal/mol. Simulated annealing on the energy minimized structures was
performed with 20 cycles.

Molecular alignment is one of the most sensitive parameters in 3D-QSRR
methods. In this work, all studied compounds were aligned on the common core
(compound no. 1), using the simple alignment method in Sybyl [24]. Compound

Software Descriptors

ChemOffice Melting point T (Kelvin); molecular weight MW (g/mol); critical temperature CT
(Kelvin); heat of formation H° (kJ mol�1); boiling point TB (Kelvin); Gibbs free energy
G (kJ mol�1); critical pressure CP (Bar); Connolly solvent-excluded volume V (A°)3;
shape coefficient I; total connectivity TC; Log P; number of rotatable bonds NRB;
winner index (W); number of H-bond acceptors (NHA); molecular topological index
MTI; number of H-bond donors (NHD); partition coefficient PC; Balaban index (J);
Henry’s law constant KH; polar surface area PSA (A°)2; total valence connectivity TVC;
sum of valence degrees SVD

ChemSketch Percent ratios of nitrogen, hydrogen, oxygen, and carbon atoms (H%; O%; C%); surface
tension γ (dyne/cm); index of refraction (n); density (d)

Table 2.
Descriptors selected and software packages used in the calculation of descriptors.
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no. 18, which was the most active compound (with highest Log(LRI)), was used as
template (Figure 1).

2.2.2 CoMFA studies

Based on the molecular alignment, CoMFA studies were performed to analyze
the specific contributions of steric and electrostatic effects. These interactions
were calculated using the Tripos force field with a distance-dependent dielectric
constant at all interactions in a regularly spaced (2 Å) grid taking a sp3 carbon atom
as steric probe and a +1 charge as electrostatic probe. The cutoff was set to
30 kcal/mol [25]. With standard options for scaling of variables, the regression
analysis was carried out using the fully cross-validated partial least squares (PLS)
method (leave one out) [26]. The final model that is non–cross-validated
conventional analysis was developed with the optimum number of components to
yield a non–cross-validated r2 value.

2.2.3 Partial least squares analysis (PLS) and validation

The 3D-QSRR models were generated using a training set of 24 molecules.
Predictive power of the resulting models was evaluated using a test set of five
molecules (Table 1). The test compounds have been selected randomly. PLS analy-
sis used to construct the 3D-QSRR models is an extension of multiple regression
analysis in which the initial variables are replaced by optimum number of compo-
nents of their linear combinations. PLS statistical method with leave-one-out (LOO)
cross-validation procedure was used in this work to determine the optimal numbers
of components considering cross-validated coefficient rCV for the training set of 24
molecules. The external validation of created models was determined using five
compounds (test set). The final analysis (non-cross-validated analysis) was carried
out using the optimum number of components obtained from the cross-validation
analysis to get correlation coefficient r2 [27, 28].

3. Results and discussions

3.1 2D-QSRR study

3.1.1 Data set for analysis

A 2D-QSRR study was carried out for a series of 29 alkylated phenols, as indi-
cated above, to determine a quantitative relationship between the structure and the

Figure 1.
3D structure of the core (molecule no. 1) and the template (molecule no. 18).
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no. 18, which was the most active compound (with highest Log(LRI)), was used as
template (Figure 1).

2.2.2 CoMFA studies

Based on the molecular alignment, CoMFA studies were performed to analyze
the specific contributions of steric and electrostatic effects. These interactions
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constant at all interactions in a regularly spaced (2 Å) grid taking a sp3 carbon atom
as steric probe and a +1 charge as electrostatic probe. The cutoff was set to
30 kcal/mol [25]. With standard options for scaling of variables, the regression
analysis was carried out using the fully cross-validated partial least squares (PLS)
method (leave one out) [26]. The final model that is non–cross-validated
conventional analysis was developed with the optimum number of components to
yield a non–cross-validated r2 value.

2.2.3 Partial least squares analysis (PLS) and validation

The 3D-QSRR models were generated using a training set of 24 molecules.
Predictive power of the resulting models was evaluated using a test set of five
molecules (Table 1). The test compounds have been selected randomly. PLS analy-
sis used to construct the 3D-QSRR models is an extension of multiple regression
analysis in which the initial variables are replaced by optimum number of compo-
nents of their linear combinations. PLS statistical method with leave-one-out (LOO)
cross-validation procedure was used in this work to determine the optimal numbers
of components considering cross-validated coefficient rCV for the training set of 24
molecules. The external validation of created models was determined using five
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analysis to get correlation coefficient r2 [27, 28].

3. Results and discussions
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retention property. The values of the 28 descriptors are shown in Table S1 (in
Supplementary Material).

3.1.2 Stepwise multiple linear regression MLR

The stepwise multiple linear regression (MLR) procedure based on the forward
selection and backward elimination method (including the critical probability: P-
value <0.05 for all descriptors and for the model complete) was employed to
determine the best regression model.

The 2D-QSRR model built using stepwise MLR is represented by the following
equation:

Log LRIð Þ ¼ 2:935þ 1:682� 10�3 � V (1)

N = 24; r = 0.990; r2 = 0.980; RMSE = 0.008; F = 1085.981; P < 0.0001.
In this equation, V is the Connolly solvent-excluded volume, N is the number of

compounds, r is the correlation coefficient, r2 is the coefficient of determination,
RMSE is the root mean square of the errors, F is the Fisher’s criterion, and P is the
significance level.

It is observed that the coefficient of correlation r is high, and RMSE is low,
which makes it possible to indicate that the model is reliable. A P value much
smaller than 0.05 indicates that the regression equation is statistically significant;
thus, we can conclude, with confidence, that the model provides a significant
amount of information [29, 30].

The predicted Log(LRI) values calculated from equation are given in Table 4 in
comparison to the observed values. The correlation between the predicted and
observed Log(LRI) is shown in Figure 2.

3.1.3 Internal validation (cross-validation)

The 2D-QSRR model expressed by the equation of stepwise MLR method is
validated by its appreciable value of r2CV obtained using the leave-one-out (LOO)
procedure. The value of r2CV greater than 0.5 is the basic condition for qualifying a

Figure 2.
Correlations of observed and predicted Log(LRI) with MLR stepwise (training set in blue; test set in red).
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2D-QSRR model as valid. The model’s performance was good and was characterized
by r2CV value of 0.977 with the descriptor (V) proposed by the stepwise MLR.

3.1.4 External validation

The model created in the calculation process using the alkylated phenols is used
to predict the retention property values (Log(LRI)) of the remaining (five mole-
cules). The results obtained by stepwise MLR model are very sufficient to conclude
the performance of models; it is confirmed by the test done with the five
compounds (rtest = 0.938; r2test = 0.880).

3.1.5 Domain of applicability

Evaluation of the applicability domain of the 2D-QSRR model is considered as an
important step to establish that the model is reliable to make predictions within the
chemical space for which it was developed [31]. In this chapter, we used leverage
approach [20]. Leverage of a given chemical compound hi is defined as follows:

hi ¼ xTi ðXTXÞ�1xiði ¼ 1…nÞ (2)

where xi is the descriptor row of the query compound and X is the descriptor
matrix of the training set compounds used to develop the model. As a prediction
tool, the warning leverage h* is defined as follows:

h� ¼ 3ðPþ 1Þ=n (3)

r2CV r2 SE F-t N r2test

CoMFA 0.959 0.998 0.003 2937.327 7 0.913

Table 3.
Statistical parameters of CoMFA model.

Figure 3.
Williams plot to evaluate the applicability domain of stepwise MLR model.
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2D-QSRR model as valid. The model’s performance was good and was characterized
by r2CV value of 0.977 with the descriptor (V) proposed by the stepwise MLR.
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The model created in the calculation process using the alkylated phenols is used
to predict the retention property values (Log(LRI)) of the remaining (five mole-
cules). The results obtained by stepwise MLR model are very sufficient to conclude
the performance of models; it is confirmed by the test done with the five
compounds (rtest = 0.938; r2test = 0.880).
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chemical space for which it was developed [31]. In this chapter, we used leverage
approach [20]. Leverage of a given chemical compound hi is defined as follows:
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where xi is the descriptor row of the query compound and X is the descriptor
matrix of the training set compounds used to develop the model. As a prediction
tool, the warning leverage h* is defined as follows:
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where n is the number of training compounds and P is the number of descriptors
in the model.

From the Williams plot (Figure 3), it is obvious that all the compounds in the
data set are within the applicability domain of the model (the warning leverage
limit is 0.250) except one training compound (no. 18); these compounds have their

No Log(LRI) (obs.) Log(LRI) (calc.)

2D-QSRR 3D-QSRR

MLR Residual CoMFA Residual

1a 3.067 3.076 �0.009 3.062 0.005

2 3.095 3.104 �0.010 3.094 0.001

3 3.104 3.105 �0.001 3.103 0.001

4 3.103 3.105 �0.001 3.100 0.003

5 3.124 3.128 �0.004 3.124 0.000

6 3.137 3.130 0.007 3.141 �0.004

7 3.136 3.130 0.006 3.137 �0.001

8 3.151 3.161 �0.010 3.149 0.002

9a 3.165 3.162 0.003 3.150 0.015

10 3.165 3.162 0.003 3.163 0.002

11a 3.150 3.152 �0.001 3.150 0.000

12 3.152 3.155 �0.003 3.147 0.005

13 3.152 3.155 �0.003 3.150 0.002

14 3.196 3.191 0.005 3.196 0.000

15 3.225 3.220 0.005 3.226 �0.001

16 3.251 3.249 0.003 3.250 0.001

17 3.276 3.277 �0.002 3.280 �0.004

18 3.300 3.306 �0.007 3.298 0.002

19 3.142 3.133 0.009 3.137 0.005

20 3.128 3.133 �0.005 3.132 �0.004

21 3.128 3.133 �0.006 3.127 0.001

22 3.114 3.132 �0.018 3.128 �0.014

23 3.148 3.133 0.015 3.144 0.004

24 3.136 3.134 0.003 3.136 0.000

25 3.171 3.162 0.010 3.168 0.003

26 3.158 3.161 �0.002 3.170 �0.012

27 3.168 3.162 0.006 3.167 0.001

28a 3.146 3.161 �0.015 3.164 �0.018

29a 3.191 3.161 0.029 3.175 0.016

LRI: linear retention indices.
aTest set.

Table 4.
Actual and predicted Log(LRI) along with residual of training and test sets using stepwise MLR and CoMFA
models.
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leverage values greater than the warning h* value and could be high leverage
compound influencing the performance of the model. However, their standard
residual values are very low and within the established limit [32]. As a result, this
compound could be considered as influential in fitting the model performance but
not necessarily outliers to be deleted from the training dataset, and thus, the model
can be applied with confidence within the defined applicability domain.

For all the compounds in the training and test sets, their standardized residuals
are smaller than three standard deviation units (3 � δ) except one test compound
(No 29). Thus, compound no. 29 can be as outlier. Because this compound is one of
the test set compounds, there is no need to remove this compound from the data set.

Therefore, the predicted of linear retention indices values (Log(LRI)) by the
developed stepwise MLR model is reliable.

3.2 3D-QSRR study

3.2.1 Molecular alignment

All other compounds were aligned on the basis of the common structure (com-
pound no. 1). Alignment of training and test set compounds using distill module is
shown in Figure 4.

3.2.2 CoMFA result

The 3D-QSRR models were obtained from the CoMFA analysis, and its statistical
parameters are listed in Table 3. The values of predicted Log(LRI) are calculated by
CoMFA model, and the observed values are given in Table 4. The correlations of
predicted and observed Log(LRI) values are illustrated in Figure 5.

We use cross-validation as an internal test of the quality of the PLS models. And
to evaluate the predictive power of a QSRR model (external test), the Log(LRI) of
the remained set of five molecules (test set) are deduced from the constructed
model with the 24 compounds (training set) by CoMFA model (Table 3).

where r2CV is the square of the LOO cross-validation (CV) coefficient; r2 is the
square of the non-CV coefficient; SE is the standard error of prediction; F is the F-
test value; N is the optimum number of components; and r2test is the external
validation correlation coefficient for test set compounds.

The 3D-QSRR models gave good statistical results in terms of r2 value
(r2 = 0.998) for the CoMFA model. This approach has good predictive capability

Figure 4.
3D-QSRR structure superposition and alignment of training set using molecule no. 18 as a template.
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where n is the number of training compounds and P is the number of descriptors
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leverage values greater than the warning h* value and could be high leverage
compound influencing the performance of the model. However, their standard
residual values are very low and within the established limit [32]. As a result, this
compound could be considered as influential in fitting the model performance but
not necessarily outliers to be deleted from the training dataset, and thus, the model
can be applied with confidence within the defined applicability domain.

For all the compounds in the training and test sets, their standardized residuals
are smaller than three standard deviation units (3 � δ) except one test compound
(No 29). Thus, compound no. 29 can be as outlier. Because this compound is one of
the test set compounds, there is no need to remove this compound from the data set.

Therefore, the predicted of linear retention indices values (Log(LRI)) by the
developed stepwise MLR model is reliable.

3.2 3D-QSRR study

3.2.1 Molecular alignment

All other compounds were aligned on the basis of the common structure (com-
pound no. 1). Alignment of training and test set compounds using distill module is
shown in Figure 4.

3.2.2 CoMFA result

The 3D-QSRR models were obtained from the CoMFA analysis, and its statistical
parameters are listed in Table 3. The values of predicted Log(LRI) are calculated by
CoMFA model, and the observed values are given in Table 4. The correlations of
predicted and observed Log(LRI) values are illustrated in Figure 5.

