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Purpose of Review: Olfactory dysfunction dramatically impairs quality of life with a
prevalence of 20% in the general adult population. Psychophysical olfactory testing has
been widely used to evaluate the ability to smell due to its validated utility and feasibility in
clinic. This review summarizes the current literature regarding psychophysical olfactory
testing and the clinical relevance of the olfactory testing with different components.
Furthermore, the review highlights the diagnosis and treatment value of olfactory
subtests in patients with olfactory dysfunction.

Recent Findings: With the accumulation of studies of psychophysical olfactory
testing in olfactory disorders, the clinical relevance of olfactory testing with different
components is expanding. Different olfactory domains present with distinct olfactory
processing and cortical activity. Psychophysical assessment of olfaction with three
domains reveals different levels of olfactory processing and might assist with analyzing
the pathophysiologic mechanism of the various olfactory disorders. Furthermore,
olfactory thresholds provided the largest amount of non-redundant information to the
olfactory diagnosis. Sinonasal olfactory dysfunction and non-sinonasal-related olfactory
dysfunction are emerging classifications of smell disorders with certain characteristics
of olfactory impairment and different responses to the therapy including steroids, sinus
surgery, and olfactory training.

Summary: These recent advancements should promote the understanding of
psychophysical olfactory testing, the association between individual subcomponents
and neurophysiological processes, and pave the way for precision assessment and
treatment of the olfactory dysfunction.

Keywords: olfactory dysfunction, olfactory testing, TDI, olfactory processing, assessment, diagnosis, olfactory
subcomponents, clinical relevance

Abbreviations: TDI, threshold, discrimination, and identification; BUT, n-butanol; PEA, phenethyl alcohol; PC, piriform
cortex; OCNs, olfactory cortical networks; fMRI, functional magnetic resonance imaging; OFC, orbitofrontal cortex; CRS,
chronic rhinosinusitis; AD, Alzheimer’s disease; PD, Parkinson’s disease; MCI, mild cognitive impairment; KS, Kallmann
syndrome; CRF, chronic renal failure.
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BACKGROUND

Smell is one of the five basic sense which helps us understand and
perceive the environment. Olfactory dysfunction dramatically
impairs the quality of life with a prevalence of 20% in the
general adult population (Whitcroft and Hummel, 2019). It has
been shown that malnutrition, depression, increased mortality,
and neurodegenerative diseases are highly associated with an
impaired sense of smell (Smoliner et al., 2013; Kohli et al.,
2016b; Doty, 2017; Adams et al., 2018; Liu et al., 2019).
A series of etiologies lead to decreased sense of smell and
approximately 200 different causes for olfactory dysfunction have
been identified (Hummel et al., 2017). Olfactory dysfunction
secondary to sinonasal diseases, virus infection, and head trauma
account for two-thirds of patients seeking consultation from
specialized smell and taste outpatient clinics. The remainder
includes idiopathic, neurological-neurodegenerative, congenital,
and other rare causes (Ciofalo et al., 2006; Fark and Hummel,
2013). Psychophysical olfactory testing has been widely used
to evaluate the ability to smell due to its validated utility and
feasibility in clinics (Doty, 2006; Rombaux et al., 2009a,c).

Furthermore, quantitative analyses with varied components
facilitate assessment of the etiology, severity, treatment response,
prognosis, and outcome of the olfactory dysfunction (Reden
et al., 2007; Hedner et al., 2010; Devanand et al., 2015b;
Whitcroft et al., 2017, 2018a; Xu et al., 2020). This review aims
to summarize the current literature regarding psychophysical
olfactory testing and the clinical relevance of olfactory testing
with different components. These recent advancements help
to promote the understanding of psychophysical olfactory
testing, the association between individual subcomponents
and neurophysiological processes, and facilitate the precise
assessment of the olfactory dysfunction.

ASSESSMENT OF PSYCHOPHYSICAL
OLFACTION

Odors are perceived through two classic pathways: via the nostrils
during sniffing, referred to as orthonasal olfaction, and via the
mouth during eating and drinking, referred to as retronasal
olfaction (Bojanowski and Hummel, 2012; Goldberg et al., 2018).
A series of psychophysical olfactory tests have been developed
to quantify the degree of olfactory dysfunction (Figures 1, 2).
In general, three domains of olfaction including odor threshold,
discrimination, and identification (TDI) are recognized.
Individual or combinations of these olfactory subcomponents
are employed to evaluate olfactory function within different
types of olfactory disorders within both research studies and
clinical settings. Olfactory impairment with varied etiologies
involves different neuronal processes and networks. According
to the location of presumed pathology, classifications of
olfactory dysfunction have been proposed including conductive,
sensorineural, peripheral, and central dysfunction (Hummel
et al., 2017). The definition of olfactory dysfunction is based on
the rough anatomical location of the lesion (Table 1). However,
current psychophysical testing of orthonasal olfaction is not

designed based on specific anatomical and functional distinctions
in the olfactory system and the boundary between these three
subcomponents remains ill-defined.

DIFFERENT OLFACTORY DOMAINS AND
ITS ASSOCIATION WITH OLFACTORY
PROCESSING

The anatomic basis and functional requirement of olfactory
subcomponents are summarized in Table 2. The methods of the
olfactory testing below were standardized and widely utilized
in the clinic and research centers around the world. They were
recommended in the position paper on olfactory dysfunction
(Hummel et al., 2017). Odor threshold (also known as sensitivity)
is the lowest perceived concentration of an odorant however
participants are not asked to recall or name the odorant during
the test. Odor threshold for n-butanol (BUT) or phenethyl
alcohol (PEA) is diluted in a solvent according to decreasing
concentrations (usually two-fold dilution or three-fold dilution).
It is assessed using a single-staircase procedure with three
alternative choices. Here we take Sniffin’ Sticks olfactory test as
an example (Hummel et al., 1997). This test comprised 16 triplets
of pens with numbers from one to sixteen with pen No. 1 being
the most intensely odorant with the highest concentration of
BUT/PEA. The test usually starts with pen No. 16. Only one
of the three pens contains an odor while the other two pens
are odorless. Subjects are required to correctly detect the odor-
containing pen. This test is thought to be a more direct indicator
of the primary level of olfactory processing which occurs within
the peripheral olfactory system. Odor threshold testing is often
utilized to distinguish peripheral olfactory dysfunction at the
intranasal receptor level from impairment of the central olfactory
system. It is important to point out that the “threshold test” is
not limited to the “intensity threshold” at which the subject can
smell the smell, but also includes the shortest time that the subject
can detect the odor, that is, the “time threshold” (Kamio, 1963).
In addition, the purpose of the alcohol sniff test is to detect the
farthest distance the subject can detect the smell, that is, the
“spatial threshold” (Davidson and Murphy, 1997). However, most
of the current olfactory threshold tests are aimed at the odor
intensity threshold and another two threshold tests including
time threshold and spatial threshold should be further explored
and utilized in the clinic.

Odor discrimination is a form of suprathreshold test that
assesses the participant’s ability to discriminate between stimuli of
different quality (Hummel et al., 1997). The odor discrimination
test involves triplets of pens, two with the same scent and one
with a different scent. Subjects are required to identify which
pen contains the different scent. This test is comprised of 16
triplets of pens with numbers from one to sixteen. Similar to
odor threshold tests, discrimination tests do not identify the odor.
However, the participant is required to detect similarities and
differences between odorants. Short-term working memory and
executive function are required for decision-making in the odor
discrimination test. Discrimination by quality is more cognitively
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FIGURE 1 | Timeline for development of the orthonasal olfaction tests between 1963 and 2012. OT, olfactory threshold; OD, olfactory differentiation; OI, olfactory
identification.

FIGURE 2 | Timeline for development of the retronasal olfaction tests between 1996 and 2014.

loaded than intensity discrimination due to a wider activation of
the cortical network.

