Neurosci. Bull. October, 2017, 33(5):515-525
DOI 10.1007/s12264-017-0170-x

WWW.neurosci.cn

=
@ CrossMark

www.springer.com/12264

REVIEW

Olfactory Dysfunction as an Early Biomarker in Parkinson’s

Disease

Michelle E. Fullard'? - James F. Morley"? - John E. Duda'*

Received: 31 March 2017/ Accepted: 1 June 2017 /Published online: 22 August 2017
© Shanghai Institutes for Biological Sciences, CAS and Springer Nature Singapore Pte Ltd. 2017

Abstract Olfactory dysfunction is common in Parkinson’s
disease (PD) and often predates the diagnosis by years,
reflecting early deposition of Lewy pathology, the histo-
logic hallmark of PD, in the olfactory bulb. Clinical tests
are available that allow for the rapid characterization of
olfactory dysfunction, including tests of odor identification,
discrimination, detection, and recognition thresholds,
memory, and tests assessing the build-up of odor intensity
across increasing suprathreshold stimulus concentrations.
The high prevalence of olfactory impairment, along with
the ease and low cost of assessment, has fostered great
interest in olfaction as a potential biomarker for PD.
Hyposmia may help differentiate PD from other causes of
parkinsonism, and may also aid in the identification of
“pre-motor” PD due to the early pathologic involvement of
olfactory pathways. Olfactory function is also correlated
with other non-motor features of PD and may serve as a
predictor of cognitive decline. In this article, we summarize
the existing literature on olfaction in PD, focusing on the
potential for olfaction as a biomarker for early or
differential diagnosis and prognosis.
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disease that affects 10 million people globally and at least
1.5 million in the United States, numbers that are expected
to double by the year 2030 due to the aging population
[1, 2]. A clinical diagnosis of PD is currently made based
on motor features, including tremor, bradykinesia, rigidity,
and postural instability. However, it has been increasingly
recognized that the clinical spectrum of PD includes far
more than motor symptoms, and many non-motor features
may predate the classic motor features by years. Olfactory
impairment is one of the most common and best charac-
terized non-motor features in PD with a prevalence of
50%-90%. Hyposmia is often one of the first manifesta-
tions of the disease [3-5], and the olfactory bulb (along
with the lower brainstem) are thought to be induction sites
for alpha-synuclein pathology, which later spreads through
the rostral brainstem to the cerebral cortex [6, 7]. These
observations, along with the ease of assessment and low
cost of measuring olfactory function, have fostered great
interest in olfaction as a potential biomarker in PD. In this
review, we discuss the role of olfaction as a biomarker in
PD for differential diagnosis, “pre-motor” diagnosis, and
prognosis.

Potential Mechanisms and Pathological Correlates
of Olfactory Impairment

The mechanisms involved in olfactory loss in PD are
currently unknown, but may involve neuropathological
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alterations and/or dysfunction caused by changes in
neurotransmitter levels in the olfactory system.

Pathological Correlates of Olfactory Impairment

The presence of Lewy bodies in the substantia nigra is a
pathological hallmark of PD. According to Braak staging,
Lewy pathology begins in the olfactory bulb and dorsal
motor nucleus of the vagus, consistent with the early onset
of olfactory dysfunction [6]. Pathology then moves up the
brainstem to involve the medulla and pontine tegmentum,
and by Braak stage 3, it reaches the substantia nigra, at
which point motor symptoms develop [8]. Further support
for the olfactory bulb as a possible induction site for Lewy
pathology comes from neuropathological studies examin-
ing brains of neurologically normal individuals who are
found to have incidental Lewy bodies. Beach and col-
leagues found that when only one brain region was affected
in those with incidental Lewy bodies, it was most
commonly the olfactory bulb [9]. Lewy pathology in the
olfactory bulb has also been shown to be 95% sensitive and
91% specific for identifying PD versus elderly controls,
and accurately predicts the presence of pathology in other
brain regions [10]. The synucleinopathy density scores in
the olfactory bulb are correlated with UPDRS motor
scores, suggesting that pathology develops early and
continues to accumulate [10].

Pathological changes are also seen in other areas of the
olfactory system, including the anterior olfactory nucleus
(AON), cortical nucleus of the amygdala, piriform cortex,
olfactory tubercle, entorhinal cortex, and orbitofrontal
cortex. The AON is closely associated with the olfactory
bulb, and Lewy pathology in the AON is correlated with
neuronal loss in this region [11]. In the neuropathological
study by Pearce et al. neuronal counts in the AON were
greatly reduced in patients with the longest disease
duration, and the olfactory nerves were grossly atrophic
in all PD cases [11]. The cortical nucleus of the amygdala
receives the primary olfactory bulb projections and
demonstrates more alpha-synuclein pathology and neuronal
loss than other nuclei in the amygdala [12]. The degree of
pathology seen in the amygdala is strongly correlated with
that seen in the AON [12]. It has been suggested that alpha-
synuclein pathology may spread from peripheral to central
olfactory structures as part of the olfactory vector hypoth-
esis [13]. This is supported by a study of 10 PD cases and
12 controls (7 with incidental Lewy bodies), in which all of
those with PD and incidental Lewy bodies demonstrated
alpha-synuclein pathology in five sub-regions of the
primary olfactory cortex. The temporal piriform cortex
showed more alpha-synuclein pathology than the frontal
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divisions, the olfactory tubercle, and the anterior portions
of the entorhinal cortex. All of these areas demonstrated
more pathology than the orbitofrontal cortex [14]. These
data suggest that early pathology in PD involves the
olfactory bulb and associated structures and may progress
from the periphery to central structures.

In addition to alpha-synuclein pathology, tau pathology
has also been found in the AON in PD [15, 16]. Interest-
ingly, patients with corticobasal degeneration (CBD) and
progressive supranuclear palsy (PSP), parkinsonian disor-
ders with little or no olfactory loss, did not demonstrate tau
pathology in the AON, suggesting that tau may contribute
to olfactory impairment in PD [15, 16].

Neurotransmitter Alterations

Multiple neurotransmitters are altered in PD and several
have demonstrated associations with olfactory loss, includ-
ing dopamine, acetylcholine, and serotonin. A comprehen-
sive review of the potential role of these changes in the
pathogenesis of olfactory loss in PD is discussed in a
review by Doty [17], which is briefly summarized here.
Dopamine has long been known to play a major role in the
pathogenesis of PD, but more recently its association with
olfactory loss has been explored. Studies have shown
correlations between olfactory tests and dopamine trans-
porter (DAT) activity in the substantia nigra, striatum, and
hippocampus in PD patients [18-20]. However, olfaction
has not been found to be responsive to dopaminergic
replacement therapy [21, 22]. Whether alterations in
dopamine activity are directly associated with olfactory
loss or whether there is a common underlying mechanism
is unknown. Acetylcholine levels are also altered in PD.
The nucleus basalis of Meynert is rich in acetylcholine-
producing neurons and displays substantial neuronal loss in
PD [23]. Damage to the nucleus basalis of Meynert is also
seen in other neurodegenerative diseases with olfactory
loss, most notably Alzheimer’s disease (AD), whereas
considerably less damage occurs in diseases with little or
no olfactory loss, including PSP, amyotrophic lateral
sclerosis, and multiple sclerosis [24]. These findings
suggest that the association between changes in acetyl-
choline levels and olfactory impairment may not be
specific to PD, and that a common mechanism may
underlie olfactory impairment in neurodegenerative dis-
eases. In addition, in a study using positron emission
tomography, there was a moderate-to-strong correlation
between University of Pennsylvania Smell Identification
Test (UPSIT) scores and acetylcholinesterase activity in
PD patients, further illustrating a potential association
between acetylcholine and olfactory loss [25].
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The third neurotransmitter with a possible role in the
pathogenesis of olfactory dysfunction in PD is serotonin.
Serotonin arises from the raphe nuclei, which send
projections to the olfactory bulb [26]. In patients with
PD, Lewy pathology is found in the raphe nuclei [27],
along with marked depletion of serotonin in the olfactory
bulb and other areas of the olfactory system [28]. Similar to
the findings from studies of acetylcholine, relative preser-
vation of serotonin was found in disorders with normal or
near-normal olfaction, including PSP [29]. While the
evidence is far from conclusive, these studies suggest that
alterations in certain neurotransmitter levels may be
involved in the olfactory loss in PD.