We use cross-validation as an internal test of the quality of the PLS models. And
to evaluate the predictive power of a QSRR model (external test), the Log(LRI) of
the remained set of five molecules (test set) are deduced from the constructed
model with the 24 compounds (training set) by CoMFA model (Table 3).

where r2CV is the square of the LOO cross-validation (CV) coefficient; r2 is the
square of the non-CV coefficient; SE is the standard error of prediction; F is the F-
test value; N is the optimum number of components; and r2test is the external
validation correlation coefficient for test set compounds.

The 3D-QSRR models gave good statistical results in terms of r2 value
(r2 = 0.998) for the CoMFA model. This approach has good predictive capability
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gives good results (r2CV = 0.956). The model was able to establish a satisfactory
relationship between the molecular descriptors and the linear retention indices of
the studied compounds. The results obtained by CoMFA analysis are sufficient to
conclude the performance of the model; it is confirmed by the test done with the
five compounds (Table 3).

3.3 Comparison between 2D- and 3D-QSRR results and design of novel
alkylated phenols

Aiming to provide a comparison among the stepwise MLR and CoMFA models,
Table 5 lists the main statistical indicators for 2D- and 3D-QSRR models.

A comparison of the quality of stepwise MLR and CoMFA model (Table 5)
shows that the two approaches stepwise MLR and CoMFA have better predictive
capability gives better results. Stepwise MLR and CoMFA models were able to
found a suitable relationship between the chemical descriptors and the linear reten-
tion indices of the studied molecules.

Multidimensional-QSRR correlates retention property with the physicochemical
and structural descriptors of a series of molecules. It has been habitually used to
predict retention of new molecules and to propose molecules with preferred prop-
erties. The constructed models can be used for the designing of new alkylated
phenols with higher or lower property values (Log(LRI)).

In this way, we can design new compounds by adding suitable substituents and
calculate their property using stepwise MLR equation. The stepwise MLR equation
indicated the positive correlation of the Connolly solvent-excluded volume (V).

Figure 5.
Correlations of observed and predicted Log(LRI) derived from CoMFA model (training set in blue; test set
in red).

2D-QSRR 3D-QSRR

MLR
Stepwise

PLS
CoMFA

r = 0.990; r2 = 0.980
rCV = 0.988; r2CV = 0.977
rtest = 0.938; r2test = 0.880

r = 0.999; r2 = 0.998
rCV = 0.979; r2CV = 0.959
rtest = 0.955; r2test = 0.913

Table 5.
Statistical parameters for the stepwise MLR and PLS models using multidimensional-QSRR analyses.

164

Sino-Nasal and Olfactory System Disorders

The obtained results show that, to increase propriety of alkylated phenols, we
will increase Connolly solvent-excluded volume (V) value of these molecules.
Moreover, to decrease property, we will decrease the descriptor (V) value, by
adding suitable substituents, and calculate their property using the regression
equation. This study consists of the first step explored to code a particular odor of
this group of molecules, followed by docking molecular study that allows under-
stand the mechanism of activation of olfactory receptor present in the nasal cavity
by this type of molecules.

We can also use the results of 3D-QSRR to design new alkylated phenols with
higher or lower retention property values (Log(LRI)). The CoMFA contour plots
were able to identify that molecular fragments, functional groups, and physico-
chemical properties strongly correlated with the linear retention indices of this
series. CoMFA steric and electrostatic contours are shown in Figure 6.

The steric interaction is represented by green and yellow contours, while elec-
trostatic interaction is denoted by red and blue contours. The green region around
the 2, 3, 4, 5, and 6 positions (the carbon to which the initial ▬OH is bonded is
counted as the first position) (Figure 6a) indicates that bulky groups are favored
and they might increase the property. That can explain very well why the property
of the alkylated phenols with a group bigger than Et group (case of compounds 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, and 18) is higher than those of other compounds. We
can also explain, that for the alkylated phenols with a group smaller than Pr group,
on the one hand, the property of dimethylated phenols is higher than those of
monoalkylated phenols and, on the other hand, the property of the trimethylated
phenols is higher than those of dimethylated phenols and monoalkylated phenols.
The bigger green region is observed around the four positions in comparison with
the other positions, suggesting that groups with steric tolerance are required at this
position to reach the green area, which means to increase the property, this fact can

Figure 6.
(a) Std* coeff. contour maps of CoMFA analysis with 2 Å grid spacing in combination with compound 18.
Steric fields: green contours (80% contribution) indicate regions where bulky groups increase property, while
yellow contours (20% contribution) indicate regions where bulky groups decrease property. (b) Std* coeff.
contour maps of CoMFA analysis with 2 Å grid spacing in combination with compound 18. Electrostatic fields:
blue contours (80% contribution) indicate regions where groups with positive charges increase property, while
red contours (20% contribution) indicate regions where groups with negative charges increase property.
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gives good results (r2CV = 0.956). The model was able to establish a satisfactory
relationship between the molecular descriptors and the linear retention indices of
the studied compounds. The results obtained by CoMFA analysis are sufficient to
conclude the performance of the model; it is confirmed by the test done with the
five compounds (Table 3).

3.3 Comparison between 2D- and 3D-QSRR results and design of novel
alkylated phenols

Aiming to provide a comparison among the stepwise MLR and CoMFA models,
Table 5 lists the main statistical indicators for 2D- and 3D-QSRR models.

A comparison of the quality of stepwise MLR and CoMFA model (Table 5)
shows that the two approaches stepwise MLR and CoMFA have better predictive
capability gives better results. Stepwise MLR and CoMFA models were able to
found a suitable relationship between the chemical descriptors and the linear reten-
tion indices of the studied molecules.

Multidimensional-QSRR correlates retention property with the physicochemical
and structural descriptors of a series of molecules. It has been habitually used to
predict retention of new molecules and to propose molecules with preferred prop-
erties. The constructed models can be used for the designing of new alkylated
phenols with higher or lower property values (Log(LRI)).

In this way, we can design new compounds by adding suitable substituents and
calculate their property using stepwise MLR equation. The stepwise MLR equation
indicated the positive correlation of the Connolly solvent-excluded volume (V).

Figure 5.
Correlations of observed and predicted Log(LRI) derived from CoMFA model (training set in blue; test set
in red).

2D-QSRR 3D-QSRR

MLR
Stepwise

PLS
CoMFA

r = 0.990; r2 = 0.980
rCV = 0.988; r2CV = 0.977
rtest = 0.938; r2test = 0.880

r = 0.999; r2 = 0.998
rCV = 0.979; r2CV = 0.959
rtest = 0.955; r2test = 0.913

Table 5.
Statistical parameters for the stepwise MLR and PLS models using multidimensional-QSRR analyses.
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The obtained results show that, to increase propriety of alkylated phenols, we
will increase Connolly solvent-excluded volume (V) value of these molecules.
Moreover, to decrease property, we will decrease the descriptor (V) value, by
adding suitable substituents, and calculate their property using the regression
equation. This study consists of the first step explored to code a particular odor of
this group of molecules, followed by docking molecular study that allows under-
stand the mechanism of activation of olfactory receptor present in the nasal cavity
by this type of molecules.

We can also use the results of 3D-QSRR to design new alkylated phenols with
higher or lower retention property values (Log(LRI)). The CoMFA contour plots
were able to identify that molecular fragments, functional groups, and physico-
chemical properties strongly correlated with the linear retention indices of this
series. CoMFA steric and electrostatic contours are shown in Figure 6.

The steric interaction is represented by green and yellow contours, while elec-
trostatic interaction is denoted by red and blue contours. The green region around
the 2, 3, 4, 5, and 6 positions (the carbon to which the initial ▬OH is bonded is
counted as the first position) (Figure 6a) indicates that bulky groups are favored
and they might increase the property. That can explain very well why the property
of the alkylated phenols with a group bigger than Et group (case of compounds 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, and 18) is higher than those of other compounds. We
can also explain, that for the alkylated phenols with a group smaller than Pr group,
on the one hand, the property of dimethylated phenols is higher than those of
monoalkylated phenols and, on the other hand, the property of the trimethylated
phenols is higher than those of dimethylated phenols and monoalkylated phenols.
The bigger green region is observed around the four positions in comparison with
the other positions, suggesting that groups with steric tolerance are required at this
position to reach the green area, which means to increase the property, this fact can

Figure 6.
(a) Std* coeff. contour maps of CoMFA analysis with 2 Å grid spacing in combination with compound 18.
Steric fields: green contours (80% contribution) indicate regions where bulky groups increase property, while
yellow contours (20% contribution) indicate regions where bulky groups decrease property. (b) Std* coeff.
contour maps of CoMFA analysis with 2 Å grid spacing in combination with compound 18. Electrostatic fields:
blue contours (80% contribution) indicate regions where groups with positive charges increase property, while
red contours (20% contribution) indicate regions where groups with negative charges increase property.

165

2D- and 3D-QSRR Studies of Linear Retention Indices for Volatile Alkylated Phenols
DOI: http://dx.doi.org/10.5772/intechopen.89576



be used to further explain why compounds 14, 15, 16, 17, and 18 have highest
property than those of all other compounds.

The CoMFA electrostatic contour plot is displayed in Figure 6b. A blue contour
indicates that substituents should be electron deficient, and red color indicates that
substituents should be electron rich. The blue contour near the 2, 3, 4, and 5
positions (Figure 6b) indicates that electron-donating substituents (such Alkyl
group) are beneficial for propriety in this area. The electrostatic contour map
displays a region of red contours neighbor to the 1 and 6 positions indicating that
groups with negative charges may increase the property.

All these findings may be used to design improved compounds with higher or
lower retention property, as observed in the CoMFA maps, by adding suitable sub-
stituents.

4. Conclusion

In this study, 2D- and 3D-QSRR analyses were used to predict the linear reten-
tion indices of a set of alkylated phenols. The multidimensional-QSRR models gave
good statistical results in terms of rCV and r values. The stepwise MLR and CoMFA
models showed high internal and external consistency; this is verified using differ-
ent validation methods to evaluate their statistical quality. External validation using
a test series verified the capacity of these models to estimate with appropriate
precision the linear retention indices of alkylated phenols. In addition, the stepwise
MLR equation and CoMFA contour plots can identify that physicochemical proper-
ties, organic functional groups, and chemical molecular fragments strongly corre-
lated with the linear retention indices of this studied compounds. The highlighted
features are important information for delineating the chemical space, which can be
used to design new volatile alkylated phenols. This study consists of the first step
explored to code a particular odor of this group of molecules, followed by docking
molecular study that allows understand the mechanism of activation of olfactory
receptor present in the nasal cavity by this kind of chemical compounds.
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be used to further explain why compounds 14, 15, 16, 17, and 18 have highest
property than those of all other compounds.

The CoMFA electrostatic contour plot is displayed in Figure 6b. A blue contour
indicates that substituents should be electron deficient, and red color indicates that
substituents should be electron rich. The blue contour near the 2, 3, 4, and 5
positions (Figure 6b) indicates that electron-donating substituents (such Alkyl
group) are beneficial for propriety in this area. The electrostatic contour map
displays a region of red contours neighbor to the 1 and 6 positions indicating that
groups with negative charges may increase the property.

All these findings may be used to design improved compounds with higher or
lower retention property, as observed in the CoMFA maps, by adding suitable sub-
stituents.

4. Conclusion

In this study, 2D- and 3D-QSRR analyses were used to predict the linear reten-
tion indices of a set of alkylated phenols. The multidimensional-QSRR models gave
good statistical results in terms of rCV and r values. The stepwise MLR and CoMFA
models showed high internal and external consistency; this is verified using differ-
ent validation methods to evaluate their statistical quality. External validation using
a test series verified the capacity of these models to estimate with appropriate
precision the linear retention indices of alkylated phenols. In addition, the stepwise
MLR equation and CoMFA contour plots can identify that physicochemical proper-
ties, organic functional groups, and chemical molecular fragments strongly corre-
lated with the linear retention indices of this studied compounds. The highlighted
features are important information for delineating the chemical space, which can be
used to design new volatile alkylated phenols. This study consists of the first step
explored to code a particular odor of this group of molecules, followed by docking
molecular study that allows understand the mechanism of activation of olfactory
receptor present in the nasal cavity by this kind of chemical compounds.
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Chapter 12

Smelling “Zuko”: Incense Rubbing
into the Hands and Smelling the
Hands Activates Specific Brain
Regions
Mitsuo Tonoike

Abstract

The purpose of this study is to clarify the effects of the smelling “Zuko”, incense
rubbing into hands and putting the hands for the human brain. From our previous
studies on the smelling an incense odor with putting the hands together, the activ-
ities of “Zuko” incense are also considered to be promoted as the imitation of
habitual behaviors by mirror neurons and the default mode network in our brain.
In this experiment, the brain activation was measured in 10 healthy adult volun-
teers who did or did not have a habit of putting their hands together and magneto-
encephalography (MEG) data were recorded while the participants smelled “Zuko”
incense and putting their hands together. The peak response of MEG P300m for the
“auditory odd-ball paradigm” was also measured for a rare auditory pulse stimula-
tion and was more enforced by the smelling “Zuko” incense. We used alpha-amylase
value as an index of the stress state measured in the state before and after smelling
“Zuko” and MEG experiments. From these results it can be considered that smelling
“Zuko” promote the excitation of the higher activities to human brain and make
changing the specific brain areas such as OFC, F5 and V1.

Keywords: “Zuko” rubbing into the hands, OFC, P300m, alpha-amylase, MEG,
spatiotemporal dipole fit, time-varying analysis

1. Introduction

In general, incense can be classified mainly into two groups, one of which is a kind
of smelling the odor of stick by burning it and another is smelling the odor of “Zuko”
rubbing into the hands. There are two major types of incense in Japan, one of which is
direct burning incense of sticks and another is not burning and called “Zuko,” smell-
ing incense rubbed into the hands by using small pieces of powders [1, 2].