Odor identification is another common suprathreshold test
that assesses the participant’s ability to correctly identify an odor,

usually through the use of verbal or visual cues (Doty et al., 1984;
Hummel et al., 1997). Odor identification consists of 16 common
odors that are presented individually with four given options
(Hummel et al., 1997). The options are generally accompanied
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TABLE 1 | Definition of olfactory dysfunction according to anatomical location of
lesion.

Classification
of olfactory
dysfunction

Anatomical location of lesion

Peripheral
dysfunction

Resulting from damage/loss of the olfactory processing
pathways of peripheral nervous system.

Conductive
dysfunction

Results from blockage of odor transmission to the olfactory
neuroepithelium.

Sensorineural
dysfunction

Resulting from damage/loss of the olfactory
neuroepithelium or nerve.

Central
dysfunction

Resulting from damage/loss of the olfactory processing
pathways of the central nervous system.

TABLE 2 | Anatomic basis and functional requirement of olfactory
subcomponents.

Subcomponents Definition Anatomic basis
and functional
requirement

Distinct
patterns of
cortex activity

Odor threshold The lowest
perceived
concentration
of an odorant

Peripheral
olfactory
processing in the
epithelium

Bilateral piriform
and orbitofrontal
regions

Odor discrimination Detect similarity
and differences
between
odorants

Central olfactory
processing
including
short-term
working memory
and executive
function

Hippocampus

Odor identification Identify an odor
correctly

Olfactory
detection ability
and semantic
memory

Broca’s area and
the left inferior
frontal lobe

by pictures to reduce the bias caused by different ethnic cultural
backgrounds and educational levels (Richman et al., 1995;
Kobayashi et al., 2006; Krantz et al., 2009). When olfactory
identification test was conducted among children, cards showing
pictures-related odors were helpful (Ottaviano et al., 2018a).
Odor identification task relies on both olfactory detection ability
and semantic memory (Devanand et al., 2010). A patent nasal
airway, appropriate sensory activation at the neuroepithelium
level, and higher brain function for the perception and translation
of that information to semantic verbal labels are essential for
olfactory identification (Xydakis and Belluscio, 2017).

The retronasal olfactory test is a special type of olfactory
identification test. Retronasal olfaction is the major contributor
to flavor perception. It is supported by taste perception, i.e.,
sweet, salty, sour, bitter, and umami, and the perception of the
texture, temperature, etc. (Goldberg et al., 2018). The orthonasal
olfactory test requires the subject to sniff the odor through the
anterior nostril. During the retronasal olfactory test, a powdered
odorant is put on the middle of the subject’s tongue, then the
subject retracts the tongue, closes the mouth and exhales through
the posterior nostril (Heilmann et al., 2002). After the odor
in the mouth enters the nasal cavity with the exhaled airflow
through the posterior nostril, a sense of smell is generated, and

the patient is asked to choose the smell from four given options.
Unlike the orthonasal route of odor presentation, the retronasal
route involves aromatic compounds from chewing food within
the oral cavity ascending through the oropharyngeal pathway to
the olfactory mucosa. Studies have shown that orthonasal and
retronasal odorant perceptions activate different neural responses
in the brain’s diverse areas. The anterior cingulate cortex, the
orbitofrontal cortex (OFC), and the dorsal and ventral insula
show a superadditive response and become more active when a
taste is perceived simultaneously with a retronasally presented
odor (Small et al., 2004). Conversely, these same regions show
significant deactivation when a taste is perceived simultaneously
with an orthonasally presented odor. The anterior cingulate
cortex, OFC, and insula have been identified as key components
underlying flavor perception. Patients with olfactory disorders
usually complain of loss of “taste” (Hunt et al., 2019). In fact, the
retronasal olfaction and the sense of taste felt by the taste buds
together constitute humans’ perception of food flavor. Therefore,
the use of a retronasal olfaction test to evaluate olfactory function
is of special significance.

FUNCTIONAL ANATOMY OF HUMAN
ODOR SENSATION, DISCRIMINATION,
AND IDENTIFICATION

A positron emission tomography study concluded that different
olfactory domains engage distinct patterns of cortical activity
(Kareken et al., 2003). Sensory stimulation engages bilateral
piriform and orbitofrontal regions. Discrimination involves the
hippocampus, implicating its role in serial odor comparisons
(olfactory working memory). Odor identification involves Broca’s
area and the left inferior frontal lobe, which may reflect a
combination of subvocal articulation and semantic associations.
The piriform cortex (PC) is recognized as the primary olfactory
cortical network (OCN) where the first cortical processing of
olfactory stimuli takes place (Brunjes and Osterberg, 2015). The
PC consists of two different sections-the posterior and anterior
PC (Gottfried, 2010). An event-related functional magnetic
resonance imaging (fMRI) study showed that pairwise odorant
similarities in anterior PC activity correlated with pairwise
odorant similarities in chemical properties (Fournel et al., 2016).
Additionally, the posterior PC activity revealed the olfactory
perceptual properties. This study provides new evidence that
the extraction of physical and olfactory features was based on
specific fine processing of similarities between odorous stimuli in
a distributed manner within the olfactory system.

The OFC has been proven to be the main neocortical
target of the primary olfactory cortex, which is one of the
most well-described areas of the secondary olfactory cortex.
The OFC anatomically receives nerve projections from the PC
and signal transduction from the olfactory bulb (Fjaeldstad
et al., 2017). Whole-brain analyses revealed a significant
positive correlation of gray matter volume and olfactory
function scores in the right orbital sulcus, suggesting an
essential role of regional gray matter volume in the right
OFC and olfactory bulb volume for olfactory performance
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in healthy individuals (Seubert et al., 2013). Furthermore, OFC
is considered as the senior cortex for olfactory identification
and mediates the conscious perception of odor. A fMRI
study by Kjelvik et al. (2012) demonstrated that the correct
odor identification gave rise to increased activity in the left
entorhinal cortex and the OFC at the whole-brain level,
and both identified and non-identified odors gave rise to
an increased blood oxygenated level-dependent signal in
orbitofrontal and piriform cortices. However, the response
to identified odors was significantly greater than that for
non-identified odors. In other words, the OFC plays a vital
role in olfactory identification. However, odor identification
is only a manifestation of olfaction, which requires the joint
participation and coordination of most brain regions, including
the hippocampal and entorhinal cortex.

According to a diffusion tensor imaging study, the
hippocampus is considered as a particularly important region
for the functional olfactory cortex network, which is thought to
play a significant role in the progression of olfactory learning
and memory (Fjaeldstad et al., 2017). One study showed that
the volume of the right hippocampus demonstrated a small
but significant correlation with odor threshold (Smitka et al.,
2012). Similarly, an animal study supported that hippocampal
involvement in the network underlying odor-discrimination
learning suggesting that cooperation between the dorsal and
ventral hippocampus varies with learning progress (Martin et al.,
2007). Neuroimaging studies regarding the relationship between
olfaction and neurodegenerative disease found that Parkinson’s
disease (PD) patients with olfactory dysfunction showed reduced
activity in the hippocampus (Hummel et al., 2010). Alzheimer’s
Disease (AD) patients with olfactory dysfunction who got
significantly lower scores in discrimination also had lower
hippocampal volumes and a more pronounced reduction in
cortical thickness (Lian et al., 2019).