Measuring Olfaction

While olfactory impairment is common in PD, patients are
most often unaware of the deficit. In one study, 72% of PD
patients were unaware of their olfactory impairment prior
to testing [4], and in a second study, 63% of patients
overestimated their olfactory ability [30]. This finding is
not limited to PD patients, as controls overestimate their
olfactory ability as well, although to a lesser extent. In
addition, in a separate population without neurodegenera-
tive disease, awareness of olfactory deficits was inversely
proportional to age, with older individuals less aware of
their deficits [30]. These findings underscore the need for
objective testing to accurately capture an individual’s
olfactory function.

Assessment of olfactory ability in the clinical setting
typically consists of odor identification, odor discrimina-
tion, and odor detection threshold tasks. Odor identification
methods involve the presentation of a suprathreshold
concentration of an odor and participants must make a
choice from several items. In odor discrimination tasks,
participants are required to differentiate between, but not
identify, odors. An odor may be presented in which a
participant must discern that odor from a set of foils (scents
that serve as a contrast to the odor in question). Similarly,
an odor discrimination/memory test consists of smelling an
odor and then identifying that odor from a set of
alternatives after various delay intervals. Lastly, odor
detection thresholds are frequently measured by presenting
various concentrations of a given odor, usually in a forced-
choice setting against blanks, in an ascending staircase
series to determine the lowest concentration at which a
subtle sensation can be perceived. In contrast, the lowest
concentration at which an odor can be recognized is the
recognition threshold and should be distinguished from the
odor detection threshold [31].

Controversy exists over whether many of these tests
measure a common source of variance [32] or whether
certain tests, such as odor threshold, may assess more

distinct properties of olfaction than odor identification and
discrimination, both of which are based upon the presen-
tation of suprathreshold odors [33]. In a meta-analysis of
43 studies of olfaction in PD, all tests showed relatively
uniform impairment despite a small trend towards some-
what better performance on threshold measures than tests
of recognition and identification [34] A principal compo-
nents analysis by Doty er al. found that most tests of
olfaction load on a single olfactory factor in healthy
controls [32]. In addition, odor detection threshold tests
have been shown to correlate highly with odor identifica-
tion scores in controls and PD, and both load on the same
component in a second principal component study [35].
While the various olfactory tests may be measuring a
similar construct, the odor identification tasks are thought
to require more cognitive and memory processing [36, 37].

Odor identification is the most frequently used measure of
olfaction in the clinical setting. A commonly-used and well-
characterized method is the UPSIT (sold as the Smell
Identification Test, Sensonics, Inc., Haddon Heights, NJ),
whichisa “scratch ‘n’ sniff” test during which participants are
sequentially presented with 40 microencapsulated odorants
and required to choose among four descriptors for each
odorant [38]. Since a number of odors are not universally
recognized, the UPSIT has been adapted and validated for use
in many different languages and cultures, and normative
values for age and gender have been developed [39—42].
Additional “scratch ‘n’ sniff” odor identification tests include
the 12-item Brief Smell Identification Test (B-SIT), also
known as the Cross-Cultural Smell Identification Test (CC-
SIT), which include universally recognizable items from the
UPSIT [43]. A 3-item Pocket Smell Test™ and a 4-Item
NHANES Pocket Smell Test™ are also available. These are
all forced-choice odor identification tests that serve as
screening tools of gross olfactory function and help determine
which individuals should undergo a full UPSIT [44].

Tests of odor detection threshold include the Smell
Threshold Test, which uses 17 squeeze-bottles of increasing
concentrations of phenyl ethyl alcohol, and the Connecticut
Chemosensory Clinical Research Center test, which consists
of a smell detection threshold test using differing concen-
trations of butanol and a smell identification test [45].
“Sniffin” Sticks” are another well-characterized measure of
olfactory performance that includes testing of odor identi-
fication, odor discrimination, and olfactory threshold, each
of which can be tested alone or in combination [46, 47]. Pen-
like odor dispensing devices are presented to the participant
for each task and a combined “TDI score” is obtained when
all tests are performed. Lastly, a newer threshold test
includes the Snap & Sniff ® test in which different
concentrations of a stimulus are presented using hand-held
“wands”. This test allows for the rapid and reliable
determination of detection thresholds [48].
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The utility of an olfactory test in the clinical setting
depends upon its validity in the population being studied,
reliability, ease of use, and cost. Because olfactory function
can be influenced by multiple factors, including age,
gender, and smoking status, it is important that normative
data be available for a given test in order to accurately
classify a patient’s olfactory impairment [49, 50]. A review
of the strengths and weaknesses of the various tests
available has been published [51], as well as a review of
tests that have been validated in PD [52].

Olfaction as a Biomarker
Differential Diagnosis

As discussed above, PD is a clinical diagnosis that is made
based on criteria such as the United Kingdom Parkinson’s
Disease Society Brain Bank Clinical diagnostic criteria
[53]. The accuracy of a clinical diagnosis ranges from 53%
to 93% in clinicopathologic studies, depending on whether
a neurologist or movement disorder specialist is making the
diagnosis [54-57], and how long the patients have been
followed. In one study, accuracy was only 53% when
patients were followed for <5 years [58]. Since diagnostic
accuracy is lowest early in the disease, this is the time
when a marker like olfaction may be useful in distinguish-
ing idiopathic PD from common differential diagnoses
including essential tremor (ET), atypical parkinsonian
syndromes, drug-induced parkinsonism, and vascular or
other causes of parkinsonism (Table 1). For example,
patients with tauopathies associated with parkinsonism,
such as CBD and PSP, tend to have fairly normal olfactory
function. Doty and colleagues and Silveira-Moriyama and
colleagues demonstrated that olfactory identification in
PSP is not significantly different from controls [59, 60].
Likewise, odor identification and odor thresholds were
found to be normal in a study of PSP and CBD patients,
which helped differentiate these disorders from idiopathic
PD and multiple system atrophy (MSA) [61]. Idiopathic
PD displays the most severe and consistent olfactory deficit
of the parkinsonian disorders, while MSA tends to have
olfactory impairment intermediate between PD and the
tauopathies [62—-64]. Based on this evidence, the American
Academy of Neurology suggests that olfactory testing be
considered to differentiate idiopathic PD from the tauo-
pathies, but not from MSA [65].

In dementia syndromes with parkinsonism, both demen-
tia with Lewy bodies (DLB) and AD patients may display
olfactory impairment. In two small studies, hyposmia was
more common and more severe in DLB than AD, but could
not reliably differentiate between the two diseases because
of the overlap of olfactory dysfunction in both groups
[66, 67]. In a study of 122 patients with mild cognitive
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impairment (MCI), those who went on to develop DLB had
lower CC-SIT scores than those who developed AD or
remained stable [68]. Both odor identification scores and
performance on visual memory function tests were inde-
pendent predictors of a diagnosis of DLB rather than AD.
Lastly, in a small study investigating olfactory ability in
normal pressure hydrocephalus (NPH), patients with NPH
had UPSIT scores within the normal range compared to
published normative data, but somewhat lower than
controls [69].