In Japanese smelling “Zuko” rubbed into the hands has been recently often
applied to the usage as a kind of smelling incense in daily life. The special meaning
of “Zuko” is known as directly smelling the hands with rubbed incense and cleaning
the self by the hands with cleaning his/her emotion at the same time.

In these experiments, we are trying to study how “Zuko” has the effects to the
human brain.

It is known that olfactory neuronal processing was found in the orbitofrontal
cortex (OFC) in the human brain from the previous studies [3–5]. In the recent
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researches, sniffing and smelling were important function of the “active olfaction”
[6, 7]. On the other hand, imitation of smelling hands and the behavior of putting
the hands together were investigated as an activation of mirror neurons and an
operation of the default-mode network [8–12].

In the analysis of brain activity, fMRI, PET, EEG, and MEG are usually applied.
In general fMRI and PET are suitable to measure the metabolism of physiological
activities but not suitable to measure the real-time changes of neuronal activities.
On the other hand, it is known that the advantage of MEG is suitable to obtain the
real-time changes of the presiding neural activities in the brain by millisecond time
resolution [13, 14]. MEG method is more excellent than EEG method because no
distortion of an electro-resistance in the brain was found. So, we applied MEG
experiments to this study for the estimation of signal source in the brain.

In our MEG experiments, we used to trace the cortical current by the first-order
differential planar type of DC-SQUID sensors. This MEG sensor system has the
greatest advantage of using the differential planar type of device.

The determination of a current source is very precise and useful because the
current source exists in the maximum of absolute magnetic field values [15]. This
estimated main current source was the largest dipole, and the second and the third
current dipoles were smaller and weaker than the first main dipole.

To improve up fittingness of the estimation, we applied “spatiotemporal dipole
fit theory” introduced by Scherag et al. [16] in which the time-varying amplitude of
each dipole was applied at every 50 ms intervals. For the estimation of the signal
source, we applied time-varying analysis method to obtain the most suitable MEG
dipole which is called equivalent current dipole. From this time-varying analysis,
we obtained the most suitable single dipole at every 50 ms in real-time analysis
continuously.

The event-related responses (ERPs) in the human brain were studied as an inner
mental state or the various psychological factors having an inner origin in the brain,
for example, using measuring brain waves and so on. A P300 response peak in brain
waves was researched as a response of “cognitive function” by using “oddball
paradigm” experiment [17–19]. This P300m response (the magnetic P300 response
peak is called as P300m in the MEG experiment) was investigated for the olfactory
cognitive function, too. From these reasons, we can study P300m response to test
the cognitive ability of olfaction [20].

The alpha-amylase value in the saliva is known as a kind of marker and an index
of stress states in human [21, 22]. So we can have alpha-amylase in the saliva to test
the stress state for the response of olfactory function in human before or after
smelling “Zuko” incense.

The purpose of this study is to clarify that smelling “Zuko” incense rubbing into
the hands and putting the hands together more activate the human brain than
smelling incense odors using sticks burned such as the responses obtained from our
previous study and to show how specific areas in the brain are activated.

2. Materials and methods

2.1 Materials

In this MEG experiment, “Zuko” incense rubbing the powder into the hands
is used.

These materials were produced especially by Nippon Kodo Co. Ltd. in Japan as
follows. This new material is called as a code name “Nou-Katsu-Gassho-Ko” (in
Japanese) including the following three basic materials:
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1.Agarwood (Aquilaria agallocha, Aquilaria agallocha Roxburgh)

2.Sandalwood (Santalum album, Santalum album L)

3.Benzoin (Styrax tonkinensis, Styrax tonkinensis Craib et Hortwick)

2.2 Subjects

From the previous 11 Japanese volunteer subjects, in this analysis 10 subjects (5
males, 5 females) between the ages of 22 and 58 years (mean age 41 � 11 years) were
chosen. These subjects were tested by using the previous two types of incense sticks
for the effects of the simultaneous smelling incense odor and putting the hands
together. However, for only one subject N1 in the previous 11 subjects, it was tested
how his brain showed the response to smelling a “Zuko” incense into the hands and
putting the hands together by using the analyses of MEG and MRI experiment [23].

On the other hand, in this experiment new other 10 subjects (5 males, 5 females)
between the ages of 31 and 73 years (mean age 54.1� 7.8 years)whowere selectedwith
higher ages than the above subjects participated. Theywere tested by using “Zuko,” an
incense which were rubbed into their hands for the effects of simultaneous smelling.”

All subjects had no significant smell loss, and they were given the informed
consent perfectly by the ethical committee on human studies under Helsinki treaty
in both AIST and Aino University in Japan.

2.3 Methods of MEG experiments and algorithms of source estimation

2.3.1 Signal source estimation using the theory of “spatiotemporal dipole fit”

In this study, we applied to the signal source an estimation by using “spatiotem-
poral dipole fit” theory [16]. We obtained the value of an estimated current dipole
continuously using a unit time step by step at every 50 ms, in turn. From these time-
varying analyses, the most suitable dipole was obtained at the most reliable time for
MEG data in the experiment. This “time-varying analysis” is the method using
time-varying covariate (also called time-dependent covariate) in statistics, particu-
larly in survival analyses. It reflects the phenomenon that a covariate is not neces-
sarily constant through the whole study to get the suitable higher goodness of fit
(GOF) for the estimation [24].

In this study, we were selecting the most suitable dipole from these dipoles
estimated in time varying at every 50 ms. In these single dipoles for this time-
varying estimation method, the most reliable ECD was of course obtained as a very
higher goodness of fit (GOF) more than 80% by using the above time-varying
analysis. These ECDs were fitted using iterative algorithms which estimated the
source parameters in order to explain the MEG data as accurate as possible [25, 26].
A smoothing spline is also used to propose a novel model for the time-varying
quantile of the univariate time series using a state-space approach. A correlation is
further incorporated between the dependent variable and its one-step-ahead
quantile. Using a Bayesian approach, an efficient Markov chain Monte Carlo algo-
rithm is described where we use the multi-move sampler, which generates simulta-
neously latent time-varying quantiles [27].

In our source reconstruction analysis, three main components were character-
ized. The first was related to the definition of the solution space, and the second was
reconstructed by the information of the physical and geometrical characteristics of
the head. The third was treated by modeling the propagation of the source electro-
magnetic fields through various tissues in the brain [28, 29]. In these inverse
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mental state or the various psychological factors having an inner origin in the brain,
for example, using measuring brain waves and so on. A P300 response peak in brain
waves was researched as a response of “cognitive function” by using “oddball
paradigm” experiment [17–19]. This P300m response (the magnetic P300 response
peak is called as P300m in the MEG experiment) was investigated for the olfactory
cognitive function, too. From these reasons, we can study P300m response to test
the cognitive ability of olfaction [20].

The alpha-amylase value in the saliva is known as a kind of marker and an index
of stress states in human [21, 22]. So we can have alpha-amylase in the saliva to test
the stress state for the response of olfactory function in human before or after
smelling “Zuko” incense.

The purpose of this study is to clarify that smelling “Zuko” incense rubbing into
the hands and putting the hands together more activate the human brain than
smelling incense odors using sticks burned such as the responses obtained from our
previous study and to show how specific areas in the brain are activated.

2. Materials and methods

2.1 Materials

In this MEG experiment, “Zuko” incense rubbing the powder into the hands
is used.

These materials were produced especially by Nippon Kodo Co. Ltd. in Japan as
follows. This new material is called as a code name “Nou-Katsu-Gassho-Ko” (in
Japanese) including the following three basic materials:
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1.Agarwood (Aquilaria agallocha, Aquilaria agallocha Roxburgh)

2.Sandalwood (Santalum album, Santalum album L)

3.Benzoin (Styrax tonkinensis, Styrax tonkinensis Craib et Hortwick)

2.2 Subjects

From the previous 11 Japanese volunteer subjects, in this analysis 10 subjects (5
males, 5 females) between the ages of 22 and 58 years (mean age 41 � 11 years) were
chosen. These subjects were tested by using the previous two types of incense sticks
for the effects of the simultaneous smelling incense odor and putting the hands
together. However, for only one subject N1 in the previous 11 subjects, it was tested
how his brain showed the response to smelling a “Zuko” incense into the hands and
putting the hands together by using the analyses of MEG and MRI experiment [23].

On the other hand, in this experiment new other 10 subjects (5 males, 5 females)
between the ages of 31 and 73 years (mean age 54.1� 7.8 years)whowere selectedwith
higher ages than the above subjects participated. Theywere tested by using “Zuko,” an
incense which were rubbed into their hands for the effects of simultaneous smelling.”

All subjects had no significant smell loss, and they were given the informed
consent perfectly by the ethical committee on human studies under Helsinki treaty
in both AIST and Aino University in Japan.

2.3 Methods of MEG experiments and algorithms of source estimation

2.3.1 Signal source estimation using the theory of “spatiotemporal dipole fit”

In this study, we applied to the signal source an estimation by using “spatiotem-
poral dipole fit” theory [16]. We obtained the value of an estimated current dipole
continuously using a unit time step by step at every 50 ms, in turn. From these time-
varying analyses, the most suitable dipole was obtained at the most reliable time for
MEG data in the experiment. This “time-varying analysis” is the method using
time-varying covariate (also called time-dependent covariate) in statistics, particu-
larly in survival analyses. It reflects the phenomenon that a covariate is not neces-
sarily constant through the whole study to get the suitable higher goodness of fit
(GOF) for the estimation [24].

In this study, we were selecting the most suitable dipole from these dipoles
estimated in time varying at every 50 ms. In these single dipoles for this time-
varying estimation method, the most reliable ECD was of course obtained as a very
higher goodness of fit (GOF) more than 80% by using the above time-varying
analysis. These ECDs were fitted using iterative algorithms which estimated the
source parameters in order to explain the MEG data as accurate as possible [25, 26].
A smoothing spline is also used to propose a novel model for the time-varying
quantile of the univariate time series using a state-space approach. A correlation is
further incorporated between the dependent variable and its one-step-ahead
quantile. Using a Bayesian approach, an efficient Markov chain Monte Carlo algo-
rithm is described where we use the multi-move sampler, which generates simulta-
neously latent time-varying quantiles [27].

In our source reconstruction analysis, three main components were character-
ized. The first was related to the definition of the solution space, and the second was
reconstructed by the information of the physical and geometrical characteristics of
the head. The third was treated by modeling the propagation of the source electro-
magnetic fields through various tissues in the brain [28, 29]. In these inverse

175

Smelling “Zuko”: Incense Rubbing into the Hands and Smelling the Hands Activates…
DOI: http://dx.doi.org/10.5772/intechopen.88987



operations, a forward model was used according to some criterion, a unique source
distribution to get the unique inverse solution.

2.3.2 Data acquisition

Our planar type DC-SQUD system is useful for the determination of the current
dipole of brain activity source where it exists at the maximum of absolute magnetic
field value. Data acquisition was applied after starting the signal during the time of
500 ms by using MATLAB software. In our MEG experiment, the subjects sniff an
incense odor by using his own nose, and when he starts to sniff, he pushed the
optical sensor button as a trigger. To record time-varying MEG amplitude value, we
used a sampling interval every 50 ms.

2.3.3 ICA algorithms

This independent component analysis (ICA) program [30] was applied to our
input data of MEG experiments. ICA is one method of blind source separation and a
computational method for separating a multivariate signal into additive subcompo-
nents. In ICA algorithms, if the subcomponents are non-Gaussian signals, they are
statistically independent from each other. The number of components was five for
the estimation. The criteria of ICA estimation on the total five components for
selecting are determined to 85% (independent rate) to all other components (non-
Gaussian components) of data.

As a general definition of ICA algorithms, the MEG data are represented by the
observed random vector: x = (x1,...,xm)T and the hidden components as the random
vector s = (s1,…,sn)

T. The task is to transform the observed data x, using a linear
static transformation W as s = Wx into an observable vector of maximally indepen-
dent components s measured by some function F(S1,…Sn) of independence.

2.3.4 MRI system

This MRI system is a 0.4 T Hitachi open type MRI system (AIRIS-Light MRI
system, permanent magnetic type, made in Hitachi Co. Ltd. in Japan). These
experiments were performed in the Kansai center in Ikeda city, National Institute of
Advanced Industrial Science and Technology (AIST) in Japan.

2.3.5 Measurements of the stress state using alpha-amylase activity by sipping the subject’s
saliva

In general, the stress state in human is evaluated using salivary alpha-amylase
activity (sAA) to evaluate the change of the autonomic nervous function by sipping
the subject’s saliva [31–33]. We used a sheet of polyethylene terephthalate as a chip
to collect the subject’s saliva by putting it under the subject’s tongue during about
30 s. After the collection of the subject’s saliva, this chip was soon inserted in an
enzyme analyzer (NIPRO Co. Ltd.: type T-110-N in Japan) to detect salivary alpha-
amylase activity (sAA) during about 60 s.

In these experiments, magnetoencephalography (MEG) was performed, and for
the experiments of the stress state using the alpha-amylase activity by sipping, the
subject’s saliva was measured at the second times (the first measure, before exper-
iments of MEG, and the second measure, after smelling “Zuko” incense rubbing
into the hands and measuring the response of the brain using MEG experiments).
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2.4 An MEG experiment for the previous smelling “Zuko” incense and putting
the hands together for one subject in the previous 11 subjects

For only one subject N1 in the previous 11 subjects, it was tested how his brain
showed the response to smelling “Zuko” incense into the hands and putting the
hands together by using the analyses of MEG and MRI experiment [23].