Cognitive decline is one of the leading clinical symptoms
of neurodegenerative diseases, and it is often accompanied by
olfactory dysfunction. An early study by Doty et al. (1987)
demonstrated that both odor identification and odor detection
problems were present in dementia due to Alzheimer’s type,
and the odor identification impairment may be secondary to
the odor detection problem. Reduced odor identification is
associated with memory impairment, smaller volumes of the
hippocampal and entorhinal cortex (Growdon et al., 2015).
Another neurodegenerative disorder named mind wandering was
associated with distinct regions of gray matter loss, as revealed
by voxel-based morphometry, predominantly in the hippocampal
(Growdon et al., 2015). In general, neurodegenerative diseases
involve cortices within the brain that are associated with olfactory
discrimination and identification. Such patients therefore tend
to experience a decrease in olfactory discrimination and
identification. This has also been demonstrated in studies in
a healthy population. Previous studies showed that it was
odor discrimination and identification not odor thresholds that
correlated significantly with tests of executive function and
semantic memory which is highly associated with the central
processing and cognitive function (Nasreddine et al., 2005;
Hedner et al., 2010).

DIAGNOSIS VALUE OF OLFACTORY
SUBTESTS IN PATIENTS WITH
OLFACTORY DYSFUNCTION

Psychophysical assessment of olfaction with three domains
reveals different levels of olfactory processing and might
assist with analyzing the pathophysiologic mechanism of the
various olfactory disorders. To quantify the degree of olfactory
dysfunction, multicomponent psychophysical tests have been
developed. The use of individual or pairs of subcomponents
to diagnose olfactory impairment was less sensitive than using
composite TDI scores (Lötsch et al., 2008). A machine-learned
analysis of the diagnosis value of olfactory subtests suggested
that olfactory thresholds provided the largest amount of non-
redundant information to the olfactory diagnosis (Lötsch and
Hummel, 2019). The position paper on olfactory dysfunction
recommends that psychophysical assessment tools used in
clinical and research settings should include reliable and validated
tests of odor threshold, and/or one of odor identification or
discrimination (Hummel et al., 2017).

CLINICALLY MEANINGFUL
CLASSIFICATION OF OLFACTORY
DYSFUNCTION

Previous studies have indicated that olfactory impairment
patterns obtained from psychophysical olfaction may provide
diagnostic information of olfactory dysfunction (Jones-Gotman
and Zatorre, 1988; Hornung et al., 1998; Whitcroft et al.,
2017). The olfactory dysfunction classification based on the
putative underlying etiology has been proposed to aid in patient
counseling or further surgical intervention (Bonfils et al., 2009;
Fonteyn et al., 2014; Hummel et al., 2017). The main causes
of olfactory dysfunction include olfactory dysfunction secondary
to sinonasal disease, post-traumatic olfactory dysfunction, post-
infectious olfactory dysfunction, olfactory dysfunction associated
with neurological disease, olfactory dysfunction associated
with aging, olfactory dysfunction associated with exposure to
drugs/toxins, idiopathic olfactory dysfunction, and other possible
causes (sinonasal and skull base surgery, laryngectomy, tumors,
multiple systemic co-morbidities, etc.) (Hummel et al., 2017;
Fokkens et al., 2020). A consensus of a clinically meaningful
classification based on clinical characteristics and treatment
options has been reached among the rhinologists and related
chemical sense researchers. Sinonasal olfactory dysfunction
and non-sinonasal-related olfactory dysfunction are emerging
classifications of smell disorders (Wolfensberger and Hummel,
2002; Fonteyn et al., 2014; Yan et al., 2019). Other classifications
of olfactory dysfunction based on the clinical characteristics are
listed in Table 3. This review will focus on the sinonasal and
non-sinonasal-related olfactory dysfunction.

Sinonasal Olfactory Dysfunction
Sinonasal disease produces an obstructive or conductive olfactory
loss that often responds dramatically to appropriate therapy
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TABLE 3 | Classifications of olfactory dysfunction.

Classification

Putative underlying etiology Sinonasal olfactory dysfunction

Non-sinonasal-related olfactory dysfunction

Characteristics of symptom onset Gradual/progressive onset

Sudden onset and congenital

Genetics Congenital olfactory dysfunction

Acquired olfactory dysfunction

Location of presumed pathology Conductive olfactory loss

Sensorineural dysfunction

Central dysfunction

including steroids and sinus surgery (Seiden and Duncan,
2001). It has been reported that sinonasal inflammatory diseases
account for the major and common causes of gradual or
progressive loss of smell (Enriquez et al., 2014). Sinonasal
olfactory dysfunction especially chronic rhinosinusitis (CRS)
related olfactory dysfunction has been thoroughly studied and a
series of distinct clinical features have been identified (Fokkens
et al., 2020; Mullol et al., 2020). Peripheral olfactory impairment,
olfactory fluctuation, steroid-dependent reverse, a substantial
benefit from endoscopic sinus surgery and preserved retronasal
olfactory function are the main features of CRS-related olfactory
dysfunction (Apter et al., 1999; Stevens, 2001; Kohli et al., 2016a;
Whitcroft et al., 2017; Ganjaei et al., 2018; Othieno et al., 2018;
Wu et al., 2018, 2020).

More importantly, analysis of olfactory subcomponent test
score in patients with sinonasal olfactory dysfunction showed
that odor threshold score was particularly impaired but
odor discrimination and identification was relatively preserved
(Whitcroft et al., 2017). Imaging studies showed that olfactory
bulb volume in patients with CRS significantly increased after
treatment (Gudziol et al., 2009; Herzallah et al., 2013; Sadeghi
et al., 2015; Shehata et al., 2018; Whitcroft et al., 2018b). The
increase in olfactory bulb volume significantly correlated with
an increase in odor threshold but not with changes in odor
discrimination or odor identification (Gudziol et al., 2009).
Gray matter volume within the primary and secondary olfactory
cortices was also significantly increased 3 months after surgical
treatment for CRS (Güllmar et al., 2017; Whitcroft et al., 2018b).
Furthermore, an animal study demonstrated that neuroplastic
changes in the olfactory bulb were directly associated with nasal
inflammation (Hasegawa-Ishii et al., 2019) and loss of olfactory
sensory neuronal activity rather than neuroinflammation in the
olfactory bulb was the major cause of inflammation-induced
olfactory bulb atrophy (Hasegawa-Ishii et al., 2020). It can
be inferred that controlled nasal inflammation by surgical
procedure or medical treatment contributes to the improvement
of peripheral olfactory function and subsequent recovery of the
olfactory bulb volume and gray matter volume.

Landis et al. (2003) found that retronasal odor identification
was significantly better than orthonasal odor identification in
patients with nasal polyps. It may be associated with the
presence of a mechanical obstruction in the anterior portion
of the olfactory cleft. However, a recent study showed a strong

correlation between retronasal and total orthonasal olfaction
scores in patients with CRS (Othieno et al., 2018). Furthermore,
patients with CRS demonstrated deficits in retronasal olfaction,
with worse scores in patients with nasal polyps, asthma,
and aspirin-exacerbated respiratory disease. Retronasal olfaction
scores correlated with the degree of inflammation of the olfactory
cleft and the olfactory cleft endoscopy scale was the only
independent predictor of retronasal olfaction. Psychophysical
and electrophysiological differences exist between orthonasal and
retronasal olfaction, even in the absence of sinus or nasal disease
(Landis et al., 2005).

Interestingly, it was the odor discrimination score not
odor threshold and odor identification score that significantly
increased in patients with CRS after multimodal treatment,
which included endoscopic sinus surgery, oral antibiotics for
5 days, oral steroids for 12 days, and at least 6 weeks of topical
nasal steroids (Walliczek-Dworschak et al., 2018). Besides, odor
discrimination has been identified as the best component to
reflect overall olfactory function changes during treatment for
CRS (Whitcroft et al., 2018a). Distinct olfactory characteristics in
terms of different olfactory domains and their association with
the natural course, treatment outcome, and olfactory plasticity
provide critical neurophysiological information which in turn
facilitates disease-specific assessment and treatment.