Olfactory function can also be used to help distinguish
idiopathic PD from other forms of parkinsonism and tremor
syndromes, including drug-induced parkinsonism (DIP),
vascular parkinsonism, and ET. Clinically, DIP and PD
may be indistinguishable, but a correct diagnosis has
significant implications for treatment and prognosis. When
parkinsonism develops in patients exposed to anti-
dopaminergic drugs, it may represent simple drug-induced
parkinsonism, or, in some cases, “unmasking” of prodro-
mal PD in a previously asymptomatic patient who likely
would have gone on to clinically manifest motor disease. In
many studies, clinically diagnosed DIP patients had normal
or near-normal olfaction and were reliably distinguished
from PD patients [70-73]. In a case series of 33 patients
who were evaluated for DIP using DAT-SPECT scans, 7
had abnormal scans. Of these, 86% demonstrated anosmia
on smell testing compared to only 9% of those with normal
DAT-SPECT scans [74]. This evidence suggests that
olfactory testing may be used to differentiate DIP from
PD, especially when DAT-SPECT imaging may not be
available. It may also aid in the identification of patients
with “unmasked” PD with presumed DIP whose symptoms
do not resolve over time.

Vascular parkinsonism is common in aging populations
and can also be difficult to distinguish clinically from PD.
In a small study comparing olfactory function in patients
with vascular parkinsonism, PD, and normal controls, the
patients with PD had significantly lower UPSIT scores,
while those with vascular parkinsonism did not differ from
controls [75]. Likewise, olfactory function has been
investigated in patients with ET and found to be similar
to normal controls, while PD patients had significantly
worse performance, suggesting olfaction may be useful to
distinguish ET from tremor-predominant PD [76-78].
However, one study found slightly lower olfaction scores
in ET patients compared to controls, but the UPSIT scores
remained higher than those typically found in PD [79].

Pre-motor Diagnosis
Because olfactory impairment manifests years prior to the

onset of motor symptoms, it has the potential to serve as an
early diagnostic marker of PD (Table 1). Identifying
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Table 1 Use of olfactory function testing for differential diagnosis, pre-motor diagnosis and prognosis.
Use of olfactory testing Study findings References
Differential diagnosis
PD versus tauopathies (progressive supranu-  Odor identification in PSP and CBD is similar to controls. Olfactory deficit [39-41]
clear palsy and corticobasal degeneration) can aid in discrimination between PD and tauopathies
PD versus multiple system atrophy (MSA) Olfactory impairment in MSA is intermediate between PD and tauopathies.  [42-45]
Olfactory ability should not be used to distinguish PD and MSA
PD, DLB versus Alzheimer’s disease (AD) PD, DLB and AD all demonstrate olfactory impairment. Hyposmia tends to  [46—48]
be more common and more severe in PD and DLB than AD, but significant
overlap prevents differentiation based on olfaction alone
PD versus normal pressure hydrocephalus Subjects with NPH had UPSIT scores within the normal range, distinguishing [49]
(NPH) them from PD
PD versus drug-induced parkinsonism (DIP)  DIP subjects have normal or near normal olfaction and can be reliably [50-55]
distinguished from PD using olfactory testing
PD versus vascular parkinsonism Olfactory function in vascular parkinsonism does not differ from controls. [55]
Olfactory impairment can help differentiate vascular parkinsonism from PD
PD versus essential tremor (ET) Subjects with ET have olfactory function similar to controls. Testing [56-59]
olfaction may help differentiate the two
“Pre-motor” diagnosis
In HAAS, men with worst olfactory function had a 5.2 fold increased risk of [60-64]
developing PD within 4 years. In PRIPS, the odds of developing PD was
almost 4 times higher in those with olfactory impairment. Olfactory
impairment may help identify those at higher risk of developing PD,
especially when combined with other biomarkers
Prognosis
Motor progression Majority of evidence suggests that olfactory impairment is independent of  [3, 4, 80-88]
disease severity and disease duration, making it unlikely to be a reliable
marker of disease progression
Non-motor progression Olfactory impairment has been associated with apathy, autonomic symptoms, [93-97]

anxiety and depression in cross-section studies. Longitudinal studies are
needed to determine if olfactory impairment can serve as a predictor of
development or progression of non-motor symptoms

Cognitive decline

Baseline olfactory impairment has been associated with a faster rate of

(80, 102, 103]

cognitive decline in early PD and has been identified as an independent risk
factor for the development of dementia

patients with “pre-motor” PD, when only the earliest
pathological changes are present, is a major unmet need, as
it may improve the chances of success for neuroprotective
and disease-modifying trials. Many studies have demon-
strated an association between olfactory impairment and an
increased risk of developing PD. In the Honolulu-Asia
Aging Study (HAAS), men in the lowest quartile of
olfactory function had a 5.2-fold increased risk of devel-
oping PD within four years [80]. The Prospective Valida-
tion of Risk Factors for the Development of Parkinson
Syndromes study followed 1850 patients prospectively and
found that the odds of developing PD was 3.94-times
higher in those with olfactory impairment [81]. These
findings are supported by clinico-pathologic studies which
demonstrate a higher odds (up to 11 fold in HAAS) of
incidental Lewy body pathology on autopsy for hyposmic
patients without clinical PD compared to normosmic
participants [82-84].

While olfactory dysfunction is a disease-sensitive indi-
cator of underlying PD, the specificity is low due to the
many other causes of hyposmia in other disorders and the
general population. Therefore, screening based on olfac-
tory function alone is unlikely to be adequate. To improve
the positive predictive value of olfaction as a screening
tool, many studies have used a combination of PD markers,
screening in a high-risk population, or a tiered approach to
screening in an enriched population to identify those at
highest risk for developing PD. For example, when pre-
motor markers (impaired olfaction, constipation, slow
reaction time, excessive daytime sleepiness, and impaired
executive function) were combined in HAAS, men with 2
or more features had up to a tenfold increased risk for the
development of PD [85]. Other studies have combined
olfactory testing with imaging. Sommer and colleagues
identified 30 patients with idiopathic olfactory loss and
found that 11 had increased echogenicity of the substantia
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nigra on transcranial sonography [86]. Five of these
patients had abnormal DAT imaging while two had
borderline findings, suggesting olfaction and transcranial
sonography together may help identify individuals at a high
risk for PD [86].

A second approach to improving the positive predictive
value of olfaction includes using olfactory screening in a
population known to be at a high risk for developing PD.
Rapid eye movement sleep behavior disorder (RBD) is a
known potential harbinger for the development of an alpha-
synucleinopathy, including PD, MSA, and DLB [87, 88].
Studies have demonstrated a higher incidence of olfactory
impairment in RBD patients compared to controls [§9-93].
In one prospective study of 34 patients with polysomno-
gram-confirmed RBD, patients in the lowest olfactory
tertile had a relative risk of 7.3 for developing an alpha-
synuclein-mediated neurodegenerative disease compared to
the top two tertiles [94]. However, olfactory dysfunction in
this population cannot differentiate between the three types
of alpha-synucleinopathy.

Using olfactory testing as a prescreening tool, Ponsen
and colleagues identified a group of 40 hyposmics and 38
normosmics from a cohort of 361 clinically unaffected
first-degree relatives of PD patients [95]. Five out of the 40
hyposmic subjects developed PD by year 5 of follow-up
compared to none of the normosmic subjects. All of the
hyposmic individuals who went on to develop PD had an
abnormal DAT scan at baseline. While this suggests that
olfaction may be a useful prescreening tool, this study was
performed in an already enriched population [96]. If this
tiered approach were undertaken in the general population,
it would likely lead to overuse of DAT imaging in healthy
individuals. Combining olfaction with other markers of
premotor PD may improve the positive predictive value
[97]. The Parkinson At Risk Study followed a similar tiered
approach, in which first-degree relatives underwent the
UPSIT and a questionnaire on prodromal features of PD
[98]. In this cohort, 11% of hyposmic subjects had a DAT
deficit at baseline compared to 1% of normosmic subjects
[99]. When hyposmia, male sex, and constipation were
combined as predictors of DAT deficit, >40% of the
participants with a DAT deficit were identified.