2.5 MEG experiments for five mode states

MEG response data were measured at the following five mode states, (1) control
state, (2) cognitive testing mode using “auditory oddball paradigm” without smell-
ing “Zuko” incense rubbing into the hands, (3) smelling “Zuko” incense into the
hands mode without putting the hands together, (4) the mode of smelling “Zuko”
incense rubbing into the hands and putting the hands together, and (5) cognitive
testing mode using “auditory oddball paradigm” with smelling “Zuko” incense into
the hands.

1.MEG experiments for control state

Control state was measured under no smelling “Zuko” and no putting the hand
together.

2.For the next mode, cognitive testing mode using “auditory oddball paradigm”

without smelling “Zuko” incense rubbing into the hands, regardless of
whether the subject did or did not have the habit of putting his or her hands
together or praying in daily life.

During this cognitive testing mode using “auditory oddball paradigm” without
smelling “Zuko” incense rubbing into the hands, the subject held the optical sensor
by a hand and pushed the button with the right thumb quickly when he/she caught
a rare tone. The averaged MEG response was measured by adding the raw MEG
data collected about 100 times by pushing the optical sensor button. By using the
above mode, we tried to measure the subject’s cognitive ability on the peak of the
so-called P300m of cognitive MEG response and own singular characteristic active
area for cognition, and we have examined to compare how the brain activity is
different for the habit and no habit behavior of putting the hand together in daily
life.

3.Next, in the mode of smelling “Zuko” incense into the hands without putting
the hands together, the subject rubbed “Zuko” incense into his/her both hands
in advance at the preparation room. In this MEG experiment, he/she smelled
“Zuko” incense of his/her one hand and at random time pushed the optical
sensor button with his/her thumb by another hand. We measured the MEG
response of “Zuko” incense into the hand and obtained the active brain area
and have examined to compare how the brain activity is different for the habit
and no habit behavior of putting the hand together in daily life. The averaged
MEG response was measured by adding the raw MEG data collected about 100
times by pushing the optical sensor button.

4.In the next mode that included smelling “Zuko” incense into the hands and
putting the hands together, we measured the MEG response and active brain
area of both brain activities: smelling “Zuko” incense into the hands in
synchronization with active inspiration (i.e., sniffing and smelling “Zuko”
incense odor) and the behavior of putting the hands together [30]. In this
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operations, a forward model was used according to some criterion, a unique source
distribution to get the unique inverse solution.

2.3.2 Data acquisition

Our planar type DC-SQUD system is useful for the determination of the current
dipole of brain activity source where it exists at the maximum of absolute magnetic
field value. Data acquisition was applied after starting the signal during the time of
500 ms by using MATLAB software. In our MEG experiment, the subjects sniff an
incense odor by using his own nose, and when he starts to sniff, he pushed the
optical sensor button as a trigger. To record time-varying MEG amplitude value, we
used a sampling interval every 50 ms.

2.3.3 ICA algorithms

This independent component analysis (ICA) program [30] was applied to our
input data of MEG experiments. ICA is one method of blind source separation and a
computational method for separating a multivariate signal into additive subcompo-
nents. In ICA algorithms, if the subcomponents are non-Gaussian signals, they are
statistically independent from each other. The number of components was five for
the estimation. The criteria of ICA estimation on the total five components for
selecting are determined to 85% (independent rate) to all other components (non-
Gaussian components) of data.

As a general definition of ICA algorithms, the MEG data are represented by the
observed random vector: x = (x1,...,xm)T and the hidden components as the random
vector s = (s1,…,sn)

T. The task is to transform the observed data x, using a linear
static transformation W as s = Wx into an observable vector of maximally indepen-
dent components s measured by some function F(S1,…Sn) of independence.

2.3.4 MRI system

This MRI system is a 0.4 T Hitachi open type MRI system (AIRIS-Light MRI
system, permanent magnetic type, made in Hitachi Co. Ltd. in Japan). These
experiments were performed in the Kansai center in Ikeda city, National Institute of
Advanced Industrial Science and Technology (AIST) in Japan.

2.3.5 Measurements of the stress state using alpha-amylase activity by sipping the subject’s
saliva

In general, the stress state in human is evaluated using salivary alpha-amylase
activity (sAA) to evaluate the change of the autonomic nervous function by sipping
the subject’s saliva [31–33]. We used a sheet of polyethylene terephthalate as a chip
to collect the subject’s saliva by putting it under the subject’s tongue during about
30 s. After the collection of the subject’s saliva, this chip was soon inserted in an
enzyme analyzer (NIPRO Co. Ltd.: type T-110-N in Japan) to detect salivary alpha-
amylase activity (sAA) during about 60 s.

In these experiments, magnetoencephalography (MEG) was performed, and for
the experiments of the stress state using the alpha-amylase activity by sipping, the
subject’s saliva was measured at the second times (the first measure, before exper-
iments of MEG, and the second measure, after smelling “Zuko” incense rubbing
into the hands and measuring the response of the brain using MEG experiments).
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2.4 An MEG experiment for the previous smelling “Zuko” incense and putting
the hands together for one subject in the previous 11 subjects

For only one subject N1 in the previous 11 subjects, it was tested how his brain
showed the response to smelling “Zuko” incense into the hands and putting the
hands together by using the analyses of MEG and MRI experiment [23].

2.5 MEG experiments for five mode states

MEG response data were measured at the following five mode states, (1) control
state, (2) cognitive testing mode using “auditory oddball paradigm” without smell-
ing “Zuko” incense rubbing into the hands, (3) smelling “Zuko” incense into the
hands mode without putting the hands together, (4) the mode of smelling “Zuko”
incense rubbing into the hands and putting the hands together, and (5) cognitive
testing mode using “auditory oddball paradigm” with smelling “Zuko” incense into
the hands.

1.MEG experiments for control state

Control state was measured under no smelling “Zuko” and no putting the hand
together.

2.For the next mode, cognitive testing mode using “auditory oddball paradigm”

without smelling “Zuko” incense rubbing into the hands, regardless of
whether the subject did or did not have the habit of putting his or her hands
together or praying in daily life.

During this cognitive testing mode using “auditory oddball paradigm” without
smelling “Zuko” incense rubbing into the hands, the subject held the optical sensor
by a hand and pushed the button with the right thumb quickly when he/she caught
a rare tone. The averaged MEG response was measured by adding the raw MEG
data collected about 100 times by pushing the optical sensor button. By using the
above mode, we tried to measure the subject’s cognitive ability on the peak of the
so-called P300m of cognitive MEG response and own singular characteristic active
area for cognition, and we have examined to compare how the brain activity is
different for the habit and no habit behavior of putting the hand together in daily
life.

3.Next, in the mode of smelling “Zuko” incense into the hands without putting
the hands together, the subject rubbed “Zuko” incense into his/her both hands
in advance at the preparation room. In this MEG experiment, he/she smelled
“Zuko” incense of his/her one hand and at random time pushed the optical
sensor button with his/her thumb by another hand. We measured the MEG
response of “Zuko” incense into the hand and obtained the active brain area
and have examined to compare how the brain activity is different for the habit
and no habit behavior of putting the hand together in daily life. The averaged
MEG response was measured by adding the raw MEG data collected about 100
times by pushing the optical sensor button.

4.In the next mode that included smelling “Zuko” incense into the hands and
putting the hands together, we measured the MEG response and active brain
area of both brain activities: smelling “Zuko” incense into the hands in
synchronization with active inspiration (i.e., sniffing and smelling “Zuko”
incense odor) and the behavior of putting the hands together [30]. In this
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MEG experiment, when the subject smelled “Zuko” incense with putting both
hands, he/she pushed the optical sensor button by his/her thumb with holding
the optical fiber among both hands, and also we have examined to compare
how the brain activity is different for the habit and no habit behavior of
putting the hand together in daily life.

5.This cognitive testing mode is “auditory oddball paradigm” with smelling
“Zuko” incense rubbing into the hands.

During this cognitive testing mode using “auditory oddball paradigm” with
smelling.

“Zuko” incense rubbing into the hands, the subject smelled “Zuko” incense into
one hand and held the optical sensor by another hand and pushed the button with
the right thumb quickly when he/she caught a rare tone. The averaged MEG
response was measured by adding the raw MEG data collected about 100 times by
pushing the optical sensor button. By using the above mode, we tried to measure the
subject’s cognitive ability on the peak of the so-called P300m of cognitive MEG
response at the state of smelling “Zuko” incense into the hand and own singular
characteristic active area for the cognition with smelling “Zuko” incense, and we
have examined to compare how the brain activity is different for the habit and no
habit behavior of putting the hand together in daily life.

3. Results

3.1 Result of signal source estimation of control state mode with no smelling
and no putting the hands in the MEG experiments

Figure 1 shows the result of real-time MEG wave forms in the brain measured at
a control state.

Figure 1a shows MEG response waves of all 122ch in the whole head regions
with no smelling and no putting the hands together. The figure shows all MEG

Figure 1.
An example of real-time active state at a control in our brain. (a) Over view of 122ch MEG wave forms on the
whole head at a control state. (b) Contour map of equivalent magnetic fields on the head at a control state.
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waves from overview. The red vertical line shows the starting time. We can find no
remarkable wave peaks in over all around the brain regions.

Figure 1b shows the contour mapping of real-time MEG response at a control
state. We could not almost obtain a constricted dipole completely, and then we
could not find out the active brain area generally in this control state.

From this result of a control state with no smelling and no putting hands
together, we can find no remarkable wave peaks in all around brain regions and no
active brain areas in this control state.

3.1.1 The result of the previous MEG and MRI experiment for one subject N1 to smelling
“Zuko” incense into the hand and putting the hands together

Only one in the previous 11 subjects was classified in neither the A- nor B-group,
and this only one subject (N1) was used by “Zuko” incense into the hand-coating
smell method [23]. He had the left priority brain type. His estimated current dipole
in his brain was drawn in MRI map coordinates. The X-axis is the horizontal line of
the right to left ear, the Y-axis is the line from nasion to inion, and the Z-axis is the
upper to lower line of the vertical line of the brain. In this case, we found a vector at
the right OFC in the brain.

In our system, MEG data were superimposed to the MRI system on the head data
which was obtained from the same subject, and the estimated source was drawn
into the brain of MRI imaging as a vector (showed as green vector in MRI
Figure 2b) of the estimated current dipole(ECD) [34, 35].

Figure 2a shows a vector of single current dipole estimated in the brain using a
3-D model.

Figure 2b shows MRI images and an estimated dipole (red line) in the brain
mapping,

In four panels in Figure 2b, the upper left panel shows the plane imaging in the
coronal plane section, the upper right panel shows the plane imaging in the sagittal
plane section, the left lower panel shows the plane imaging in the horizontal plane
section, and the right lower panel shows the mapping method by 3-D axis in the
brain in the MRI imaging system.

The red line shows a vector of single current dipole estimated in the brain by
MRI imaging.

3.1.1.1 P300m mode of MEG response for an “auditory oddball paradigm”

P300m MEG peak of the cognitive response for a rare auditory stimulation
without smelling. In this experimental task on an “auditory oddball paradigm,” a
subject concentrates his attention to the rare auditory pulse stimulation which was
given without smelling. The subject must push he optic fiber button quickly when
he caught the rare auditory tone. In this “auditory oddball paradigm,” two kinds of
auditory pulse stimuli were used (1ch, rare stimulation, 1 kHz tone burst, 2ch,
frequent stimulation, 2 kHz tone burst). Two auditory pulse stimuli were given to
the subject in the duration of 300 millisecond pulse tone burst at random intervals
which were controlled at the rates of 1:3 for rare stimuli (1 kHz tone): frequent
stimuli (2 kHz tone). We obtained P300 peak response of the subject’s type as an
individual variation for the priority of brain laterality regarding for “auditory odd-
ball paradigm” without smelling.

Figure 3 shows an example of P300m MEG response to an “auditory oddball
paradigm” for subject B2 without smelling “Zuko” incense into the hands. The
active area in the brain was obtained with the single current dipole tracing method
for this MEG experimental condition. We analyzed the estimated active areas
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MEG experiment, when the subject smelled “Zuko” incense with putting both
hands, he/she pushed the optical sensor button by his/her thumb with holding
the optical fiber among both hands, and also we have examined to compare
how the brain activity is different for the habit and no habit behavior of
putting the hand together in daily life.

5.This cognitive testing mode is “auditory oddball paradigm” with smelling
“Zuko” incense rubbing into the hands.

During this cognitive testing mode using “auditory oddball paradigm” with
smelling.

“Zuko” incense rubbing into the hands, the subject smelled “Zuko” incense into
one hand and held the optical sensor by another hand and pushed the button with
the right thumb quickly when he/she caught a rare tone. The averaged MEG
response was measured by adding the raw MEG data collected about 100 times by
pushing the optical sensor button. By using the above mode, we tried to measure the
subject’s cognitive ability on the peak of the so-called P300m of cognitive MEG
response at the state of smelling “Zuko” incense into the hand and own singular
characteristic active area for the cognition with smelling “Zuko” incense, and we
have examined to compare how the brain activity is different for the habit and no
habit behavior of putting the hand together in daily life.

3. Results

3.1 Result of signal source estimation of control state mode with no smelling
and no putting the hands in the MEG experiments

Figure 1 shows the result of real-time MEG wave forms in the brain measured at
a control state.

Figure 1a shows MEG response waves of all 122ch in the whole head regions
with no smelling and no putting the hands together. The figure shows all MEG

Figure 1.
An example of real-time active state at a control in our brain. (a) Over view of 122ch MEG wave forms on the
whole head at a control state. (b) Contour map of equivalent magnetic fields on the head at a control state.
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waves from overview. The red vertical line shows the starting time. We can find no
remarkable wave peaks in over all around the brain regions.