Non-sinonasal-Related Olfactory
Dysfunction
Different from sinonasal olfactory dysfunction, non-sinonasal-
related olfactory dysfunction is characterized by central
dysfunction or sensorineural dysfunction. Non-sinonasal-related
olfactory dysfunction does not present with olfactory fluctuation
or steroid-dependence. Current evidence demonstrates that
non-sinonasal-related olfactory dysfunction including post-
infectious and post-traumatic olfactory dysfunction may not
benefit from topical or oral steroids and there are limited options
for non-sinonasal-related olfactory dysfunction (Yan et al., 2019).
No effective treatments for non-sinonasal-related olfactory
dysfunction are available at the present time except the olfactory
training. It should be pointed out that olfactory training has
been proven to be a potential treatment modality for olfactory
dysfunction resulting from multiple etiologies including post-
infectious, post-traumatic, idiopathic, and aging-related olfactory
dysfunction (Sorokowska et al., 2017; Birte-Antina et al., 2018;
Lamira et al., 2019; Pellegrino et al., 2019; Kattar et al., 2020). This
emerging simple and effective protocol has been widely studied
in patients with non-sinonasal-related olfactory dysfunction.

A study by Hummel et al. (2009) showed that patients
with non-sinonasal-related olfactory dysfunction experienced a
significant increase in olfactory function after receiving olfactory
training, further supporting the therapeutic effect of olfactory
training. Generally, patients with olfactory loss undergoing
olfactory training experienced a significant increase in olfactory
function with a mean improvement of 10.3 points on TDI score
(Hummel et al., 2009; Pekala et al., 2016). Regardless of the varied
causes of olfactory dysfunctions, a meta-analysis showed that
subcomponents of olfactory function responded differently to the
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olfactory training. Specifically, it was the odor discrimination and
odor identification but not odor thresholds that improved after
olfactory training (Pekala et al., 2016). Factors associated with
olfactory recovery after olfactory training have been identified in
patients with olfactory dysfunction caused by various etiologies
(Yan et al., 2018; Liu et al., 2020). Compared to patients
with higher baseline of olfactory function, post-traumatic or
idiopathic olfactory dysfunction, patients with post-infectious
olfactory dysfunction were significantly associated with higher
odds of relevant improvement after olfactory training (Liu et al.,
2020). Additionally, a short course of the disease before receiving
olfactory training was associated with olfactory improvement
(Yan et al., 2018). These studies demonstrated that baseline
olfactory performance, etiology of olfactory dysfunction, and a
short course of disease were important factors associated with
relevant improvement after olfactory training.

Characteristics of Olfactory Impairment in
Post-infectious and Post-traumatic Olfactory
Dysfunction
Patients with post-infectious and post-traumatic olfactory
dysfunction were often studied together, mainly because those
patients performed relatively well in both odor threshold and
discrimination but poorly in odor identification (Whitcroft et al.,
2017). Interestingly, most studies showed that patients with post-
infectious and post-traumatic olfactory loss mainly improved on
odor identification and discrimination after olfactory training
(Konstantinidis et al., 2013, 2016), indicating a more central
and less peripheral effect. The evidence points to agreement that
olfactory training improves olfactory function in patients with
post-infectious and post-traumatic olfactory loss which seems
to be partly driven by top-down processes rather than bottom-
up processes.

Traumatic brain injuries are the most common cause of
olfactory dysfunction and up to 60% of patients with traumatic
brain injury presented with olfactory dysfunction (Schofield et al.,
2014; Drummond et al., 2015; Lecuyer Giguère et al., 2019).
Three specific mechanisms have been proposed to describe the
possible pathophysiology of post-traumatic olfactory dysfunction
including sinonasal tract disruption, direct shearing or stretching
of olfactory nerve fibers at the cribriform plate, and focal
contusion or hemorrhage within the olfactory bulb and cortex
(Marin et al., 2020). Any patient with post-traumatic olfactory
dysfunction might be caused by the disruption of any or all of
the above components and it is difficult to differentiate due to
the lack of specific and comprehensive evaluation techniques in
patients (Coelho and Costanzo, 2016; Limphaibool et al., 2020).

For patients with post-traumatic olfactory dysfunction caused
by traumatic brain injury, olfactory training induced a significant,
but transient effect on odor threshold (12 weeks) (Langdon
et al., 2018) and the increase in odor threshold was significantly
increased in the subgroup with anosmia, but not patients with
hyposmia (24 weeks) (Pellegrino et al., 2019). It takes time for
new neurons to send their axon to the olfactory bulb and make
synaptic contact and the duration of therapy for this novel
therapy varies from 12 to 56 weeks (Patel, 2017; Turner, 2020).
It seems that changes of odor threshold correlated with the

period of training and severity of olfactory loss in patients with
post-traumatic olfactory dysfunction. However, for patients with
post-infectious olfactory dysfunction after short-term olfactory
training (16 weeks), olfactory function except the odor threshold
improved and continue progressing after long-term olfactory
training (56 weeks) (Konstantinidis et al., 2016).

After a 4-month of olfactory training, 67.8% of post-infectious
and 33.2% of post-traumatic patients achieved an increase
of more than 6 points in TDI (Konstantinidis et al., 2013);
and the percentages of olfactory improvement in controls for
post-infectious and post-traumatic patients is 33 and 13%,
respectively. A recent meta-analysis concluded that patients
with post-infectious olfactory dysfunctions had 2.77 higher odds
of achieving a clinically important difference in TDI scores
compared to controls after receiving olfactory training (Kattar
et al., 2020). Apart from olfactory training, short-term systemic
and/or topical steroids were recommended in patients with
post-infectious olfactory dysfunctions in a recent evidence-based
review (Hura et al., 2020). Although patients with post-infectious
olfactory dysfunctions experienced significant improvement of
olfaction, a mean increase of 4.47 in TDI scores did not reach
the minimal clinically important difference of 5.5 after treatment
with short-term systemic steroids (Schriever et al., 2012). Our
recent meta-analysis of the effects of olfactory training on
post-traumatic olfactory dysfunction showed that post-traumatic
patients would achieve clinically significant results after olfactory
training with a mean increase of TDI score of 4.61 (Huang
et al., 2021). The different treatment response of the odor
threshold between post-traumatic and post-infectious olfactory
dysfunction reveals different plasticity of the peripheral olfactory
function after olfactory training.

A study by Rombaux et al. (2006) showed a correlation
between olfactory function and olfactory bulb volume, which was
more pronounced for retronasal than for orthonasal olfactory
function in patients with post-traumatic olfactory dysfunction.
Furthermore, retronasal olfactory function was most affected
in the patients with the most extensive cerebral damage and
was least compromised in patients without such damage. This
study indicated that post-traumatic olfactory loss was not only
the result of the tearing of the fila olfactoria, but that it also
resulted from lesions of cerebral areas related to the processing of
olfactory information such as the OFC or the anterior temporal
lobe. For patients with post-infectious olfactory dysfunction,
there was a significant correlation between orthonasal and
retronasal olfactory function (Rombaux et al., 2009b; Fonteyn
et al., 2014). Although the orthonasal and retronasal olfactory
pathway differed, orthonasal and retronasal olfaction were
usually simultaneously impaired in patients with post-infectious
and post-traumatic olfactory dysfunction. More studies are
needed to explore their unique clinical significance.

Olfactory Dysfunction Associated With
Neurodegenerative Disease and Normal Aging
The association between olfactory dysfunction and
neurodegenerative disease and normal aging has been well
established. The olfactory domains have different values in
the disease progress of neurodegenerative disease and the
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outcome of normal aging. Olfactory dysfunction is one of
the initial symptoms occurring years before motor symptoms
and cognitive decline in neurodegenerative diseases such
as AD and PD (Lafaille-Magnan et al., 2017; Marin et al.,
2018). To be more specific, odor identification impairment, in
particular, predicts the clinical transition from mild cognitive
impairment (MCI) to AD in both clinical and community
samples (Conti et al., 2013; Devanand, 2016; Roberts et al., 2016;
Winchester and Martyn, 2020).