Marker of Disease Progression

In addition to serving as a marker of “pre-motor” PD,
olfactory function has also been studied as a potential
marker of disease progression (Table 1). Olfactory impair-
ment appears largely independent of disease severity and
disease duration in the vast majority of studies. In the
Parkinson’s Progression Marker’s Initiative (PPMI), in
which participants with a disease duration <2 years were
recruited, olfactory impairment was not associated with
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UPDRS part III scores, disease duration, or DAT deficit
[100]. Findings have been similar in other cohorts with
early disease [21, 101] and more advanced disease
[3, 22, 102-106]. Levodopa use has also not been found
to influence olfactory performance [21, 22]. These studies
suggest that olfactory impairment develops early or prior to
the motor symptoms of PD and is fairly stable as motor
symptoms progress. This may, at first, seem to be at odds
with the discovery that the synucleinopathy density scores
in the olfactory bulb correlate with UPDRS motor scores
[10]. However, there are several possible explanations for
these findings, including that tests of olfactory dysfunction
may be subject to a “floor-effect” so that small changes in
olfaction in the most affected individuals are not detected
by olfactory tests. In addition, the olfactory dysfunction
that is detected may be caused by early pathology and
further accumulation may do little to alter test scores.
‘While much of this work has been done using cross-sectional
study designs, two studies have explored the change in olfaction
over time. Doty and colleagues administered the UPSIT to 24
PD patients on two occasions separated by a mean of 2 years
and found no significant changes in the odor identification
scores between the two measurements [4]. In a second study, 27
patients were followed for a mean of 4.4 years, and while
olfactory impairment was not stable over the study period, it did
not deteriorate in a linear fashion [104]. Some participants
displayed small improvements over time, while others’ scores
worsened. These two studies again demonstrate a lack of
association between olfactory impairment and disease duration.
While this evidence suggests that olfaction is not a
suitable biomarker for motor disease progression, a few
studies have shown small group-wide associations between
measures of olfaction and disease severity or duration. In
one small study of early PD patients, odor discrimination
(but not identification) was associated with disease severity
[101]. A larger study of 400 PD patients found that odor
discrimination worsened with increasing disease duration
[3]. Other smaller studies have shown associations between
olfactory impairment and measures of disease severity
[107-109] and DAT imaging [19]. However, the balance of
evidence suggests that serial measurement of olfaction is
unlikely to be a reliable marker of disease progression,
especially in an individual. It is possible that by the time a
diagnosis of PD is made based on emergent motor
symptoms, the extent of olfactory impairment may be near
its peak and then remain relatively static throughout the
disease. Therefore, subsequent measurements of olfaction
remain stable. Other potential explanations include the
possibility that olfactory performance does not decline
linearly, that current olfactory assessments are not precise
enough to measure the decline that occurs in one year, or
that there is a “floor-effect” in current olfactory tests so
that small changes near anosmia may not be detected.
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Association with Non-motor Symptoms

While olfaction is not a reliable marker of motor symp-
toms, it may be associated with common non-motor
manifestations of PD. Multiple cross-sectional studies have
explored the relationship between olfactory function and
non-motor symptoms in PD. In one study, participants with
higher apathy scores performed worse on the B-SIT
compared to those without apathy [110]. In a second study
of 232 patients, apathy was again associated with lower
olfactory function [111]. Self-reported autonomic symp-
toms were higher in those with worse olfaction, while
another study demonstrated that anosmic patients had
significantly worse clinical and physiological markers of
autonomic dysfunction than those with mild-to-moderate
hyposmia [112, 113]. Berendse and colleagues found that
anxiety and depression scores were higher in patients with
worse olfaction [114]. It cannot be determined from these
cross-sectional studies if the degree of olfactory impair-
ment in early PD can serve as a predictor of the
development or progression of these clinical features;
however, ongoing longitudinal studies are likely to provide
relevant evidence.

The association between olfactory dysfunction and
cognitive impairment has been examined in both cross-
sectional and longitudinal studies. In one study, general
measures of cognition, including the Mini-Mental Status
Examination, were not associated with hyposmia [106],
while others have shown associations between olfaction
and specific cognitive domains, including episodic verbal
learning and verbal memory [25, 115-117]. In a retrospec-
tive cohort study, worse baseline olfaction predicted self-
reported cognitive impairment several years later, while a
small longitudinal study demonstrated that severe hypos-
mia was an independent risk factor for the development of
dementia within 3 years [118]. In a study of 125 newly
diagnosed PD patients followed for a mean of 6 years,
hyposmia at baseline was associated with an increased risk
of developing dementia (hazard ratio = 3.29) [119]. In a
second prospective cohort of early PD patients (diagnosis
within 2 years), olfactory impairment was associated with
a faster rate of decline in both global cognition and several
cognitive domains, specifically verbal memory, executive
function, and attention [100]. When combined with cere-
brospinal fluid (CSF) biomarkers, worse olfaction was also
associated with conversion to MCI over a 3-year period.
Given that the olfactory system is one of the first areas
affected by Lewy pathology [6], worse olfaction may
reflect more severe extranigral disease and therefore be
associated with earlier cognitive impairment through
cortical involvement.

The combination of olfaction with other markers of
disease progression may improve the prognostic ability of

the biomarkers. In one study of 98 patients with early PD,
those with RBD and hyposmia had worse global cognition
and were more likely to exhibit the akinetic-rigid pheno-
type [120]. In a second study involving the PPMI cohort,
the combination of age, UPSIT score, RBD screening
questionnaire, CSF amyloid beta, and caudate uptake on
DAT imaging was the best predictor of cognitive impair-
ment at two years with an area under the curve of 0.80
[121]. Further prospective studies will be needed to assess
how olfaction, alone or in combination with other
biomarkers, may be a useful predictor for cognitive
impairment or other non-motor symptoms.

Other Measures of the Olfactory System as Potential
Biomarkers

Lastly, more recent studies have explored the use of other
measures of the olfactory system, such as biopsies of
olfactory epithelium, measurements of olfactory bulb vol-
ume, and functional neuroimaging, as potential biomarkers in
PD. In one such study, Hummel and colleagues found no
pathological changes in the nasal mucosa that were specific
to PD patients compared to non-PD patients who had other
causes of hyposmia, confirming earlier results [122—-124]. In
addition, when using magnetic resonance imaging (MRI) to
measure olfactory bulb volume in 11 PD patients and 9
normosmic controls, this group found no significant differ-
ences in olfactory bulb volume between PD and controls, nor
did volume correlate with degree of olfactory loss in the PD
patients [122]. Subsequent studies, however, have had mixed
results. Some have demonstrated smaller olfactory bulb
volumes in PD patients compared to controls, including a
recent meta-analysis of 6 case—control studies of 216 PD
patients and 175 controls [125-129]. Other studies have
shown no difference in olfactory bulb volumes between PD
and controls, as well as no correlation between volume and
disease features, such as disease duration, disease severity, or
severity of olfactory impairment [130-132]. It should be
noted, however, that there was significant heterogeneity
among these studies, including country of origin and
magnetic field intensity on MRI. Additional studies are
needed to determine conclusively if measuring olfactory bulb
volume by MRI can differentiate PD from non-PD patients.

Functional MRI has also been studied as a means to
differentiate PD from controls. In a study of 12 hyposmic
PD patients and 16 healthy controls, neuronal activity in
the amygdala and hippocampus was reduced in the PD
patients compared to controls [122]. In a second study, PD
patients with hyposmia demonstrated altered functional
activity in the primary olfactory cortices as well as the
secondary olfactory structures compared to controls [133],
although additional larger cohorts are needed to confirm
these results.
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Summary and Future Directions

Clinical measures of olfactory function are inexpensive and
easy to administer, making olfaction an attractive biomar-
ker for PD. In this review, we summarized the evidence for
the use of olfaction as a biomarker for PD, including use
for differential diagnosis, pre-motor diagnosis, and prog-
nosis. Overall, olfactory testing may be useful in differen-
tiating idiopathic PD from tauopathies (PSP and CBD), as
well as from non-degenerative causes of parkinsonism,
including NPH, DIP, vascular parkinsonism, and ET.
Because of the overlap in olfactory impairment, olfactory
testing is not recommended as a tool to discriminate PD
from MSA or AD. Importantly, olfactory impairment may
aid in the identification of “pre-motor” PD, which is
essential for the conduct of neuroprotective trials. How-
ever, a sequential combination of markers of “pre-motor”
PD may best identify an at-risk population where olfactory
testing is a simple, sensitive—but non-specific—first step.
Finally, we discussed the use of olfactory dysfunction as a
marker of disease progression. Current evidence suggests
the potential of olfaction to predict future cognitive
impairment, especially in combination with other biomark-
ers, and ongoing prospective longitudinal studies are likely
to shed more light on its utility. The potential use of other
measurements of the olfactory system (i.e., clinical biopsy
or radiological methods) remains in its infancy, and further
studies are needed to assess the suitability of these methods
as a biomarker for PD.