Figure 1b shows the contour mapping of real-time MEG response at a control
state. We could not almost obtain a constricted dipole completely, and then we
could not find out the active brain area generally in this control state.

From this result of a control state with no smelling and no putting hands
together, we can find no remarkable wave peaks in all around brain regions and no
active brain areas in this control state.

3.1.1 The result of the previous MEG and MRI experiment for one subject N1 to smelling
“Zuko” incense into the hand and putting the hands together

Only one in the previous 11 subjects was classified in neither the A- nor B-group,
and this only one subject (N1) was used by “Zuko” incense into the hand-coating
smell method [23]. He had the left priority brain type. His estimated current dipole
in his brain was drawn in MRI map coordinates. The X-axis is the horizontal line of
the right to left ear, the Y-axis is the line from nasion to inion, and the Z-axis is the
upper to lower line of the vertical line of the brain. In this case, we found a vector at
the right OFC in the brain.

In our system, MEG data were superimposed to the MRI system on the head data
which was obtained from the same subject, and the estimated source was drawn
into the brain of MRI imaging as a vector (showed as green vector in MRI
Figure 2b) of the estimated current dipole(ECD) [34, 35].

Figure 2a shows a vector of single current dipole estimated in the brain using a
3-D model.

Figure 2b shows MRI images and an estimated dipole (red line) in the brain
mapping,

In four panels in Figure 2b, the upper left panel shows the plane imaging in the
coronal plane section, the upper right panel shows the plane imaging in the sagittal
plane section, the left lower panel shows the plane imaging in the horizontal plane
section, and the right lower panel shows the mapping method by 3-D axis in the
brain in the MRI imaging system.

The red line shows a vector of single current dipole estimated in the brain by
MRI imaging.

3.1.1.1 P300m mode of MEG response for an “auditory oddball paradigm”

P300m MEG peak of the cognitive response for a rare auditory stimulation
without smelling. In this experimental task on an “auditory oddball paradigm,” a
subject concentrates his attention to the rare auditory pulse stimulation which was
given without smelling. The subject must push he optic fiber button quickly when
he caught the rare auditory tone. In this “auditory oddball paradigm,” two kinds of
auditory pulse stimuli were used (1ch, rare stimulation, 1 kHz tone burst, 2ch,
frequent stimulation, 2 kHz tone burst). Two auditory pulse stimuli were given to
the subject in the duration of 300 millisecond pulse tone burst at random intervals
which were controlled at the rates of 1:3 for rare stimuli (1 kHz tone): frequent
stimuli (2 kHz tone). We obtained P300 peak response of the subject’s type as an
individual variation for the priority of brain laterality regarding for “auditory odd-
ball paradigm” without smelling.

Figure 3 shows an example of P300m MEG response to an “auditory oddball
paradigm” for subject B2 without smelling “Zuko” incense into the hands. The
active area in the brain was obtained with the single current dipole tracing method
for this MEG experimental condition. We analyzed the estimated active areas
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Figure 2.
Orbitofrontal area estimated by coating “Zuko” incense and putting the hands together in only one subject N1 in
11 subjects. (a) A vector of single current dipole (red line) estimated in the brain using a 3-D coordinates in
subject N1. (b) MRI imagings and an estimated dipole (red line) in each fault brain images.
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continuously using a real-time estimation method. Figure 3a shows an example of
P300m of MEG wave (black wave line) response to “auditory oddball paradigm”

for subject B2 without smelling “Zuko” incense into the hands. Figure 3b shows a
vector of single current dipole estimated in the brain using 3-D coordinates. In this
case, we obtained that active area was at the right anterior temporal area in the
brain when he recognized a rare tone at the “auditory oddball paradigm” without
smelling “Zuko” incense into the hands.

Figure 3a shows that the value of the maximum peak height of P300m was
26.4 fT/cm and the size of the peak area was S = 14.3 (fT/cm)2 as the latency time of
P300m at T = 344.2 ms.

Figure 4 shows another male example of P300m MEG response to an “auditory
oddball paradigm” for subject B1 without smelling “Zuko” incense into the hands.

Figure 3.
An example of P300m MEG response for an “auditory oddball paradigm” in subject B2. (a) An example of
P300mMEG wave (black wave line) in subject B2. (b) A vector of single current dipole (red line) estimated in
the brain using a 3-D coordinates.

Figure 4.
An example of P300m MEG response for an “auditory oddball paradigm” in subject B1. (a) An example of
P300mMEG wave (black wave line) in subject B1. (b) A vector of single current dipole (red line) estimated in
the brain using a 3-D coordinates.
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Figure 2.
Orbitofrontal area estimated by coating “Zuko” incense and putting the hands together in only one subject N1 in
11 subjects. (a) A vector of single current dipole (red line) estimated in the brain using a 3-D coordinates in
subject N1. (b) MRI imagings and an estimated dipole (red line) in each fault brain images.
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continuously using a real-time estimation method. Figure 3a shows an example of
P300m of MEG wave (black wave line) response to “auditory oddball paradigm”

for subject B2 without smelling “Zuko” incense into the hands. Figure 3b shows a
vector of single current dipole estimated in the brain using 3-D coordinates. In this
case, we obtained that active area was at the right anterior temporal area in the
brain when he recognized a rare tone at the “auditory oddball paradigm” without
smelling “Zuko” incense into the hands.

Figure 3a shows that the value of the maximum peak height of P300m was
26.4 fT/cm and the size of the peak area was S = 14.3 (fT/cm)2 as the latency time of
P300m at T = 344.2 ms.

Figure 4 shows another male example of P300m MEG response to an “auditory
oddball paradigm” for subject B1 without smelling “Zuko” incense into the hands.

Figure 3.
An example of P300m MEG response for an “auditory oddball paradigm” in subject B2. (a) An example of
P300mMEG wave (black wave line) in subject B2. (b) A vector of single current dipole (red line) estimated in
the brain using a 3-D coordinates.

Figure 4.
An example of P300m MEG response for an “auditory oddball paradigm” in subject B1. (a) An example of
P300mMEG wave (black wave line) in subject B1. (b) A vector of single current dipole (red line) estimated in
the brain using a 3-D coordinates.
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In this case, this male subject B1 had the characteristic no habit of putting the hands
in daily life. Figure 4a shows an example of P300m of MEG wave (black wave line)
response to “auditory oddball paradigm” for subject B1 without smelling “Zuko”
incense into the hands. Figure 4b a vector of single current dipole estimated in the
brain using 3-D coordinates. In this case, we obtained that active area was right
anterior temporal area in the brain when he recognized a rare tone at the “auditory
oddball paradigm” without smelling “Zuko” incense into the hands.

Figure 4a shows that a value of the maximum cognitive peak height of P300m
was 11.8 fT/cm and a size of the peak area was S = 7.5 (fT/cm)2 as the latency time
of P300m at T = 364.2 ms. Figure 4b shows that a vector of single current dipole
was estimated in the right superior temporal cortex of brain.

3.1.1.2 The mode of smelling “Zuko” incense rubbing into the hands without putting the
hands

Figure 5 shows an example result of MEG response for the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this
case, this male subject A5 had the characteristic habit of putting the hands in daily
life. Figure 5a shows the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense. Figure 5b shows also a vector of
single current dipole estimated in the brain using 3-D coordinates. From these
estimations we obtained the result of which a right inner frontal gyrus was activated
by smelling “Zuko” incense without putting the hands together.

Figure 5a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

Figure 6 shows another example of MEG response or the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this
case, a female subject B5 had the characteristic of no habit of putting the hands in
daily life. Figure 6a shows the result of the response of a vector by single current
dipole estimation method for smelling “Zuko” incense. Figure 6b shows also a

Figure 5.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject A5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject A5. (b) A vector of
single current dipole (red line) estimated in the brain using a 3-D coordinates.
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vector of single current dipole estimated in the brain using 3-D coordinates. From
these estimations we obtained the result of which a left inner frontal gyrus (F5
language area) was activated by smelling “Zuko” incense without putting the hands
together.

Figure 6a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

Figure 7 shows another example of MEG response for the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this

Figure 6.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject B5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject B5. (b) A vector of single
current dipole (red line) estimated in the brain using a 3-D coordinates.

Figure 7.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject A3. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject A3. (b) A vector of
single current dipole (red line) estimated in the brain using a 3-D coordinates.
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In this case, this male subject B1 had the characteristic no habit of putting the hands
in daily life. Figure 4a shows an example of P300m of MEG wave (black wave line)
response to “auditory oddball paradigm” for subject B1 without smelling “Zuko”
incense into the hands. Figure 4b a vector of single current dipole estimated in the
brain using 3-D coordinates. In this case, we obtained that active area was right
anterior temporal area in the brain when he recognized a rare tone at the “auditory
oddball paradigm” without smelling “Zuko” incense into the hands.

Figure 4a shows that a value of the maximum cognitive peak height of P300m
was 11.8 fT/cm and a size of the peak area was S = 7.5 (fT/cm)2 as the latency time
of P300m at T = 364.2 ms. Figure 4b shows that a vector of single current dipole
was estimated in the right superior temporal cortex of brain.

3.1.1.2 The mode of smelling “Zuko” incense rubbing into the hands without putting the
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Figure 5 shows an example result of MEG response for the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this
case, this male subject A5 had the characteristic habit of putting the hands in daily
life. Figure 5a shows the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense. Figure 5b shows also a vector of
single current dipole estimated in the brain using 3-D coordinates. From these
estimations we obtained the result of which a right inner frontal gyrus was activated
by smelling “Zuko” incense without putting the hands together.

Figure 5a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

Figure 6 shows another example of MEG response or the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this
case, a female subject B5 had the characteristic of no habit of putting the hands in
daily life. Figure 6a shows the result of the response of a vector by single current
dipole estimation method for smelling “Zuko” incense. Figure 6b shows also a

Figure 5.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject A5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject A5. (b) A vector of
single current dipole (red line) estimated in the brain using a 3-D coordinates.
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vector of single current dipole estimated in the brain using 3-D coordinates. From
these estimations we obtained the result of which a left inner frontal gyrus (F5
language area) was activated by smelling “Zuko” incense without putting the hands
together.

Figure 6a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

Figure 7 shows another example of MEG response for the mode of smelling
“Zuko” incense rubbing into the hands without putting the hands together. In this

Figure 6.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject B5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject B5. (b) A vector of single
current dipole (red line) estimated in the brain using a 3-D coordinates.

Figure 7.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands without putting the hands
together in subject A3. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green
arrow) on the head for the smelling “Zuko” incense without putting the hand in subject A3. (b) A vector of
single current dipole (red line) estimated in the brain using a 3-D coordinates.
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case, another female subject A3 had the characteristic habit of putting the hands in
daily life. Figure 7a shows also the result of response of a vector by single current
dipole estimation method for smelling “Zuko” incense. Figure 7b shows also a
vector of single current dipole estimated in the brain using 3-D coordinates. From
these estimations we obtained the result of which a left occipital gyrus (V1 visual
region) was especially activated by smelling “Zuko” incense without putting the
hands together. This subject A3 had especial remember impressions of visual image
for this “Zuko” incense because of her smelling “Zuko” incense with putting the
hands in usual daily life.

Figure 7a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. The green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

3.1.1.3 The mode of smelling “Zuko” incense rubbing into the hands and putting the hands
together

Figure 8 shows an example of MEG response for the mode of smelling “Zuko”
incense rubbing into the hands with putting the hands together. In this case, a
female subject A3 had the characteristic habit of putting the hands in daily life.
Figure 8a shows also the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense. Figure 8b shows also a vector of
single current dipole estimated in the brain using 3-D coordinates.

Figure 8a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands with putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mappings by
the computer.

Figure 8.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands and putting the hands together
in subject A3. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
the head for the smelling “Zuko” incense with putting the hand in subject A3. (b) A vector of single current
dipole (red line) estimated in the brain using a 3-D coordinates.
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From these estimations of Figure 8, we obtained the result of which a left
orbitofrontal cortex (OFC) was activated by smelling “Zuko” incense with putting
the hands together.

Next, Figure 9 shows also another example of a different female subject B5 who
had no habit with putting the hands in daily life. Figure 9a shows the result of
response of a vector by single current dipole estimation method for smelling “Zuko”
incense with putting the hands together. Figure 9b shows also a vector of single
current dipole estimated in the brain using 3-D coordinates.

In this case, a left inner frontal area (F5 language region) was activated. She told
that she had the especial impressions for the recall of a few words of the language on
the praying when she smelled “Zuko” incense with putting the hands during this
MEG experiment.

Figure 9a shows the contourmapping of real-timeMEG responses in the state of
smelling “Zuko” incense rubbing into the hands with putting the hands together. The
red curves show equivalent positive magnetic fields, and the blue curves show equiva-
lent negative magnetic fields on the subject’s head surface. A green arrow shows an
estimated single current dipole obtained from these contourmapping by the computer.

Figure 10 shows the result of another example of MEG response for the mode of
smelling “Zuko” incense rubbing into the hands with putting the hands together. In
this case, a female subject A4 who had the habit of putting the hands in daily life
hold the especial strong impressions of visual image of praying when she smelled
“Zuko” incense with putting the hands during the MEG experiments.

Figure 10a shows the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense with putting the hands together.
Figure 10b shows also a vector of single current dipole estimated in the brain using
3-D coordinates. From these above estimations, a left occipital area (V1 visual
region) in the brain was activated.