A meta-analysis concluded that olfactory identification was
more profoundly impaired in patients with AD than in those with
MCI (Jung et al., 2019). For cognitively intact older adults, odor
identification deficits predict the incidence of amnestic MCI in
2–7 years (Graves et al., 1999; Schubert et al., 2008; Devanand
et al., 2015a; Roberts et al., 2016; Jung et al., 2019; Windon
et al., 2020). More importantly, impaired odor identification,
particularly in the anosmic range, is independently associated
with increased mortality in older adults in 4–5 years (Pinto
et al., 2014; Devanand et al., 2015b; Liu et al., 2019). Compared
with older adults with good olfaction, those with poor olfactory
identification had a 46% higher cumulative risk (risk ratio, 1.46)
for death at year 10 and a 30% higher risk (risk ratio, 1.30)
at year 13. Similarly, after adjusting for confounding factors,
older adults with anosmia had 3.37 times the odds of death as
compared to older adults with normosmia, which was higher than
independent of known leading causes of death. The following
mechanisms did not account for increased mortality including
nutrition, cognitive function, mental health, smoking and alcohol
abuse, or frailty (Pinto et al., 2014). An odor recognition
memory test was developed and the olfactory performance
decreased significantly with increasing age, particularly after
the age of 60 (Zucco, 2011). Furthermore, short-term memory
influenced the performance of the standard discrimination
and cued identification olfactory tasks especially in the elderly
(Zucco et al., 2014).

In spite of the different topographical distribution of
the pathological hallmarks in AD and PD, olfaction (odor
identification, odor discrimination, and odor threshold) has been
reported to be similarly damaged (Kovács, 2004). With regard
to odor threshold, PD patients seem to be more impaired than
AD patients, suggesting that PD patients could be more impaired
on low-level perceptual olfactory tasks, whereas AD patients
could be more strongly impaired on higher-order olfactory
tasks, involving specific cognitive processes (Ottaviano et al.,
2016). It has been suggested that an ideally olfactory battery
to detect subclinical smell loss in PD should include olfactory
identification and odor threshold. Interestingly, orthonasal and
retronasal scores were not significantly correlated in PD patients
and it was orthonasal not retronasal olfaction that was specifically
impaired in PD patients (Ciofalo et al., 2006; Aubry-Lafontaine
et al., 2020). This evidence indicates that the retronasal olfactory
system was relatively unimpaired and the decrease in flavor
perception is less pronounced in PD patients than what
one would expect from the degree of orthonasal olfactory
impairment. Further studies should evaluate both the orthonasal
and retronasal olfaction in patients with the prodromal condition
due to neurodegenerative disease.

Other Types of Non-sinonasal-Related Olfactory
Dysfunction
Kallmann syndrome (KS) is a rare heterogeneous inherited
disorder, characterized by hypogonadotropic hypogonadism and
hyposmia or anosmia. The hypoplasia of olfactory nerve axons
during the growth of the patient leads to the olfactory dysfunction
(Seminara et al., 1998). A study demonstrated that KS patients
presented with a reduction of olfactory bulb volume, olfactory
sulcus depth and all of the three subtests of TDI scores when
compared with controls (Ottaviano et al., 2015). In addition,
there was a significant and positive correlation between TDI
scores and total olfactory bulb volume.

Chronic renal failure (CRF) may be defined as a chronic
and progressive deterioration of the metabolic and endocrine
functions, resulting from impaired glomerular filtration and
fluid-electrolyte imbalance. Impaired olfactory function has been
found in patients with CRF (Landis et al., 2011). Frasnelli et al.
(2002) reported up to 56% of patients with CRF presented
with objective olfactory loss and it was readily reversible by
hemodialysis or kidney transplantation (Griep et al., 1997). It
has been shown that CRF affects peripheral olfactory pathways
on different levels (Landis et al., 2011; Nguyen et al., 2016).
A study showed that the TDI scores of the dialysis groups
were significantly better when compared with no-dialysis group
(Koseoglu et al., 2017). In addition, OT scores were significantly
better in dialysis groups when compared with no-dialysis
group, while OD or OI scores did not show any differences
between two groups.

The relationship between olfaction and the number and
type of drugs taken among older adults has been investigated
(Ottaviano et al., 2018b). There was no association between odor
identification and number of drugs taken in the elderly. But
the number of drugs taken in the elderly correlated directly
with a worse olfactory threshold. Volunteers taking only one
drug with no influence on olfaction scored significantly better
in olfactory threshold test when compared with volunteers
taking five or more drugs. High consumption of calcium
channel blockers, β-blockers, acetylsalicylic acid posed a negative
effect on the olfactory threshold. Furthermore, the consumption
of acetylsalicylic acid and potassium-sparing diuretics also
correlated inversely with odor identification. It can be inferred
that the number of drugs taken in elders significantly influenced
the olfaction and drugs were a risk factor for olfactory
impairment in the elderly.

CONCLUSION

With the accumulating studies regarding psychophysical
olfactory testing in olfactory disorders, the clinical relevance
of the olfactory testing with different components has
been increasingly supported. Different olfactory domains
demonstrated specific associations with central olfactory
processing within primary and secondary olfactory cortices.
Psychophysical assessment of olfaction with three domains
may assist with analyzing the pathophysiologic mechanism of
the various olfactory disorders. Olfactory thresholds appear
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to provide the largest amount of non-redundant information
to the olfactory diagnosis. Clinically meaningful classifications
of olfactory dysfunction based on clinical characteristics and
treatment options have been proposed to enhance the precision
of assessment and potential treatment response. However,
many open questions remain unanswered which require future
investigation. First, a novel olfactory testing with more diagnostic
information should be designed and developed based on the
specific olfactory anatomy. Additionally, a comprehensive and
joint olfactory analysis inclusive of functional imaging will likely
help detect functional areas related to the olfactory processing.
Moreover, research on the key mechanism of olfactory training in
improving olfactory performance could provide deeper insights
to the olfactory neuroplasticity.

AUTHOR CONTRIBUTIONS

All authors have made substantial contributions to the
conception, analysis, and interpretation of data in this article,

approved the submitted version, and agreed both to be personally
accountable for our contributions and to ensure that questions
related to the accuracy or integrity of any part of the work, even
ones in which we are not personally involved, are appropriately
investigated, resolved, and the resolution documented in the
literature.

FUNDING

DW was supported by grants from the Beijing Hospitals
Authority Youth Program (QML20190617), Beijing Science
and Technology Nova Program (Z201100006820086),
National Natural Science Foundation of China (82000954),
and Beijing Hospitals Authority Clinical Medicine
Development of Special Funding (XMLX202136). YW
was supported by grants from the Beijing Hospitals
Authority’ Mission Plan (SML20190601) and Beijing Scholars
Program (No. 051).

REFERENCES
Adams, D. R., Kern, D. W., Wroblewski, K. E., McClintock, M. K., Dale, W.,

and Pinto, J. M. (2018). Olfactory dysfunction predicts subsequent dementia
in older US adults. J. Am. Geriatr. Soc. 66, 140–144. doi: 10.1111/jgs.15048

Apter, A. J., Gent, J. F., and Frank, M. E. (1999). Fluctuating olfactory sensitivity
and distorted odor perception in allergic rhinitis. Arch. Otolaryngol. Head Neck
Surg. 125, 1005–1010. doi: 10.1001/archotol.125.9.1005

Aubry-Lafontaine, E., Tremblay, C., Durand-Martel, P., Dupré, N., and Frasnelli,
J. (2020). Orthonasal, but not Retronasal Olfaction Is Specifically Impaired in
Parkinson’s Disease. Chem. Sens. 45, 401–406. doi: 10.1093/chemse/bjaa024

Birte-Antina, W., Ilona, C., Antje, H., and Thomas, H. (2018). Olfactory training
with older people. Int. J. Geriatr. Psychiatr. 33, 212–220. doi: 10.1002/gps.4725

Bojanowski, V., and Hummel, T. (2012). Retronasal perception of odors. Physiol.
Behav. 107, 484–487. doi: 10.1016/j.physbeh.2012.03.001

Bonfils, P., Malinvaud, D., Soudry, Y., Devars du Maine, M., and Laccourreye,
O. (2009). Surgical therapy and olfactory function. Acta Oto Rhino Laryngol.
Belgica 8:77.