Acknowledgements Dr. Fullard is funded by NIH training Grant
#T32NS061779-07.

References

1. de Rijk MC, Launer LJ, Berger K, Breteler MM, Dartigues JF,
Baldereschi M, et al. Prevalence of Parkinson’s disease in
Europe: A collaborative study of population-based cohorts.
Neurologic Diseases in the Elderly Research Group. Neurology
2000, 54: S21-S23.

2. Dorsey ER, Constantinescu R, Thompson JP, Biglan KM,
Holloway RG, Kieburtz K, et al. Projected number of people
with Parkinson disease in the most populous nations, 2005
through 2030. Neurology 2007, 68: 384-386.

3. Boesveldt S, Verbaan D, Knol DL, Visser M, van Rooden SM,
van Hilten JJ, et al. A comparative study of odor identification
and odor discrimination deficits in Parkinson’s disease. Mov
Disord 2008, 23: 1984-1990.

4. 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.

5. Ponsen MM, Stoffers D, Booij J, van Eck-Smit BL, Wolters E,
Berendse HW. Idiopathic hyposmia as a preclinical sign of
Parkinson’s disease. Ann Neurol 2004, 56: 173-181.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

. Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN,

Braak E. Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol Aging 2003, 24: 197-211.

. Del Tredici K, Rub U, De Vos RA, Bohl JR, Braak H. Where

does parkinson disease pathology begin in the brain? J Neu-
ropathol Exp Neurol 2002, 61: 413-426.

. Hawkes CH, Del Tredici K, Braak H. A timeline for Parkinson’s

disease. Parkinsonism Relat Disord 2010, 16: 79-84.

. Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-

Watson J, et al. Unified staging system for Lewy body disorders:
correlation with nigrostriatal degeneration, cognitive impairment
and motor dysfunction. Acta Neuropathol 2009, 117: 613-634.
Beach TG, White CL, 3rd, Hladik CL, Sabbagh MN, Connor DJ,
Shill HA, et al. Olfactory bulb alpha-synucleinopathy has high
specificity and sensitivity for Lewy body disorders. Acta
Neuropathol 2009, 117: 169-174.

Pearce RK, Hawkes CH, Daniel SE. The anterior olfactory
nucleus in Parkinson’s disease. Mov Disord 1995, 10: 283-287.
Harding AJ, Stimson E, Henderson JM, Halliday GM. Clinical
correlates of selective pathology in the amygdala of patients
with Parkinson’s disease. Brain 2002, 125: 2431-2445.

Doty RL. The olfactory vector hypothesis of neurodegenerative
disease: is it viable? Ann Neurol 2008, 63: 7-15.
Silveira-Moriyama L, Holton JL, Kingsbury A, Ayling H, Petrie
A, Sterlacci W, et al. Regional differences in the severity of
Lewy body pathology across the olfactory cortex. Neurosci Lett
2009, 453: 77-80.

Tsuboi Y, Wszolek ZK, Graff-Radford NR, Cookson N,
Dickson DW. Tau pathology in the olfactory bulb correlates
with Braak stage, Lewy body pathology and apolipoprotein
epsilon4. Neuropathol Appl Neurobiol 2003, 29: 503-510.
Mundinano IC, Caballero MC, Ordonez C, Hernandez M,
DiCaudo C, Marcilla I, ef al. Increased dopaminergic cells and
protein aggregates in the olfactory bulb of patients with
neurodegenerative disorders. Acta Neuropathol 2011, 122: 61-74.
Doty RL. Olfactory dysfunction in Parkinson disease. Nat Rev
Neurol 2012, 8: 329-339.

Deeb J, Shah M, Muhammed N, Gunasekera R, Gannon K,
Findley LJ, et al. A basic smell test is as sensitive as a dopamine
transporter scan: comparison of olfaction, taste and DaTSCAN
in the diagnosis of Parkinson’s disease. Qjm 2010, 103:
941-952.

. Siderowf A, Newberg A, Chou KL, Lloyd M, Colcher A, Hurtig

HI, et al. [99mTc]TRODAT-1 SPECT imaging correlates with
odor identification in early Parkinson disease. Neurology 2005,
64: 1716-1720.

Bohnen NI, Gedela S, Kuwabara H, Constantine GM, Mathis
CA, Studenski SA, et al. Selective hyposmia and nigrostriatal
dopaminergic denervation in Parkinson’s disease. J Neurol
2007, 254: 84-90.

Doty RL, Stern MB, Pfeiffer C, Gollomp SM, Hurtig HI.
Bilateral olfactory dysfunction in early stage treated and
untreated idiopathic Parkinson’s disease. J Neurol Neurosurg
Psychiatry 1992, 55: 138-142.

Quinn NP, Rossor MN, Marsden CD. Olfactory threshold in
Parkinson’s disease. J Neurol Neurosurg Psychiatry 1987, 50: 88—89.
Arendt T, Bigl V, Arendt A, Tennstedt A. Loss of neurons in the
nucleus basalis of Meynert in Alzheimer’s disease, paralysis agitans
and Korsakoff’s Disease. Acta Neuropathol 1983, 61: 101-108.
Doty RL. Olfactory dysfunction in neurodegenerative diseases:
is there a common pathological substrate? Lancet Neurol 2017,
16: 478-488.

Bohnen NI, Muller ML, Kotagal V, Koeppe RA, Kilbourn MA,
Albin RL, et al. Olfactory dysfunction, central cholinergic
integrity and cognitive impairment in Parkinson’s disease. Brain
2010, 133: 1747-1754.



M. E. Fullard et al.: Olfactory Dysfunction as an Early Biomarker in PD

523

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Petzold GC, Hagiwara A, Murthy VN. Serotonergic modulation
of odor input to the mammalian olfactory bulb. Nat Neurosci
2009, 12: 784-791.

Braak E, Sandmann-Keil D, Rub U, Gai WP, de Vos RA, Steur
EN, et al. alpha-synuclein immunopositive Parkinson’s disease-
related inclusion bodies in lower brain stem nuclei. Acta
Neuropathol 2001, 101: 195-201.

Scatton B, Javoy-Agid F, Rouquier L, Dubois B, Agid Y.
Reduction of cortical dopamine, noradrenaline, serotonin and
their metabolites in Parkinson’s disease. Brain Res 1983, 275:
321-328.

Kovacs GG, Kloppel S, Fischer 1, Dorner S, Lindeck-Pozza E,
Birner P, et al. Nucleus-specific alteration of raphe neurons in
human neurodegenerative disorders. Neuroreport 2003, 14: 73-76.
White TL, Sadikot AF, Djordjevic J. Metacognitive knowledge
of olfactory dysfunction in Parkinson’s disease. Brain Cogn
2016, 104: 1-6.

Doty RL, Laing DG. Psychophysical measurement of human
olfactory function. In Doty RL (Ed.). Handbook of Olfaction and
Gustation. New York: John Wiley & Sons, Inc., 2015: 225-260.
Doty RL, Smith R, McKeown DA, Raj J. Tests of human
olfactory function: principal components analysis suggests that
most measure a common source of variance. Percept Psy-
chophys 1994, 56: 701-707.

Lotsch J, Reichmann H, Hummel T. Different odor tests
contribute differently to the evaluation of olfactory loss. Chem
Senses 2008, 33: 17-21.