Figure 10a shows the contour mapping of real-timeMEG responses in the state of
smelling “Zuko” incense rubbing into the hands with putting the hands together. The
red curves show equivalent positive magnetic fields, and the blue curves show

Figure 9.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands and putting the hands together
in subject B5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
the head for the smelling “Zuko” incense with putting the hand in subject B5. (b) A vector of single current
dipole (red line) estimated in the brain using a 3-D coordinates.
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case, another female subject A3 had the characteristic habit of putting the hands in
daily life. Figure 7a shows also the result of response of a vector by single current
dipole estimation method for smelling “Zuko” incense. Figure 7b shows also a
vector of single current dipole estimated in the brain using 3-D coordinates. From
these estimations we obtained the result of which a left occipital gyrus (V1 visual
region) was especially activated by smelling “Zuko” incense without putting the
hands together. This subject A3 had especial remember impressions of visual image
for this “Zuko” incense because of her smelling “Zuko” incense with putting the
hands in usual daily life.

Figure 7a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands without putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. The green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

3.1.1.3 The mode of smelling “Zuko” incense rubbing into the hands and putting the hands
together

Figure 8 shows an example of MEG response for the mode of smelling “Zuko”
incense rubbing into the hands with putting the hands together. In this case, a
female subject A3 had the characteristic habit of putting the hands in daily life.
Figure 8a shows also the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense. Figure 8b shows also a vector of
single current dipole estimated in the brain using 3-D coordinates.

Figure 8a shows the contour mapping of real-time MEG responses in the state of
smelling “Zuko” incense rubbing into the hands with putting the hands together.
The red curves show equivalent positive magnetic fields, and the blue curves show
equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mappings by
the computer.

Figure 8.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands and putting the hands together
in subject A3. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
the head for the smelling “Zuko” incense with putting the hand in subject A3. (b) A vector of single current
dipole (red line) estimated in the brain using a 3-D coordinates.
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From these estimations of Figure 8, we obtained the result of which a left
orbitofrontal cortex (OFC) was activated by smelling “Zuko” incense with putting
the hands together.

Next, Figure 9 shows also another example of a different female subject B5 who
had no habit with putting the hands in daily life. Figure 9a shows the result of
response of a vector by single current dipole estimation method for smelling “Zuko”
incense with putting the hands together. Figure 9b shows also a vector of single
current dipole estimated in the brain using 3-D coordinates.

In this case, a left inner frontal area (F5 language region) was activated. She told
that she had the especial impressions for the recall of a few words of the language on
the praying when she smelled “Zuko” incense with putting the hands during this
MEG experiment.

Figure 9a shows the contourmapping of real-timeMEG responses in the state of
smelling “Zuko” incense rubbing into the hands with putting the hands together. The
red curves show equivalent positive magnetic fields, and the blue curves show equiva-
lent negative magnetic fields on the subject’s head surface. A green arrow shows an
estimated single current dipole obtained from these contourmapping by the computer.

Figure 10 shows the result of another example of MEG response for the mode of
smelling “Zuko” incense rubbing into the hands with putting the hands together. In
this case, a female subject A4 who had the habit of putting the hands in daily life
hold the especial strong impressions of visual image of praying when she smelled
“Zuko” incense with putting the hands during the MEG experiments.

Figure 10a shows the result of response of a vector by single current dipole
estimation method for smelling “Zuko” incense with putting the hands together.
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in subject B5. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
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equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.

3.1.1.4 The response for an “auditory oddball paradigm” with smelling “Zuko” incense
rubbing into the hands

P300m peak of the cognitive response for a rare auditory stimulation with
smelling “Zuko” incense rubbing into the hands. In this experimental task on an
“auditory oddball paradigm,” a subject concentrates his attention to the rare audi-
tory pulse stimulation which was given without smelling. A subject must push the
optic fiber button quickly when he caught the rare auditory tone.

In this “auditory oddball paradigm,” two kinds of auditory pulse stimuli were
used (1ch, rare stimulation, 1 kHz tone burst, 2ch, frequent stimulation, 2 kHz tone
burst). Two auditory pulse stimuli were given to the subject in the duration of
300 ms pulse tone burst at random intervals which were controlled at the rate of 1:3
for rare stimuli (1 kHz tone): frequent stimuli (2 kHz tone).

We obtained a P300 peak response of the subject’s type as an individual varia-
tion for the priority of brain laterality regarding for “auditory oddball paradigm”

with smelling “Zuko” incense rubbing into the hands.
Figure 11 shows an example of P300m MEG response to an “auditory oddball

paradigm” for a subject B2 with smelling “Zuko” incense into the hands. The active
area in the brain was obtained with the single current dipole tracing method for this
MEG experimental condition. We analyzed the estimated active areas continuously
using a real-time estimation method. Figure 11a shows an example of P300m of
MEG wave (black wave line) response to “auditory oddball paradigm” for subject
B2 with smelling “Zuko” incense into the hands.

Figure 11b shows a vector of single current dipole estimated in the brain using 3-
D coordinates. In this case, we obtained that active area was at the right anterior
temporal area in the brain when he recognized a rare tone at the “auditory oddball
paradigm” without smelling “Zuko” incense into the hands.

Figure 10.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands and putting the hands together
in subject A4. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
the head for the smelling “Zuko” incense with putting the hand in subject A4. (b) A vector of single current
dipole (red line) estimated in the brain using a 3-D coordinates.
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Figure 11a shows that the value of the maximum peak height of P300m was
60.4 fT/cm and the size of the peak area was S = 32.0 (fT/cm)2 as the latency time of
P300m at T = 310.5 ms. Figure 11b shows that an active area of the cognitive
P300m peak of “auditory oddball paradigm” with smelling “Zuko” incense into the
hands was at the left superior temporal area in the brain.

Figure 12 shows also another example of P300m MEG response to an “auditory
oddball paradigm” for a male subject B1 with smelling “Zuko” incense into the
hands. The active area in the brain was obtained with the single current dipole
tracing method for this MEG experimental condition. We analyzed the estimated
active areas continuously using a real-time estimation method. Figure 12a shows an

Figure 11.
An example of P300m MEG response for an “auditory oddball paradigm” with smelling “Zuko” incense in
subject B2. (a) An example of P300m MEG wave (black wave line) response for an “auditory oddball
paradigm” with smelling “Zuko” incense in subject B2. (b) A vector of single current dipole (red line) estimated
in the brain using a 3-D coordinates.

Figure 12.
An example of P300m MEG response for an “auditory oddball paradigm” with smelling “Zuko” incense in
subject B1. (a) An example of P300m MEG wave (black wave line) response for an “auditory oddball
paradigm” with smelling “Zuko” incense in subject B1. (b) A vector of single current dipole (red line) estimated
in the brain using a 3-D coordinates.
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equivalent negative magnetic fields on the subject’s head surface. A green arrow
shows an estimated single current dipole obtained from these contour mapping by
the computer.
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We obtained a P300 peak response of the subject’s type as an individual varia-
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Figure 11 shows an example of P300m MEG response to an “auditory oddball

paradigm” for a subject B2 with smelling “Zuko” incense into the hands. The active
area in the brain was obtained with the single current dipole tracing method for this
MEG experimental condition. We analyzed the estimated active areas continuously
using a real-time estimation method. Figure 11a shows an example of P300m of
MEG wave (black wave line) response to “auditory oddball paradigm” for subject
B2 with smelling “Zuko” incense into the hands.

Figure 11b shows a vector of single current dipole estimated in the brain using 3-
D coordinates. In this case, we obtained that active area was at the right anterior
temporal area in the brain when he recognized a rare tone at the “auditory oddball
paradigm” without smelling “Zuko” incense into the hands.

Figure 10.
An example of MEG responses to smelling “Zuko” incense rubbing into the hands and putting the hands together
in subject A4. (a) Contour map of equivalent magnetic fields and an estimated current dipole (green arrow) on
the head for the smelling “Zuko” incense with putting the hand in subject A4. (b) A vector of single current
dipole (red line) estimated in the brain using a 3-D coordinates.
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Figure 11a shows that the value of the maximum peak height of P300m was
60.4 fT/cm and the size of the peak area was S = 32.0 (fT/cm)2 as the latency time of
P300m at T = 310.5 ms. Figure 11b shows that an active area of the cognitive
P300m peak of “auditory oddball paradigm” with smelling “Zuko” incense into the
hands was at the left superior temporal area in the brain.

Figure 12 shows also another example of P300m MEG response to an “auditory
oddball paradigm” for a male subject B1 with smelling “Zuko” incense into the
hands. The active area in the brain was obtained with the single current dipole
tracing method for this MEG experimental condition. We analyzed the estimated
active areas continuously using a real-time estimation method. Figure 12a shows an

Figure 11.
An example of P300m MEG response for an “auditory oddball paradigm” with smelling “Zuko” incense in
subject B2. (a) An example of P300m MEG wave (black wave line) response for an “auditory oddball
paradigm” with smelling “Zuko” incense in subject B2. (b) A vector of single current dipole (red line) estimated
in the brain using a 3-D coordinates.

Figure 12.
An example of P300m MEG response for an “auditory oddball paradigm” with smelling “Zuko” incense in
subject B1. (a) An example of P300m MEG wave (black wave line) response for an “auditory oddball
paradigm” with smelling “Zuko” incense in subject B1. (b) A vector of single current dipole (red line) estimated
in the brain using a 3-D coordinates.
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example of P300m of MEG wave (black wave line) response to “auditory oddball
paradigm” for subject B1 with smelling “Zuko” incense into the hands. Figure 12b
shows a vector of single current dipole estimated in the brain using 3-D coordinates.
In this case, we obtained that active area was at the left posterior temporal area in
the brain when he recognized a rare tone at the “auditory oddball paradigm” with
smelling “Zuko” incense into the hands.

From these estimations of Figure 12, it was obtained that the results of a cogni-
tive P300m peak height in the brain was 26.0 ft./cm and the active wave area value
of the P300 peak was S = 15.0 (fT/cm)2 at the time T = 281.4 ms when a rare tone
was recognized at “auditory oddball paradigm” with smelling “Zuko” incense in the
MEG experiment. And it was also obtained that the cognitive P300 peak was found
in left posterior temporal area.

3.1.2 The comparison of a P300m peak of MEG response with nonsmelling and smelling
“Zuko” incense

From the example of a female subject B2, a cognitive P300m peak without smell-
ing “Zuko” incense at the oddball paradigm of MEG experiment was shown in the
following results of Figure 3a. And also a P300m peak of the same female subject B2
with smelling “Zuko” incense was shown in the following results of Figure 11a.

An example result of the comparison of female subject B2:

Latency time Peak height S = active wave area

Without smelling 344.2 ms 26.4 fT/cm 14.3 (fT/cm)2

With smelling 310.5 ms 60.4 fT/cm 32.0 (fT/cm)2

From another example of a male subject B1, a cognitive P300m peak without
smelling “Zuko” incense at the oddball paradigm of MEG experiment was shown as
the following results of Figure 4a. And also a P300m peak of the same male subject
B1 with smelling “Zuko” incense was shown as the following results of Figure 12a.

An example result of the comparison of male subject B1:

Latency time Peak height S = active wave area

Without smelling 364.2 ms 11.8 fT/cm 7.5 (fT/cm)2

With smelling 281.4 ms 26.0 fT/cm 15.0 (fT/cm)2

3.2 Results of the statistical analysis of the alpha-amylase value

Table 1 shows the results of statistical analysis of the alpha-amylase value in the
saliva of 10 subjects.

A significant difference (P < 0.079) was found between the mean alpha-
amylase value of the condition before smelling “Zuko” incense and after smelling
“Zuko” incense for female subjects (see Figure 13).

Figure 14 shows that it has no significant for the statistical alpha-amylase value
T-tests of the comparison with habit and no habit with the hands in daily life. From
these tests, we could not find a significant difference for habit/no habit with putting
hands in daily life and could not also find the difference before smelling and after
smelling “Zuko” incense.
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example of P300m of MEG wave (black wave line) response to “auditory oddball
paradigm” for subject B1 with smelling “Zuko” incense into the hands. Figure 12b
shows a vector of single current dipole estimated in the brain using 3-D coordinates.
In this case, we obtained that active area was at the left posterior temporal area in
the brain when he recognized a rare tone at the “auditory oddball paradigm” with
smelling “Zuko” incense into the hands.

From these estimations of Figure 12, it was obtained that the results of a cogni-
tive P300m peak height in the brain was 26.0 ft./cm and the active wave area value
of the P300 peak was S = 15.0 (fT/cm)2 at the time T = 281.4 ms when a rare tone
was recognized at “auditory oddball paradigm” with smelling “Zuko” incense in the
MEG experiment. And it was also obtained that the cognitive P300 peak was found
in left posterior temporal area.
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“Zuko” incense

From the example of a female subject B2, a cognitive P300m peak without smell-
ing “Zuko” incense at the oddball paradigm of MEG experiment was shown in the
following results of Figure 3a. And also a P300m peak of the same female subject B2
with smelling “Zuko” incense was shown in the following results of Figure 11a.

An example result of the comparison of female subject B2:

Latency time Peak height S = active wave area

Without smelling 344.2 ms 26.4 fT/cm 14.3 (fT/cm)2

With smelling 310.5 ms 60.4 fT/cm 32.0 (fT/cm)2

From another example of a male subject B1, a cognitive P300m peak without
smelling “Zuko” incense at the oddball paradigm of MEG experiment was shown as
the following results of Figure 4a. And also a P300m peak of the same male subject
B1 with smelling “Zuko” incense was shown as the following results of Figure 12a.

An example result of the comparison of male subject B1:

Latency time Peak height S = active wave area

Without smelling 364.2 ms 11.8 fT/cm 7.5 (fT/cm)2

With smelling 281.4 ms 26.0 fT/cm 15.0 (fT/cm)2

3.2 Results of the statistical analysis of the alpha-amylase value

Table 1 shows the results of statistical analysis of the alpha-amylase value in the
saliva of 10 subjects.