Brunjes, P. C., and Osterberg, S. K. (2015). Developmental Markers Expressed in
Neocortical Layers Are Differentially Exhibited in Olfactory Cortex. PLoS One
10:e0138541. doi: 10.1371/journal.pone.0138541

Ciofalo, A., Filiaci, F., Romeo, R., Zambetti, G., and Vestri, A. R. (2006).
Epidemiological aspects of olfactory dysfunction. Rhinology 44, 78–82.

Coelho, D. H., and Costanzo, R. M. (2016). Posttraumatic olfactory dysfunction.
Auris Nasus Larynx 43, 137–143. doi: 10.1016/j.anl.2015.08.006

Conti, M. Z., Vicini-Chilovi, B., Riva, M., Zanetti, M., Liberini, P., Padovani,
A., et al. (2013). Odor identification deficit predicts clinical conversion from
mild cognitive impairment to dementia due to Alzheimer’s disease. Arch. Clin.
Neuropsychol. 28, 391–399. doi: 10.1093/arclin/act032

Davidson, T. M., and Murphy, C. (1997). Rapid clinical evaluation of anosmia.
alcohol sniff test. Arch. Otolaryngol. Head Neck Surg. 123, 591–594. doi: 10.
1001/archotol.1997.01900060033005

Devanand, D. (2016). Olfactory identification deficits, cognitive decline, and
dementia in older adults. Am. J. Geriatr. Psychiatr. 24, 1151–1157. doi: 10.1016/
j.jagp.2016.08.010

Devanand, D. P., Lee, S., Manly, J., Andrews, H., Schupf, N., Masurkar, A.,
et al. (2015b). Olfactory identification deficits and increased mortality in the
community. Ann. Neurol. 78, 401–411. doi: 10.1002/ana.24447

Devanand, D. P., Tabert, M. H., Cuasay, K., Manly, J. J., Schupf, N., Brickman,
A. M., et al. (2010). Olfactory identification deficits and MCI in a multi-ethnic
elderly community sample. Neurobiol. Aging 31, 1593–1600. doi: 10.1016/j.
neurobiolaging.2008.09.008

Devanand, D., Lee, S., Manly, J., Andrews, H., Schupf, N., Doty, R. L., et al.
(2015a). Olfactory deficits predict cognitive decline and Alzheimer dementia
in an urban community. Neurology 84, 182–189. doi: 10.1212/wnl.00000000000
01132

Doty, R. L. (2006). Olfactory dysfunction and its measurement in the clinic and
workplace. Int. Arch. Occupat. Environ. Health 79, 268–282. doi: 10.1007/
s00420-005-0055-6

Doty, R. L. (2017). Olfactory dysfunction in neurodegenerative diseases: is there
a common pathological substrate? Lancet Neurol. 16, 478–488. doi: 10.1016/
s1474-4422(17)30123-0

Doty, R. L., Reyes, P. F., and Gregor, T. (1987). Presence of both odor identification
and detection deficits in Alzheimer’s disease. Brain Res. Bull. 18, 597–600.
doi: 10.1016/0361-9230(87)90129-8

Doty, R. L., Shaman, P., and Dann, M. (1984). Development of the University of
Pennsylvania Smell Identification Test: a standardized microencapsulated test
of olfactory function. Physiol. Behav. 32, 489–502. doi: 10.1016/0031-9384(84)
90269-5

Drummond, M., Douglas, J., and Olver, J. (2015). The invisible problem: the
incidence of olfactory impairment following traumatic brain injury. Brain
Impair. 16, 196–204. doi: 10.1017/brimp.2015.27

Enriquez, K., Lehrer, E., and Mullol, J. (2014). The optimal evaluation and
management of patients with a gradual onset of olfactory loss. Curr. Opin.
Otolaryngol. Head Neck Surg. 22, 34–41. doi: 10.1097/moo.0000000000000013

Fark, T., and Hummel, T. (2013). Olfactory disorders: distribution according to
age and gender in 3,400 patients. Eur. Arch. Otorhinolaryngol. 270, 777–779.
doi: 10.1007/s00405-012-2108-2

Fjaeldstad, A., Fernandes, H. M., Van Hartevelt, T. J., Gleesborg, C., Møller, A.,
Ovesen, T., et al. (2017). Brain fingerprints of olfaction: a novel structural
method for assessing olfactory cortical networks in health and disease. Sci. Rep.
7:42534.

Fokkens, W. J., Lund, V. J., Hopkins, C., Hellings, P. W., Kern, R., Reitsma, S., et al.
(2020). EPOS: European Position Paper on Rhinosinusitis and Nasal Polyps
2020. Rhinology 58(Suppl. 29), 1–464.

Fonteyn, S., Huart, C., Deggouj, N., Collet, S., Eloy, P., and Rombaux, P. (2014).
Non-sinonasal-related olfactory dysfunction: a cohort of 496 patients. Eur. Ann.
Otorhinolaryngol. Head Neck Dis. 131, 87–91. doi: 10.1016/j.anorl.2013.03.006

Fournel, A., Ferdenzi, C., Sezille, C., Rouby, C., and Bensafi, M. (2016).
Multidimensional representation of odors in the human olfactory cortex. Hum.
Brain Mapp. 37, 2161–2172. doi: 10.1002/hbm.23164

Frasnelli, J. A., Temmel, A. F., Quint, C., Oberbauer, R., and Hummel, T. (2002).
Olfactory function in chronic renal failure. Am. J. Rhinol. 16, 275–279. doi:
10.1177/194589240201600511

Frontiers in Neuroscience | www.frontiersin.org 9 March 2021 | Volume 15 | Article 646956

https://doi.org/10.1111/jgs.15048
https://doi.org/10.1001/archotol.125.9.1005
https://doi.org/10.1093/chemse/bjaa024
https://doi.org/10.1002/gps.4725
https://doi.org/10.1016/j.physbeh.2012.03.001
https://doi.org/10.1371/journal.pone.0138541
https://doi.org/10.1016/j.anl.2015.08.006
https://doi.org/10.1093/arclin/act032
https://doi.org/10.1001/archotol.1997.01900060033005
https://doi.org/10.1001/archotol.1997.01900060033005
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1002/ana.24447
https://doi.org/10.1016/j.neurobiolaging.2008.09.008
https://doi.org/10.1016/j.neurobiolaging.2008.09.008
https://doi.org/10.1212/wnl.0000000000001132
https://doi.org/10.1212/wnl.0000000000001132
https://doi.org/10.1007/s00420-005-0055-6
https://doi.org/10.1007/s00420-005-0055-6
https://doi.org/10.1016/s1474-4422(17)30123-0
https://doi.org/10.1016/s1474-4422(17)30123-0
https://doi.org/10.1016/0361-9230(87)90129-8
https://doi.org/10.1016/0031-9384(84)90269-5
https://doi.org/10.1016/0031-9384(84)90269-5
https://doi.org/10.1017/brimp.2015.27
https://doi.org/10.1097/moo.0000000000000013
https://doi.org/10.1007/s00405-012-2108-2
https://doi.org/10.1016/j.anorl.2013.03.006
https://doi.org/10.1002/hbm.23164
https://doi.org/10.1177/194589240201600511
https://doi.org/10.1177/194589240201600511
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-646956 March 13, 2021 Time: 16:22 # 10