Mesholam RI, Moberg PJ, Mahr RN, Doty RL. Olfaction in
neurodegenerative disease: a meta-analysis of olfactory func-
tioning in Alzheimer’s and Parkinson’s diseases. Arch Neurol
1998, 55: 84-90.

Doty RL, Riklan M, Deems DA, Reynolds C, Stellar S. The
olfactory and cognitive deficits of Parkinson’s disease: evidence
for independence. Ann Neurol 1989, 25: 166-171.

Hedner M, Larsson M, Arnold N, Zucco GM, Hummel T.
Cognitive factors in odor detection, odor discrimination, and
odor identification tasks. J Clin Exp Neuropsychol 2010, 32:
1062-1067.

Murphy C, Cain WS, Gilmore MM, Skinner RB. Sensory and
semantic factors in recognition memory for odors and graphic
stimuli: elderly versus young persons. Am J Psychol 1991, 104:
161-192.

Doty RL, Shaman P, Dann M. Development of the University of
Pennsylvania Smell Identification Test: a standardized microen-
capsulated test of olfactory function. Physiol Behav 1984, 32:
489-502.

Fornazieri MA, dos Santos CA, Bezerra TF, Pinna Fde R,
Voegels RL, Doty RL. Development of normative data for the
Brazilian adaptation of the University of Pennsylvania Smell
Identification Test. Chem Senses 2015, 40: 141-149.

Hsu NI, Lai JT, Shen PH. Development of Taiwan Smell
Identification Test: a quick office-based smell screening test for
Taiwanese. Am J Rhinol Allergy 2015, 29: e50-e54.

Picillo M, Pellecchia MT, Erro R, Amboni M, Vitale C,
Tavarone A, et al. The use of University of Pennsylvania Smell
Identification Test in the diagnosis of Parkinson’s disease in
Italy. Neurol Sci 2014, 35: 379-383.

Ogihara H, Kobayashi M, Nishida K, Kitano M, Takeuchi K.
Applicability of the cross-culturally modified University of
Pennsylvania Smell Identification Test in a Japanese population.
Am J Rhinol Allergy 2011, 25: 404—410.

Doty RL, Marcus A, Lee WW. Development of the 12-item
Cross-Cultural Smell Identification Test (CC-SIT). Laryngo-
scope 1996, 106: 353-356.

Rawal S, Hoffman HJ, Honda M, Huedo-Medin TB, Duffy VB.
The taste and smell protocol in the 2011-2014 US National

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Health and Nutrition Examination Survey (NHANES): Test-
retest reliability and validity testing. Chemosens Percept 2015,
8: 138-148.

Cain WS, Gent JF, Goodspeed RB, Leonard G. Evaluation of
olfactory dysfunction in the Connecticut Chemosensory Clinical
Research Center. Laryngoscope 1988, 98: 83-88.

Hummel T, Sekinger B, Wolf SR, Pauli E, Kobal G. ‘Sniffin’
sticks’: olfactory performance assessed by the combined testing
of odor identification, odor discrimination and olfactory thresh-
old. Chem Senses 1997, 22: 39-52.

Hummel T, Kobal G, Gudziol H, Mackay-Sim A. Normative
data for the “Sniffin’ Sticks” including tests of odor identifi-
cation, odor discrimination, and olfactory thresholds: an upgrade
based on a group of more than 3,000 subjects. Eur Arch
Otorhinolaryngol 2007, 264: 237-243.

Doty RL. Olfactory dysfunction and its measurement in the clinic.
World J Otorhinolaryngol Head Neck Surg 2015, 1: 28-33.
Mackay-Sim A, Johnston AN, Owen C, Burne TH. Olfactory
ability in the healthy population: reassessing presbyosmia.
Chem Senses 2006, 31: 763-771.

Murphy C, Schubert CR, Cruickshanks KJ, Klein BE, Klein R,
Nondahl DM. Prevalence of olfactory impairment in older
adults. JAMA 2002, 288: 2307-2312.

Doty RL. Office procedures for quantitative assessment of
olfactory function. Am J Rhinol 2007, 21: 460-473.

Morley JF, Duda JE. Olfaction as a biomarker in Parkinson’s
disease. Biomark Med 2010, 4: 661-670.

Gibb WR, Lees AJ. The relevance of the Lewy body to the
pathogenesis of idiopathic Parkinson’s disease. J Neurol Neu-
rosurg Psychiatry 1988, 51: 745-752.

Hughes AJ, Ben-Shlomo Y, Daniel SE, Lees AJ. What features
improve the accuracy of clinical diagnosis in Parkinson’s disease:
a clinicopathologic study. Neurology 1992, 42: 1142-1146.
Hughes AJ, Daniel SE, Ben-Shlomo Y, Lees AJ. The accuracy
of diagnosis of parkinsonian syndromes in a specialist move-
ment disorder service. Brain 2002, 125: 861-870.

Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical
diagnosis of idiopathic Parkinson’s disease: a clinico-pathological
study of 100 cases. J Neurol Neurosurg Psychiatry 1992, 55: 181-184.
Rizzo G, Copetti M, Arcuti S, Martino D, Fontana A, Logroscino G.
Accuracy of clinical diagnosis of Parkinson disease: A systematic
review and meta-analysis. Neurology 2016, 86: 566-576.

Adler CH, Beach TG, Hentz JG, Shill HA, Caviness JN, Driver-
Dunckley E, et al. Low clinical diagnostic accuracy of early vs
advanced Parkinson disease: clinicopathologic study. Neurology
2014, 83: 406-412.

Doty RL, Golbe LI, McKeown DA, Stern MB, Lehrach CM,
Crawford D. Olfactory testing differentiates between progres-
sive supranuclear palsy and idiopathic Parkinson’s disease.
Neurology 1993, 43: 962-965.

Silveira-Moriyama L, Hughes G, Church A, Ayling H, Williams
DR, Petrie A, et al. Hyposmia in progressive supranuclear palsy.
Mov Disord 2010, 25: 570-577.

Muller A, Mungersdorf M, Reichmann H, Strehle G, Hummel T.
Olfactory function in Parkinsonian syndromes. J Clin Neurosci
2002, 9: 521-524.

Wenning GK, Shephard B, Hawkes C, Petruckevitch A, Lees A,
Quinn N. Olfactory function in atypical parkinsonian syn-
dromes. Acta Neurol Scand 1995, 91: 247-250.

Goldstein DS, Holmes C, Bentho O, Sato T, Moak J, Sharabi Y,
et al. Biomarkers to detect central dopamine deficiency and
distinguish Parkinson disease from multiple system atrophy.
Parkinsonism Relat Disord 2008, 14: 600-607.
Silveira-Moriyama L, Mathias C, Mason L, Best C, Quinn NP,
Lees AJ. Hyposmia in pure autonomic failure. Neurology 2009,
72: 1677-1681.

@ Springer



524

Neurosci. Bull. October, 2017, 33(5):515-525

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Suchowersky O, Gronseth G, Perlmutter J, Reich S, Zesiewicz T,
Weiner WJ. Practice Parameter: neuroprotective strategies and
alternative therapies for Parkinson disease (an evidence-based
review): report of the Quality Standards Subcommittee of the
American Academy of Neurology. Neurology 2006, 66: 976-982.
Westervelt HJ, Stern RA, Tremont G. Odor identification
deficits in diffuse lewy body disease. Cogn Behav Neurol
2003, 16: 93-99.

Olichney JM, Murphy C, Hofstetter CR, Foster K, Hansen LA,
Thal LJ, et al. Anosmia is very common in the Lewy body
variant of Alzheimer’s disease. J] Neurol Neurosurg Psychiatry
2005, 76: 1342-1347.

Yoon JH, Kim M, Moon SY, Yong SW, Hong JM. Olfactory
function and neuropsychological profile to differentiate demen-
tia with Lewy bodies from Alzheimer’s disease in patients with
mild cognitive impairment: A 5-year follow-up study. J Neurol
Sci 2015, 355: 174-179.