A significant difference (P < 0.079) was found between the mean alpha-
amylase value of the condition before smelling “Zuko” incense and after smelling
“Zuko” incense for female subjects (see Figure 13).

Figure 14 shows that it has no significant for the statistical alpha-amylase value
T-tests of the comparison with habit and no habit with the hands in daily life. From
these tests, we could not find a significant difference for habit/no habit with putting
hands in daily life and could not also find the difference before smelling and after
smelling “Zuko” incense.
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From the individual analysis of alpha-amylase value in Table 1, we can find that
almost all females have more stress after the experiment of smelling “Zuko” incense
with putting hands and measuring MEG than before this experiment. And espe-
cially the value of subjects A3, A4, B2, and B4 were larger after the experiment than
before it. So, we can find that subjects A1, A2, A5, B1, and B2 were almost no stress
after the experiment than before it.

3.3 The comparison between the response of only smelling “Zuko” incense and
the response of smelling “Zuko”with putting the hands together

A few typical examples of the response of only smelling “Zuko” incense were
shown in 3.1.2.2 as in Figures 5–7.

Figure 13.
Results of the comparison for sex difference of alpha-amylase value. P value shows statistical T-tests.

Figure 14.
Results of the statistical comparison with habit and no habit with putting the hands for alpha-amylase value.
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A few typical examples of the response of smelling “Zuko” incense with putting
the hands together were also shown in 3.1.3.3 as in Figures 8–10.

These results are summarized in Table 2.

3.4 The summaries of active areas in the brain for the changing from only
smelling “Zuko” incense to smelling “Zuko” incense with putting the hands
together

From the results Table 2 in Section 3.3, we can summarize the active areas in the
brain for changing from only smelling “Zuko” incense to smelling “Zuko” incense
with putting the hands together.

Figure 15 shows the summaries of active areas in the brain for these changes.
In Figure 15, we draw two experimental states, for example, yellow symbol

color showed the state of the habituation of putting the hands together, and blue
symbol color showed the state of the no habituation of putting the hands together.

In Figure 15, active brain areas for the response of smelling only “Zuko” incense
showed almost temporal regions in the case of habituation of putting the hands
together except for two subjects A3 and A5. The response of subject A3 was shown
at the left visual V1 area, and the response of subject A5 was shown at the right
inner frontal area. However, active brain areas in the case of smelling only “Zuko”
incense but no habituation of putting the hands together also showed almost tem-
poral regions except for one subject B3. The response of subject B3 was only shown
at the right orbitofrontal cortex.

On the contrary, active brain areas of smelling “Zuko” incense with putting the
hands together showed larger change and different responses from smelling only
“Zuko” incense.

In Figure 15, we showed these larger changing regions to the square symbols
from the ellipse symbols using arrows. In the case of habituation of putting the
hands, subject A3 showed larger change to the left orbitofrontal cortex from the left
visual V1 area, and another subject A4 showed larger change to the left visual V1
area from the inner temporal area. These results are considerable to suggest that
subject A3 and A4 may be activated especially at the orbitofrontal cortex and left
visual V1 area, respectively.

Table 2.
Summaries of active areas in the brain for the response of only smelling “Zuko” incense and for the response of
smelling “Zuko” incense with putting the hands together.

191

Smelling “Zuko”: Incense Rubbing into the Hands and Smelling the Hands Activates…
DOI: http://dx.doi.org/10.5772/intechopen.88987



From the individual analysis of alpha-amylase value in Table 1, we can find that
almost all females have more stress after the experiment of smelling “Zuko” incense
with putting hands and measuring MEG than before this experiment. And espe-
cially the value of subjects A3, A4, B2, and B4 were larger after the experiment than
before it. So, we can find that subjects A1, A2, A5, B1, and B2 were almost no stress
after the experiment than before it.

3.3 The comparison between the response of only smelling “Zuko” incense and
the response of smelling “Zuko”with putting the hands together

A few typical examples of the response of only smelling “Zuko” incense were
shown in 3.1.2.2 as in Figures 5–7.

Figure 13.
Results of the comparison for sex difference of alpha-amylase value. P value shows statistical T-tests.

Figure 14.
Results of the statistical comparison with habit and no habit with putting the hands for alpha-amylase value.

190

Sino-Nasal and Olfactory System Disorders

A few typical examples of the response of smelling “Zuko” incense with putting
the hands together were also shown in 3.1.3.3 as in Figures 8–10.

These results are summarized in Table 2.

3.4 The summaries of active areas in the brain for the changing from only
smelling “Zuko” incense to smelling “Zuko” incense with putting the hands
together

From the results Table 2 in Section 3.3, we can summarize the active areas in the
brain for changing from only smelling “Zuko” incense to smelling “Zuko” incense
with putting the hands together.

Figure 15 shows the summaries of active areas in the brain for these changes.
In Figure 15, we draw two experimental states, for example, yellow symbol

color showed the state of the habituation of putting the hands together, and blue
symbol color showed the state of the no habituation of putting the hands together.

In Figure 15, active brain areas for the response of smelling only “Zuko” incense
showed almost temporal regions in the case of habituation of putting the hands
together except for two subjects A3 and A5. The response of subject A3 was shown
at the left visual V1 area, and the response of subject A5 was shown at the right
inner frontal area. However, active brain areas in the case of smelling only “Zuko”
incense but no habituation of putting the hands together also showed almost tem-
poral regions except for one subject B3. The response of subject B3 was only shown
at the right orbitofrontal cortex.

On the contrary, active brain areas of smelling “Zuko” incense with putting the
hands together showed larger change and different responses from smelling only
“Zuko” incense.

In Figure 15, we showed these larger changing regions to the square symbols
from the ellipse symbols using arrows. In the case of habituation of putting the
hands, subject A3 showed larger change to the left orbitofrontal cortex from the left
visual V1 area, and another subject A4 showed larger change to the left visual V1
area from the inner temporal area. These results are considerable to suggest that
subject A3 and A4 may be activated especially at the orbitofrontal cortex and left
visual V1 area, respectively.

Table 2.
Summaries of active areas in the brain for the response of only smelling “Zuko” incense and for the response of
smelling “Zuko” incense with putting the hands together.
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As the same larger changing, in the case of no habituation of putting the hands the
subject B2 showed the larger change to the left visual V1 area from right outer temporal
area, the subject B5 the change to the left frontal gyrus F5 area (language area) from
inner frontal area. These results are considerable to suggest that subject B2 and B5 may
be activated especially at the visual V1 area and the left F5 language area, respectively,
although they have no habituation of putting hands together in daily lives.

These larger change results on the brain active areas show that smelling “Zuko,”
rubbing into the hands, and putting the hands together activate specific brain areas
more than smelling only “Zuko”.

From Figure 15, we can find that smelling “Zuko” incense activates a few special
areas, for example, orbitofrontal cortex, left inner frontal gyrus (F5 language area),
occipital cortex of visual area V1, and so on.

Figure 15.
The summaries of active areas in the brain for changing from smelling “Zuko” incense to smelling “Zuko” incense
with putting the hands together.

192

Sino-Nasal and Olfactory System Disorders

And also we can find that smelling “Zuko” incense with putting the hands
together more activates the same few special areas, for example, OFC area, left
inner frontal gyrus (F5 language area), occipital cortex of visual area V1, and so on.

From these results of the comparison among the above two mode states, we can
obtain large changes from control state to the state of smelling “Zuko” incense and
also larger changes from the state of only smelling “Zuko” incense to smelling
“Zuko” incense with putting the hands together. In these changing active areas in
the brain, the common special changes was the change of laterality in the brain.
Figure 15 shows large changes for literalities in the brain with the change of active
areas too. These results can make sure that Smelling “Zuko” incense activates a few
special regions in the brain and raises up a few complex larger changes for activa-
tion areas in the brain.

3.5 Summary of results

3.5.1 The specific and distinct mirror neuron activities without the error activity on the
hand motor system by putting the hands together

Our MEG experiments of the above results were shown by using the results of
3.1.1 and 3.1.2 in the previous paper [23].

From the previous paper [23], the response areas were obtained in superior and
anterior temporal gyrus or central and caudal temporal and frontal gyrus.

Our previous MEG experiments [23] showed the distinct and objective activities
of our brain on the state of simultaneous responses of putting the hands together
and at the same time smelling incense odor. In this simultaneous status mode of our
MEG experiments, these specific active areas were especially shown in distinct F5
language areas of the inner regions of the left frontal lobe or orbitofrontal gyrus
clinically. These specific results showed the simultaneous new distinct stronger
effects of both the mirror neuronal activities as the imitation without the artifacts of
the simple moving error activities and olfactory activated effects.

These results show the specific new stronger effects of simultaneous responses in
relation of both the mirror neuron activities and olfactory effects at the same time.

3.5.2 The mode of smelling “Zuko” incense only without putting the hands together
(olfactory sensing response and visual imaging response)

The detailed responses of our MEG experiments of the above results in the mode
of smelling “Zuko” incense only without putting the hands together (olfactory and
visual activities) were shown in Figures 5–7 in Section 3.1.2.2 and Table 2 in Section
3.3. From these analyses we mainly obtained the active areas in the brain such as
inner frontal gyrus, left F5 language area and left occipital gyrus (V1 visual region),
and so on.

3.5.3 The mode of smelling “Zuko” incense rubbing into the hands and putting the hands
together

The detailed responses of our MEG experiments of the above results in the mode
of smelling “Zuko” incense rubbing into the hands and putting the hands together
were shown in Figures 8–10 in Section 3.1.2.3 and Table 2 in Section 3.3 with
almost all the subject’s data. From these clinical and objective MEG measurements
and analysis, we obtained the distinct olfactory active areas clearly such as the OFC
frontal regions and left inner frontal region F5 (language area) and occipital regions
V1 (visual area) for a mirror neuron activity in the brain, nevertheless habit (A-
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And also we can find that smelling “Zuko” incense with putting the hands
together more activates the same few special areas, for example, OFC area, left
inner frontal gyrus (F5 language area), occipital cortex of visual area V1, and so on.

From these results of the comparison among the above two mode states, we can
obtain large changes from control state to the state of smelling “Zuko” incense and
also larger changes from the state of only smelling “Zuko” incense to smelling
“Zuko” incense with putting the hands together. In these changing active areas in
the brain, the common special changes was the change of laterality in the brain.
Figure 15 shows large changes for literalities in the brain with the change of active
areas too. These results can make sure that Smelling “Zuko” incense activates a few
special regions in the brain and raises up a few complex larger changes for activa-
tion areas in the brain.

3.5 Summary of results

3.5.1 The specific and distinct mirror neuron activities without the error activity on the
hand motor system by putting the hands together

Our MEG experiments of the above results were shown by using the results of
3.1.1 and 3.1.2 in the previous paper [23].

From the previous paper [23], the response areas were obtained in superior and
anterior temporal gyrus or central and caudal temporal and frontal gyrus.

Our previous MEG experiments [23] showed the distinct and objective activities
of our brain on the state of simultaneous responses of putting the hands together
and at the same time smelling incense odor. In this simultaneous status mode of our
MEG experiments, these specific active areas were especially shown in distinct F5
language areas of the inner regions of the left frontal lobe or orbitofrontal gyrus
clinically. These specific results showed the simultaneous new distinct stronger
effects of both the mirror neuronal activities as the imitation without the artifacts of
the simple moving error activities and olfactory activated effects.

These results show the specific new stronger effects of simultaneous responses in
relation of both the mirror neuron activities and olfactory effects at the same time.

3.5.2 The mode of smelling “Zuko” incense only without putting the hands together
(olfactory sensing response and visual imaging response)

The detailed responses of our MEG experiments of the above results in the mode
of smelling “Zuko” incense only without putting the hands together (olfactory and
visual activities) were shown in Figures 5–7 in Section 3.1.2.2 and Table 2 in Section
3.3. From these analyses we mainly obtained the active areas in the brain such as
inner frontal gyrus, left F5 language area and left occipital gyrus (V1 visual region),
and so on.

3.5.3 The mode of smelling “Zuko” incense rubbing into the hands and putting the hands
together

The detailed responses of our MEG experiments of the above results in the mode
of smelling “Zuko” incense rubbing into the hands and putting the hands together
were shown in Figures 8–10 in Section 3.1.2.3 and Table 2 in Section 3.3 with
almost all the subject’s data. From these clinical and objective MEG measurements
and analysis, we obtained the distinct olfactory active areas clearly such as the OFC
frontal regions and left inner frontal region F5 (language area) and occipital regions
V1 (visual area) for a mirror neuron activity in the brain, nevertheless habit (A-
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group) and no habit (B-group) of putting the hands in daily life. The larger active
effects for smelling “Zuko” incense rubbing into the hands and putting the hands
were obtained more than the previous smelling incense odor activity with putting
the hands from the results of summaries in Figure 15 in Section 3.4.

4. Discussions

4.1 A possibility for improving cognitive ability by smelling “Zuko” incense
from the results of P300m responses of “auditory oddball paradigm”

We try to discuss a possibility for improving cognitive ability by smelling
“Zuko” incense from the results of the following examples of P300m responses of
“auditory oddball paradigm” MEG experiments.

4.1.1 The comparison of a P300m peak of MEG response with nonsmelling and smelling
“Zuko” incense

Though the typical examples are the results of P300m MEG responses of only
two subjects, we can find out the results as follows:

1.As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had shorter latency time than without smelling “Zuko.”

2.As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had bigger peak height than without smelling “Zuko.”

3.As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had larger active wave area S than without smelling “Zuko.”

From these typical results of P300m responses, it can be considered that a
possibility of the improving cognitive ability of P300 peak was shown by smelling
“Zuko” incense using “auditory oddball paradigm.”