Su et al. Psychophysical Olfactory Testing

Ganjaei, K. G., Soler, Z. M., Storck, K. A., Rowan, N. R., Othieno, F. A., and
Schlosser, R. J. (2018). Variability in retronasal odor identification among
patients with chronic rhinosinusitis. Am. J. Rhinol. Allergy 32, 424–431. doi:
10.1177/1945892418793540

Goldberg, E. M., Wang, K., Goldberg, J., and Aliani, M. (2018). Factors affecting the
ortho- and retronasal perception of flavors: A review. Crit. Rev. Food Sci. Nutr.
58, 913–923. doi: 10.1080/10408398.2016.1231167

Gottfried, J. A. (2010). Central mechanisms of odour object perception. Nat. Rev.
Neurosci. 11, 628–641. doi: 10.1038/nrn2883

Graves, A. B., Bowen, J., Rajaram, L., McCormick, W., McCurry, S., Schellenberg,
G., et al. (1999). Impaired olfaction as a marker for cognitive decline: Interaction
with apolipoprotein E ε4 status. Neurology 53, 1480–1487. doi: 10.1212/wnl.53.
7.1480

Griep, M. I., Van der Niepen, P., Sennesael, J. J., Mets, T. F., Massart, D. L., and
Verbeelen, D. L. (1997). Odour perception in chronic renal disease. Nephrol.
Dial. Transplant. 12, 2093–2098. doi: 10.1093/ndt/12.10.2093

Growdon, M. E., Schultz, A. P., Dagley, A. S., Amariglio, R. E., Hedden,
T., Rentz, D. M., et al. (2015). Odor identification and Alzheimer disease
biomarkers in clinically normal elderly. Neurology 84, 2153–2160. doi: 10.1212/
wnl.0000000000001614

Gudziol, V., Buschhüter, D., Abolmaali, N., Gerber, J., Rombaux, P., and Hummel,
T. (2009). Increasing olfactory bulb volume due to treatment of chronic
rhinosinusitis—a longitudinal study. Brain 132, 3096–3101. doi: 10.1093/brain/
awp243

Güllmar, D., Seeliger, T., Gudziol, H., Teichgräber, U. K. M., Reichenbach, J. R.,
Guntinas-Lichius, O., et al. (2017). Improvement of olfactory function after
sinus surgery correlates with white matter properties measured by diffusion
tensor imaging. Neuroscience 360, 190–196. doi: 10.1016/j.neuroscience.2017.
07.070

Hasegawa-Ishii, S., Imamura, F., Nagayama, S., Murata, M., and Shimada, A.
(2020). Differential Effects of Nasal Inflammation and Odor Deprivation
on Layer-Specific Degeneration of the Mouse Olfactory Bulb. eNeuro 7,
ENEURO.403–ENEURO.419.

Hasegawa-Ishii, S., Shimada, A., and Imamura, F. (2019). Neuroplastic changes in
the olfactory bulb associated with nasal inflammation in mice. J. Allergy Clin.
Immunol. 143, 978.e–989.e.

Hedner, M., Larsson, M., Arnold, N., Zucco, G. M., and Hummel, T.
(2010). Cognitive factors in odor detection, odor discrimination, and odor
identification tasks. J. Clin. Exp. Neuropsychol. 32, 1062–1067. doi: 10.1080/
13803391003683070

Heilmann, S., Strehle, G., Rosenheim, K., Damm, M., and Hummel, T. (2002).
Clinical assessment of retronasal olfactory function. Arch. Otolaryngol. Head
Neck Surg. 128, 414–418. doi: 10.1001/archotol.128.4.414

Herzallah, I. R., Askar, S. M., Amer, H. S., Ahmed, A. F., El-Anwar, M. W., and
Eesa, M. H. (2013). Olfactory bulb volume changes in patients with sinonasal
polyposis: a magnetic resonance imaging study. Otolaryngol. Head Neck Surg.
148, 689–693. doi: 10.1177/0194599813477606

Hornung, D. E., Kurtz, D. B., Bradshaw, C. B., Seipel, D. M., Kent, P. F., Blair, D. C.,
et al. (1998). The olfactory loss that accompanies an HIV infection. Physiol.
Behav. 64, 549–556. doi: 10.1016/s0031-9384(98)00112-7

Huang, T., Wei, Y., and Wu, D. (2021). Effects of olfactory training on
posttraumatic olfactory dysfunction: a systematic review and meta-analysis. Int.
Forum Allergy Rhinol. 2021:22758. doi: 10.1002/alr.22758

Hummel, T., Fliessbach, K., Abele, M., Okulla, T., Reden, J., Reichmann, H., et al.
(2010). Olfactory FMRI in patients with Parkinson’s disease. Front. Integr.
Neurosci. 4:125. doi: 10.3389/fnint.2010.00125

Hummel, T., Rissom, K., Reden, J., Hähner, A., Weidenbecher, M., and
Hüttenbrink, K. B. (2009). Effects of olfactory training in patients with olfactory
loss. Laryngoscope 119, 496–499. doi: 10.1002/lary.20101

Hummel, T., Sekinger, B., Wolf, S. R., Pauli, E., and Kobal, G. (1997). ’Sniffin’
sticks’: olfactory performance assessed by the combined testing of odor
identification, odor discrimination and olfactory threshold. Chem. Sens. 22,
39–52. doi: 10.1093/chemse/22.1.39

Hummel, T., Whitcroft, K., Andrews, P., Altundag, A., Cinghi, C., Costanzo, R.,
et al. (2017). Position paper on olfactory dysfunction. Rhinol. Suppl. 54, 1–30.

Hunt, J. D., Reiter, E. R., and Costanzo, R. M. (eds) (2019). Etiology of subjective
taste loss. Int. Forum Allergy Rhinol. 9, 409–412. doi: 10.1002/alr.22263

Hura, N., Xie, D. X., Choby, G. W., Schlosser, R. J., Orlov, C. P., Seal, S. M.,
et al. (2020). Treatment of post-viral olfactory dysfunction: an evidence-based
review with recommendations. Int. Forum. Allergy Rhinol. 10, 1065–1086. doi:
10.1002/alr.22624

Jones-Gotman, M., and Zatorre, R. J. (1988). Olfactory identification deficits in
patients with focal cerebral excision. Neuropsychologia 26, 387–400. doi: 10.
1016/0028-3932(88)90093-0

Jung, H. J., Shin, I. S., and Lee, J. E. (2019). Olfactory function in mild cognitive
impairment and Alzheimer’s disease: A meta−analysis. Laryngoscope 129, 362–
369. doi: 10.1002/lary.27399

Kamio, T. (1963). Methods of olfactory tests, especially clinical studies on the
method of venous olfactory tests. Nihon Jibiinkoka Gakkai Kaiho 66, 469–485.
doi: 10.3950/jibiinkoka.66.469

Kareken, D. A., Mosnik, D. M., Doty, R. L., Dzemidzic, M., and Hutchins, G. D.
(2003). Functional anatomy of human odor sensation, discrimination, and
identification in health and aging. Neuropsychology 17:482. doi: 10.1037/0894-
4105.17.3.482

Kattar, N., Do, T. M., Unis, G. D., Migneron, M. R., Thomas, A. J., and McCoul,
E. D. (2020). Olfactory Training for Postviral Olfactory Dysfunction: Systematic
Review and Meta-analysis. Otolaryngol. Head Neck Surg. 164, 244–254. doi:
10.1177/0194599820943550