Passler JS, Doty RL, Dolske MC, St Louis PG, Basignani C,
Pepe JW, et al. Olfactory ability in normal pressure hydro-
cephalus as compared to Alzheimer’s disease and healthy
controls. J Neurol Sci 2017, 372: 217-219.

Bovi T, Antonini A, Ottaviani S, Antonioli A, Cecchini MP, Di
Francesco V, et al. The status of olfactory function and the
striatal dopaminergic system in drug-induced parkinsonism.
J Neurol 2010, 257: 1882—1889.

Brigo F, Erro R, Marangi A, Bhatia K, Tinazzi M. Differen-
tiating drug-induced parkinsonism from Parkinson’s disease: an
update on non-motor symptoms and investigations. Parkinson-
ism Relat Disord 2014, 20: 808-814.

Lee PH, Yeo SH, Yong SW, Kim YJ. Odour identification test
and its relation to cardiac 123I-metaiodobenzylguanidine in
patients with drug induced parkinsonism. J Neurol Neurosurg
Psychiatry 2007, 78: 1250-1252.

Morley JF, Duda JE. Use of hyposmia and other non-motor
symptoms to distinguish between drug-induced parkinsonism
and Parkinson’s disease. J Parkinsons Dis 2014, 4: 169-173.
Morley JF, Cheng G, Dubroff JG, Wood S, Wilkinson JR, Duda
JE. Olfactory impairment predicts underlying dopaminergic
deficit in presumed drug-induced parkinsonism. Mov Disord
Clin Pract 2017, 4: 603-606.

Katzenschlager R, Zijlmans J, Evans A, Watt H, Lees Al.
Olfactory function distinguishes vascular parkinsonism from
Parkinson’s disease. J Neurol Neurosurg Psychiatry 2004, 75:
1749-1752.

Busenbark KL, Huber SJ, Greer G, Pahwa R, Koller WC.
Olfactory function in essential tremor. Neurology 1992, 42:
1631-1632.

Shah M, Muhammed N, Findley LJ, Hawkes CH. Olfactory tests
in the diagnosis of essential tremor. Parkinsonism Relat Disord
2008, 14: 563-568.

Quagliato LB, Viana MA, Quagliato EM, Simis S. Olfaction and
essential tremor. Arq Neuropsiquiatr 2009, 67: 21-24.
Applegate LM, Louis ED. Essential tremor: mild olfactory
dysfunction in a cerebellar disorder. Parkinsonism Relat Disord
2005, 11: 399-402.

Ross GW, Petrovitch H, Abbott RD, Tanner CM, Popper J,
Masaki K, et al. Association of olfactory dysfunction with risk
for future Parkinson’s disease. Ann Neurol 2008, 63: 167-173.
Berg D, Marek K, Ross GW, Poewe W. Defining at-risk
populations for Parkinson’s disease: lessons from ongoing
studies. Mov Disord 2012, 27: 656—665.

Adler CH, Connor DJ, Hentz JG, Sabbagh MN, Caviness JN,
Shill HA, et al Incidental Lewy body disease: clinical
comparison to a control cohort. Mov Disord 2010, 25: 642-646.
Dickson DW, Fujishiro H, DelleDonne A, Menke J, Ahmed Z,
Klos KJ, et al. Evidence that incidental Lewy body disease is

@ Springer

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

pre-symptomatic Parkinson’s disease. Acta Neuropathol 2008,
115: 437-444.

Ross GW, Abbott RD, Petrovitch H, Tanner CM, Davis DG,
Nelson J, et al. Association of olfactory dysfunction with
incidental Lewy bodies. Mov Disord 2006, 21: 2062-2067.
Ross GW, Abbott RD, Petrovitch H, Tanner CM, White LR.
Pre-motor features of Parkinson’s disease: the Honolulu-Asia
Aging Study experience. Parkinsonism Relat Disord 2012, 18
Suppl 1: S199-S202.

Sommer U, Hummel T, Cormann K, Mueller A, Frasnelli J,
Kropp J, et al. Detection of presymptomatic Parkinson’s disease:
combining smell tests, transcranial sonography, and SPECT.
Mov Disord 2004, 19: 1196-1202.

Postuma RB, Gagnon JF, Bertrand JA, Genier Marchand D,
Montplaisir JY. Parkinson risk in idiopathic REM sleep
behavior disorder: preparing for neuroprotective trials. Neurol-
ogy 2015, 84: 1104-1113.

Iranzo A, Molinuevo JL, Santamaria J, Serradell M, Marti MJ,
Valldeoriola F, et al. Rapid-eye-movement sleep behaviour
disorder as an early marker for a neurodegenerative disorder: a
descriptive study. Lancet Neurol 2006, 5: 572-577.

Fantini ML, Postuma RB, Montplaisir J, Ferini-Strambi L.
Olfactory deficit in idiopathic rapid eye movements sleep
behavior disorder. Brain Res Bull 2006, 70: 386—-390.

Postuma RB, Lang AE, Massicotte-Marquez J, Montplaisir J.
Potential early markers of Parkinson disease in idiopathic REM
sleep behavior disorder. Neurology 2006, 66: 845-851.

Sasai T, Miyamoto T, Miyamoto M, Iwanami M, Abe T,
Matsuura M, et al. Impaired decision-making in idiopathic REM
sleep behavior disorder. Sleep Med 2012, 13: 301-306.
Miyamoto T, Miyamoto M, Iwanami M, Hirata K, Kobayashi
M, Nakamura M, et al. Olfactory dysfunction in idiopathic
REM sleep behavior disorder. Sleep Med 2010, 11: 458—461.
Stiasny-Kolster K, Doerr Y, Moller JC, Hoffken H, Behr TM,
Oertel WH, et al. Combination of ‘idiopathic’ REM sleep
behaviour disorder and olfactory dysfunction as possible
indicator for alpha-synucleinopathy demonstrated by dopamine
transporter FP-CIT-SPECT. Brain 2005, 128: 126-137.
Mahlknecht P, Iranzo A, Hogl B, Frauscher B, Muller C,
Santamaria J, et al. Olfactory dysfunction predicts early
transition to a Lewy body disease in idiopathic RBD. Neurology
2015, 84: 654-658.

Ponsen MM, Stoffers D, Wolters E, Booij J, Berendse HW.
Olfactory testing combined with dopamine transporter imaging
as a method to detect prodromal Parkinson’s disease. J Neurol
Neurosurg Psychiatry 2010, 81: 396-399.

Stephenson R, Siderowf A, Stern MB. Premotor Parkinson’s
disease: clinical features and detection strategies. Mov Disord
2009, 24 Suppl 2: S665-670.

Berendse HW, Ponsen MM. Diagnosing premotor Parkinson’s
disease using a two-step approach combining olfactory testing
and DAT SPECT imaging. Parkinsonism Relat Disord 2009, 15
Suppl 3: S26-S30.

Stern MB, Siderowf A. Parkinson’s at risk syndrome: can
Parkinson’s disease be predicted? Mov Disord 2010, 25 Suppl 1:
S$89-S93.

Jennings D, Siderowf A, Stern M, Seibyl J, Eberly S, Oakes D, et al.
Imaging prodromal Parkinson disease: the Parkinson Associated
Risk Syndrome Study. Neurology 2014, 83: 1739-1746.

Fullard ME, Tran B, Xie SX, Toledo JB, Scordia C, Linder C,
et al. Olfactory impairment predicts cognitive decline in early
Parkinson’s disease. Parkinsonism Relat Disord 2016, 25: 45-51.
Tissingh G, Berendse HW, Bergmans P, DeWaard R, Drukarch
B, Stoof JC, et al. Loss of olfaction in de novo and treated
Parkinson’s disease: possible implications for early diagnosis.
Mov Disord 2001, 16: 41-46.



M. E. Fullard et al.: Olfactory Dysfunction as an Early Biomarker in PD

525

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Double KL, Rowe DB, Hayes M, Chan DK, Blackie J, Corbett
A, et al. Identifying the pattern of olfactory deficits in Parkinson
disease using the brief smell identification test. Arch Neurol
2003, 60: 545-549.