4.2 Effects of stress on the comparison with before and after smelling “Zuko”
incense by measuring alpha-amylase value in saliva

We can find out few effects of stress for smelling “Zuko” incense by measuring
alpha-amylase value in saliva from the results of Table 1, Figures 13 and 14.

From these results of alpha-amylase value in saliva, it was shown that the
following discussions were obtained:

1.This report shows the results of the statistical comparison with habit and no
habit with putting the hands by using alpha-amylase value in saliva.

2.We could not find out a significant difference among the sex in 10 Japanese
subjects as the statistical value of alpha-amylase in saliva.

3.We could not find out a significant difference among the habit and no habit
with smelling “Zuko” incense and putting hands together in daily life.

4. In only female subjects, we found out a significant difference (P < 0.079) in T-
tests among before and after smelling “Zuko” incense rubbing into the hands.
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5.Alpha-amylase value was almost all shown as a characteristic index of stress
which was more increasing up after smelling “Zuko” incense than before
smelling regardless of male/female and habit/no habit with putting the hands
in daily life.

From these results of measuring alpha-amylase value in saliva, it can be consid-
ered that something stress on smelling “Zuko” incense was usually given to the
subject.

4.3 The meaning of smelling “Zuko” incense rubbing into the hands with
putting the hands together

The meaning of smelling “Zuko” rubbing into the hands with putting the hands
is as follows.

In habits of daily life, the brain of A-group peoples after smelling “Zuko” incense
rubbing into the hands and putting their hands together or praying was activated at
the orbitofrontal area, inner lobe of the frontal area, anterior and posterior areas in
the temporal cortex, left visual area V1 in occipital cortex, and others. The brain of
B-group individuals who did not has the habit of smelling incense odor or putting
their hands together or praying in their daily life was also activated at the
orbitofrontal cortex, inner lobe of the frontal area, left F5 language area, left visual
area V1 in the occipital cortex, and anterior and posterior temporal cortex and larger
changed.

Figure 15 shows that one subject’s brain was activated at the F5 language area in
the left inner frontal cortex. The brain for two of three subjects was activated at the
right inner frontal cortex regardless of whether they have a habit of putting their
hands together in their daily life or not. On the other hand, the brain for three
subjects smelling “Zuko” incense with and without putting their hands together was
also activated at the left calcarine sulci of the V1 visual area in the occipital cortex
[36–39]. This result means the subject had a something sense of visual imaging by
smelling “Zuko” incense with putting the hands together.

4.4 Smelling “Zuko” incense and putting the hands together showed larger
changes than smelling incense odor with putting the hands together

We already have the results of the previous MEG experiments for smelling
incense odor with putting the hands together as shown in our paper published in
IntechOpen [23]. From these results of previous MEG experiments, it was obtained
that smelling incense odor with putting the hands activates few specific brain areas.

On the other hand, in these MEG experiments, it was obtained that the results of
smelling “Zuko” incense into the hands and putting the hands promote to excite few
same specific brain areas as shown in Figure 15 in Section 3.4.

From the results of Tables 1 and 2, we can find out that subject B5 obtained in
orbitofrontal cortex OFC, subject A5, and B4 obtained in inner frontal area, subject
A3, A4, and B2 obtained in occipital cortex V1 as an estimation active area in the
brain clearly show almost all larger value ofα-amylase after smelling “Zuko” and
putting the hands and MEG experiments before these experiments. These results
are considered to show something stress by smelling “Zuko” incense and putting the
hands for the response of subject A3, A4, B2, B3, B4, and B5 which showed large
activity in a few special areas in the brain.

From the comparison with these two experimental results and analysis, we can
obtain that smelling “Zuko” incense and putting the hands together showed clearly
larger changes than smelling incense odor with putting the hands together. We can
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group) and no habit (B-group) of putting the hands in daily life. The larger active
effects for smelling “Zuko” incense rubbing into the hands and putting the hands
were obtained more than the previous smelling incense odor activity with putting
the hands from the results of summaries in Figure 15 in Section 3.4.

4. Discussions
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“Zuko” had bigger peak height than without smelling “Zuko.”

3.As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had larger active wave area S than without smelling “Zuko.”

From these typical results of P300m responses, it can be considered that a
possibility of the improving cognitive ability of P300 peak was shown by smelling
“Zuko” incense using “auditory oddball paradigm.”

4.2 Effects of stress on the comparison with before and after smelling “Zuko”
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3.We could not find out a significant difference among the habit and no habit
with smelling “Zuko” incense and putting hands together in daily life.

4. In only female subjects, we found out a significant difference (P < 0.079) in T-
tests among before and after smelling “Zuko” incense rubbing into the hands.
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5.Alpha-amylase value was almost all shown as a characteristic index of stress
which was more increasing up after smelling “Zuko” incense than before
smelling regardless of male/female and habit/no habit with putting the hands
in daily life.

From these results of measuring alpha-amylase value in saliva, it can be consid-
ered that something stress on smelling “Zuko” incense was usually given to the
subject.

4.3 The meaning of smelling “Zuko” incense rubbing into the hands with
putting the hands together

The meaning of smelling “Zuko” rubbing into the hands with putting the hands
is as follows.

In habits of daily life, the brain of A-group peoples after smelling “Zuko” incense
rubbing into the hands and putting their hands together or praying was activated at
the orbitofrontal area, inner lobe of the frontal area, anterior and posterior areas in
the temporal cortex, left visual area V1 in occipital cortex, and others. The brain of
B-group individuals who did not has the habit of smelling incense odor or putting
their hands together or praying in their daily life was also activated at the
orbitofrontal cortex, inner lobe of the frontal area, left F5 language area, left visual
area V1 in the occipital cortex, and anterior and posterior temporal cortex and larger
changed.

Figure 15 shows that one subject’s brain was activated at the F5 language area in
the left inner frontal cortex. The brain for two of three subjects was activated at the
right inner frontal cortex regardless of whether they have a habit of putting their
hands together in their daily life or not. On the other hand, the brain for three
subjects smelling “Zuko” incense with and without putting their hands together was
also activated at the left calcarine sulci of the V1 visual area in the occipital cortex
[36–39]. This result means the subject had a something sense of visual imaging by
smelling “Zuko” incense with putting the hands together.

4.4 Smelling “Zuko” incense and putting the hands together showed larger
changes than smelling incense odor with putting the hands together

We already have the results of the previous MEG experiments for smelling
incense odor with putting the hands together as shown in our paper published in
IntechOpen [23]. From these results of previous MEG experiments, it was obtained
that smelling incense odor with putting the hands activates few specific brain areas.

On the other hand, in these MEG experiments, it was obtained that the results of
smelling “Zuko” incense into the hands and putting the hands promote to excite few
same specific brain areas as shown in Figure 15 in Section 3.4.

From the results of Tables 1 and 2, we can find out that subject B5 obtained in
orbitofrontal cortex OFC, subject A5, and B4 obtained in inner frontal area, subject
A3, A4, and B2 obtained in occipital cortex V1 as an estimation active area in the
brain clearly show almost all larger value ofα-amylase after smelling “Zuko” and
putting the hands and MEG experiments before these experiments. These results
are considered to show something stress by smelling “Zuko” incense and putting the
hands for the response of subject A3, A4, B2, B3, B4, and B5 which showed large
activity in a few special areas in the brain.

From the comparison with these two experimental results and analysis, we can
obtain that smelling “Zuko” incense and putting the hands together showed clearly
larger changes than smelling incense odor with putting the hands together. We can
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find larger changes in the brain, for example, from the right area to the left area for
subject A5, B1, and B2 and from the left area to right area for subject A2 as shown in
Figure 15. And we can also find out other larger changes in the brain in the same
laterality, for example, from the occipital area to the prefrontal area for subject A3
and from the inferior parietal area to the occipital area for subject A4 at the left side
in the brain.

These above results of larger changes show that the usage of “Zuko” incense
rubbing into the hands promote to activate the brain more than smelling incense
odor.

5. Conclusions

This research revealed that smelling “Zuko” incense rubbing into the hands and
putting the hands together promoted to excite a few specific brain areas, for exam-
ple, the orbitofrontal cortex of olfactory area, inner areas of the prefrontal cortex,
left language F5 regions, occipital regions of left imaging area V1, and so on in the
human brain.

A P300 response peak which was known as a kind of ERP responses in brain
waves was researched as a response of “cognitive function” by using “oddball
paradigm” experiment.

In this MEG experiments, P300m response using “auditory oddball paradigm”

was measured both before smelling “Zuko” incense and after smelling “Zuko”
incense.

In our experiments, evoked neuronal activity was recorded by the MEG and the
alpha-amylase value in the subject’s saliva was also measured in the stage before and
after smelling “Zuko” incense and measuring the response of MEG in the brain.

From the summary of results in 3.5.1-3.5.3 in Section 3.5, we can conclude the
distinct activities as follows. Both smelling “Zuko” incense only without putting the
hands and smelling “Zuko” incense into the hands with putting the hands promoted
to activate mainly a few specific brain areas such as the OFC frontal regions, left
inner frontal region F5 language area, left inner occipital regions V1 visual areas,
and so on.

As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had shorter latency time; the bigger the peak height, the larger the active
wave area S than without smelling “Zuko.” From these typical results of P300m
responses, it can be considered that a possibility of improving cognitive ability of
P300 peak was shown by smelling “Zuko” incense using “auditory oddball para-
digm.”

From these typical results of P300m responses, it can be considered that a
possibility of improving cognitive ability of P300 peak was shown by smelling
“Zuko” incense using “auditory oddball paradigm.”

An alpha-amylase value was shown as a characteristic index of stress which was
more increasing up after smelling “Zuko” incense than before smelling although
male/female and habit/no habit with putting the hands in daily life. From these
results of measuring alpha-amylase value in saliva, it can be considered that some-
thing stress on smelling “Zuko” incense was usually given to the subject.

From these results of measuring alpha-amylase value in saliva, it can be consid-
ered that something stress on smelling “Zuko” incense was usually given to the
subject.

From an individual analysis, we can also find out that subject B5 obtained in
orbitofrontal cortex, subject A5 and B4 obtained in the inner frontal area, subject
A3, A4, and B2 obtained in the occipital cortex V1 as an estimation active area in the
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brain clearly show almost all larger value of alpha-amylase after smelling “Zuko”
and putting the hands and MEG experiments before these experiments. These
results are considered to show something stress by smelling “Zuko” incense and
putting the hands for the response of subjects A3, A4, B2, B3, B4, and B5 which
showed large activity in a few special areas in the brain.

From the above results, we consider that the F5 language area in the left frontal
cortex and V1 visual area were promoted to activate by smelling “Zuko” incense
rubbing into the hands with putting the hands together.

Alpha-amylase showed something stress like for smelling “Zuko” incense with
putting the hands, and the specific mirror neuron and default-mode network
showed activity of the special areas in the brain.

We concluded that new specific effects both in smelling “Zuko” incense into the
hands and imitating the behavior of putting the hands together can be considered to
promote excitation of the higher activities and to make larger changes in the brain
activities dynamically in a few specific regions in the human brain.
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find larger changes in the brain, for example, from the right area to the left area for
subject A5, B1, and B2 and from the left area to right area for subject A2 as shown in
Figure 15. And we can also find out other larger changes in the brain in the same
laterality, for example, from the occipital area to the prefrontal area for subject A3
and from the inferior parietal area to the occipital area for subject A4 at the left side
in the brain.

These above results of larger changes show that the usage of “Zuko” incense
rubbing into the hands promote to activate the brain more than smelling incense
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paradigm” experiment.

In this MEG experiments, P300m response using “auditory oddball paradigm”

was measured both before smelling “Zuko” incense and after smelling “Zuko”
incense.

In our experiments, evoked neuronal activity was recorded by the MEG and the
alpha-amylase value in the subject’s saliva was also measured in the stage before and
after smelling “Zuko” incense and measuring the response of MEG in the brain.

From the summary of results in 3.5.1-3.5.3 in Section 3.5, we can conclude the
distinct activities as follows. Both smelling “Zuko” incense only without putting the
hands and smelling “Zuko” incense into the hands with putting the hands promoted
to activate mainly a few specific brain areas such as the OFC frontal regions, left
inner frontal region F5 language area, left inner occipital regions V1 visual areas,
and so on.

As a cognitive P300m response, it was shown that the result with smelling
“Zuko” had shorter latency time; the bigger the peak height, the larger the active
wave area S than without smelling “Zuko.” From these typical results of P300m
responses, it can be considered that a possibility of improving cognitive ability of
P300 peak was shown by smelling “Zuko” incense using “auditory oddball para-
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From these typical results of P300m responses, it can be considered that a
possibility of improving cognitive ability of P300 peak was shown by smelling
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From these results of measuring alpha-amylase value in saliva, it can be consid-
ered that something stress on smelling “Zuko” incense was usually given to the
subject.

From an individual analysis, we can also find out that subject B5 obtained in
orbitofrontal cortex, subject A5 and B4 obtained in the inner frontal area, subject
A3, A4, and B2 obtained in the occipital cortex V1 as an estimation active area in the
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brain clearly show almost all larger value of alpha-amylase after smelling “Zuko”
and putting the hands and MEG experiments before these experiments. These
results are considered to show something stress by smelling “Zuko” incense and
putting the hands for the response of subjects A3, A4, B2, B3, B4, and B5 which
showed large activity in a few special areas in the brain.

From the above results, we consider that the F5 language area in the left frontal
cortex and V1 visual area were promoted to activate by smelling “Zuko” incense
rubbing into the hands with putting the hands together.

Alpha-amylase showed something stress like for smelling “Zuko” incense with
putting the hands, and the specific mirror neuron and default-mode network
showed activity of the special areas in the brain.
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