Kjelvik, G., Evensmoen, H. R., Brezova, V., and Håberg, A. K. (2012). The human
brain representation of odor identification. J. Neurophysiol. 108, 645–657. doi:
10.1152/jn.01036.2010

Kobayashi, M., Saito, S., Kobayakawa, T., Deguchi, Y., and Costanzo, R. M. (2006).
Cross-cultural comparison of data using the odor stick identification test for
Japanese (OSIT-J). Chem. Sens. 31, 335–342. doi: 10.1093/chemse/bjj037

Kohli, P., Naik, A. N., Farhood, Z., Ong, A. A., Nguyen, S. A., Soler, Z. M.,
et al. (2016a). Olfactory outcomes after endoscopic sinus surgery for chronic
rhinosinusitis: a meta-analysis. Otolaryngol. Head Neck Surg. 155, 936–948.
doi: 10.1177/0194599816664879

Kohli, P., Soler, Z. M., Nguyen, S. A., Muus, J. S., and Schlosser, R. J. (2016b). The
association between olfaction and depression: a systematic review. Chem. Sens.
41, 479–486. doi: 10.1093/chemse/bjw061

Konstantinidis, I., Tsakiropoulou, E., and Constantinidis, J. (2016). Long term
effects of olfactory training in patients with post-infectious olfactory loss.
Rhinology 54, 170–175. doi: 10.4193/rhin15.264

Konstantinidis, I., Tsakiropoulou, E., Bekiaridou, P., Kazantzidou, C., and
Constantinidis, J. (2013). Use of olfactory training in post−traumatic and
postinfectious olfactory dysfunction. Laryngoscope 123, E85–E90.

Koseoglu, S., Derin, S., Huddam, B., and Sahan, M. (2017). The effect of non-
diabetic chronic renal failure on olfactory function. Eur. Ann. Otorhinolaryngol.
Head Neck Dis. 134, 161–164. doi: 10.1016/j.anorl.2016.04.022

Kovács, T. (2004). Mechanisms of olfactory dysfunction in aging and
neurodegenerative disorders. Ageing Res. Rev. 3, 215–232. doi: 10.1016/j.
arr.2003.10.003

Krantz, E. M., Schubert, C. R., Dalton, D. S., Zhong, W., Huang, G. H., Klein, B. E.,
et al. (2009). Test-retest reliability of the San Diego Odor Identification Test and
comparison with the brief smell identification test. Chem. Sens. 34, 435–440.
doi: 10.1093/chemse/bjp018

Lafaille-Magnan, M.-E., Poirier, J., Etienne, P., Tremblay-Mercier, J., Frenette,
J., Rosa-Neto, P., et al. (2017). Odor identification as a biomarker of
preclinical AD in older adults at risk. Neurology 89, 327–335. doi: 10.1212/wnl.
0000000000004159

Lamira, J. M., Soler, Z. M., and Schlosser, R. J. (2019). A pilot study of olfactory
training in older hyposmic adults. Am. J. Rhinol. Allergy 33, 650–656. doi:
10.1177/1945892419858793

Landis, B. N., Frasnelli, J., Reden, J., Lacroix, J. S., and Hummel, T. (2005).
Differences between orthonasal and retronasal olfactory functions in patients
with loss of the sense of smell. Arch. Otolaryngol. Head Neck Surg. 131, 977–981.
doi: 10.1001/archotol.131.11.977

Landis, B. N., Giger, R., Ricchetti, A., Leuchter, I., Hugentobler, M., Hummel, T.,
et al. (2003). Retronasal olfactory function in nasal polyposis. Laryngoscope 113,
1993–1997. doi: 10.1097/00005537-200311000-00026

Landis, B. N., Marangon, N., Saudan, P., Hugentobler, M., Giger, R., and Martin,
P. Y. (2011). Olfactory function improves following hemodialysis. Kidney Int.
80, 886–893. doi: 10.1038/ki.2011.189

Frontiers in Neuroscience | www.frontiersin.org 10 March 2021 | Volume 15 | Article 646956

https://doi.org/10.1177/1945892418793540
https://doi.org/10.1177/1945892418793540
https://doi.org/10.1080/10408398.2016.1231167
https://doi.org/10.1038/nrn2883
https://doi.org/10.1212/wnl.53.7.1480
https://doi.org/10.1212/wnl.53.7.1480
https://doi.org/10.1093/ndt/12.10.2093
https://doi.org/10.1212/wnl.0000000000001614
https://doi.org/10.1212/wnl.0000000000001614
https://doi.org/10.1093/brain/awp243
https://doi.org/10.1093/brain/awp243
https://doi.org/10.1016/j.neuroscience.2017.07.070
https://doi.org/10.1016/j.neuroscience.2017.07.070
https://doi.org/10.1080/13803391003683070
https://doi.org/10.1080/13803391003683070
https://doi.org/10.1001/archotol.128.4.414
https://doi.org/10.1177/0194599813477606
https://doi.org/10.1016/s0031-9384(98)00112-7
https://doi.org/10.1002/alr.22758
https://doi.org/10.3389/fnint.2010.00125
https://doi.org/10.1002/lary.20101
https://doi.org/10.1093/chemse/22.1.39
https://doi.org/10.1002/alr.22263
https://doi.org/10.1002/alr.22624
https://doi.org/10.1002/alr.22624
https://doi.org/10.1016/0028-3932(88)90093-0
https://doi.org/10.1016/0028-3932(88)90093-0
https://doi.org/10.1002/lary.27399
https://doi.org/10.3950/jibiinkoka.66.469
https://doi.org/10.1037/0894-4105.17.3.482
https://doi.org/10.1037/0894-4105.17.3.482
https://doi.org/10.1177/0194599820943550
https://doi.org/10.1177/0194599820943550
https://doi.org/10.1152/jn.01036.2010
https://doi.org/10.1152/jn.01036.2010
https://doi.org/10.1093/chemse/bjj037
https://doi.org/10.1177/0194599816664879
https://doi.org/10.1093/chemse/bjw061
https://doi.org/10.4193/rhin15.264
https://doi.org/10.1016/j.anorl.2016.04.022
https://doi.org/10.1016/j.arr.2003.10.003
https://doi.org/10.1016/j.arr.2003.10.003
https://doi.org/10.1093/chemse/bjp018
https://doi.org/10.1212/wnl.0000000000004159
https://doi.org/10.1212/wnl.0000000000004159
https://doi.org/10.1177/1945892419858793
https://doi.org/10.1177/1945892419858793
https://doi.org/10.1001/archotol.131.11.977
https://doi.org/10.1097/00005537-200311000-00026
https://doi.org/10.1038/ki.2011.189
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-646956 March 13, 2021 Time: 16:22 # 11

Su et al. Psychophysical Olfactory Testing

Langdon, C., Lehrer, E., Berenguer, J., Laxe, S., Alobid, I., Quintó, L., et al. (2018).
Olfactory training in post-traumatic smell impairment: mild improvement
in threshold performances: results from a randomized controlled trial.
J. Neurotrauma 35, 2641–2652. doi: 10.1089/neu.2017.5230

Lecuyer Giguère, F., Frasnelli, A., De Guise, É, and Frasnelli, J. (2019). Olfactory,
cognitive and affective dysfunction assessed 24 hours and one year after a
mild traumatic brain injury (mTBI). Brain Inj. 33, 1184–1193. doi: 10.1080/
02699052.2019.1631486

Lian, T. H., Zhu, W. L., Li, S. W., Liu, Y. O., Guo, P., Zuo, L. J., et al. (2019).
Clinical, Structural, and Neuropathological Features of Olfactory Dysfunction
in Patients with Alzheimer’s Disease. J. Alzheimers Dis. 70, 413–423. doi: 10.
3233/jad-181217

Limphaibool, N., Iwanowski, P., Kozubski, W., Swidziński, T., Frankowska, A.,
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