Hawkes CH, Shephard BC, Daniel SE. Olfactory dysfunction in
Parkinson’s disease. J Neurol Neurosurg Psychiatry 1997, 62:
436-446.

Herting B, Schulze S, Reichmann H, Haehner A, Hummel T. A
longitudinal study of olfactory function in patients with
idiopathic Parkinson’s disease. J Neurol 2008, 255: 367-370.
Muller A, Reichmann H, Livermore A, Hummel T. Olfactory
function in idiopathic Parkinson’s disease (IPD): results from
cross-sectional studies in IPD patients and long-term follow-up
of de-novo IPD patients. J Neural Transm (Vienna) 2002, 109:
805-811.

Verbaan D, Boesveldt S, van Rooden SM, Visser M, Marinus J,
Macedo MG, et al. Is olfactory impairment in Parkinson disease
related to phenotypic or genotypic characteristics? Neurology
2008, 71: 1877-1882.

Ansari KA, Johnson A. Olfactory function in patients with
Parkinson’s disease. J Chronic Dis 1975, 28: 493-497.

Cavaco S, Goncalves A, Mendes A, Vila-Cha N, Moreira I,
Fernandes J, et al. Abnormal olfaction in Parkinson’s disease is
related to faster disease progression. Behav Neurol 2015, 2015:
976589.

Stern MB, Doty RL, Dotti M, Corcoran P, Crawford D,
McKeown DA, et al. Olfactory function in Parkinson’s disease
subtypes. Neurology 1994, 44: 266-268.

Cramer CK, Friedman JH, Amick MM. Olfaction and apathy in
Parkinson’s disease. Parkinsonism Relat Disord 2010, 16: 124-126.
Hong JY, Sunwoo MK, Ham JH, Lee JJ, Lee PH, Sohn YH.
Apathy and olfactory dysfunction in early Parkinson’s disease.
J Mov Disord 2015, 8: 21-25.

Chen W, Kang WY, Chen S, Wang Y, Xiao Q, Wang G, et al.
Hyposmia correlates with SNCA variant and non-motor symp-
toms in Chinese patients with Parkinson’s disease. Parkinsonism
Relat Disord 2015, 21: 610-614.

Goldstein DS, Sewell L, Holmes C. Association of anosmia with
autonomic failure in Parkinson disease. Neurology 2010, 74: 245-251.
Berendse HW, Roos DS, Raijmakers P, Doty RL. Motor and
non-motor correlates of olfactory dysfunction in Parkinson’s
disease. J Neurol Sci 2011, 310: 21-24.

Damholdt MF, Borghammer P, Larsen L, Ostergaard K. Odor
identification deficits identify Parkinson’s disease patients with
poor cognitive performance. Mov Disord 2011, 26: 2045-2050.
Morley JF, Duda JE. Neuropsychological correlates of olfactory
dysfunction in Parkinson’s disease. J Neurol Sci 2011, 310: 228-230.
Postuma R, Gagnon JF. Cognition and olfaction in Parkinson’s
disease. Brain 2010, 133: e160; author reply el61.

Baba T, Kikuchi A, Hirayama K, Nishio Y, Hosokai Y, Kanno
S, et al. Severe olfactory dysfunction is a prodromal symptom of
dementia associated with Parkinson’s disease: a 3 year longitu-
dinal study. Brain 2012, 135: 161-169.

Domellof ME, Lundin KF, Edstrom M, Forsgren L. Olfactory
dysfunction and dementia in newly diagnosed patients with
Parkinson’s disease. Parkinsonism Relat Disord 2017.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Kang SH, Lee HM, Seo WK, Kim JH, Koh SB. The combined
effect of REM sleep behavior disorder and hyposmia on
cognition and motor phenotype in Parkinson’s disease. J Neurol
Sci 2016, 368: 374-378.

Schrag A, Siddiqui UF, Anastasiou Z, Weintraub D, Schott JM.
Clinical variables and biomarkers in prediction of cognitive
impairment in patients with newly diagnosed Parkinson’s
disease: a cohort study. Lancet Neurol 2017, 16: 66-75.
Hummel T, Witt M, Reichmann H, Welge-Luessen A, Haehner
A. Immunohistochemical, volumetric, and functional neu-
roimaging studies in patients with idiopathic Parkinson’s
disease. J Neurol Sci 2010, 289: 119-122.

Witt M, Bormann K, Gudziol V, Pehlke K, Barth K, Minovi A,
et al. Biopsies of olfactory epithelium in patients with Parkin-
son’s disease. Mov Disord 2009, 24: 906-914.

Schneider SA, Boettner M, Alexoudi A, Zorenkov D, Deuschl
G, Wedel T. Can we use peripheral tissue biopsies to diagnose
Parkinson’s disease? A review of the literature. Eur J Neurol
2016, 23: 247-261.

LiJ, Gu CZ, SuJB, Zhu LH, Zhou Y, Huang HY, et al. Changes
in olfactory bulb volume in Parkinson’s disease: a systematic
review and meta-analysis. PLoS One 2016, 11: e0149286.
Tanik N, Serin HI, Celikbilek A, Inan LE, Gundogdu F.
Associations of olfactory bulb and depth of olfactory sulcus with
basal ganglia and hippocampus in patients with Parkinson’s
disease. Neurosci Lett 2016, 620: 111-114.

Chen S, Tan HY, Wu ZH, Sun CP, He JX, Li XC, et al. Imaging of
olfactory bulb and gray matter volumes in brain areas associated
with olfactory function in patients with Parkinson’s disease and
multiple system atrophy. Eur J Radiol 2014, 83: 564-570.
Brodoehl S, Klingner C, Volk GF, Bitter T, Witte OW,
Redecker C. Decreased olfactory bulb volume in idiopathic
Parkinson’s disease detected by 3.0-tesla magnetic resonance
imaging. Mov Disord 2012, 27: 1019-1025.

Wang J, You H, Liu JF, Ni DF, Zhang ZX, Guan J. Association
of olfactory bulb volume and olfactory sulcus depth with
olfactory function in patients with Parkinson disease. AINR Am
J Neuroradiol 2011, 32: 677-681.

Paschen L, Schmidt N, Wolff S, Cnyrim C, van Eimeren T, Zeuner
KE, et al. The olfactory bulb volume in patients with idiopathic
Parkinson’s disease. Eur J Neurol 2015, 22: 1068-1073.
Altinayar S, Oner S, Can S, Kizilay A, Kamisli S, Sarac K.
Olfactory disfunction and its relation olfactory bulb volume in
Parkinson’s disease. Eur Rev Med Pharmacol Sci 2014, 18:
3659-3664.

Hakyemez HA, Veyseller B, Ozer F, Ozben S, Bayraktar GI,
Gurbuz D, et al. Relationship of olfactory function with olfactory
bulbus volume, disease duration and Unified Parkinson’s disease
rating scale scores in patients with early stage of idiopathic
Parkinson’s disease. J Clin Neurosci 2013, 20: 1469-1470.
SuM, Wang S, Fang W, Zhu Y, Li R, Sheng K, et al. Alterations
in the limbic/paralimbic cortices of Parkinson’s disease patients
with hyposmia under resting-state functional MRI by regional
homogeneity and functional connectivity analysis. Parkinsonism
Relat Disord 2015, 21: 698-703.

@ Springer



	Olfactory Dysfunction as an Early Biomarker in Parkinson’s Disease
	Abstract
	Introduction
	Potential Mechanisms and Pathological Correlates of Olfactory Impairment
	Pathological Correlates of Olfactory Impairment
	Neurotransmitter Alterations

	Measuring Olfaction
	Olfaction as a Biomarker
	Differential Diagnosis
	Pre-motor Diagnosis
	Marker of Disease Progression
	Association with Non-motor Symptoms
	Other Measures of the Olfactory System as Potential Biomarkers


	Summary and Future Directions
	Acknowledgements
	References




