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Background: There are discrepancies of olfactory impairment between
Alzheimer's disease (AD) and other neurodegenerative disorders. Olfactory deficits
may be a potential marker for early and differential diagnosis of AD. We aimed
to assess olfactory functions in patients with AD and other neurodegenerative
disorders, to further evaluate the smell tests using subgroup analysis, and to
explore moderating factors affecting olfactory performance.

Methods: Cross-sectional studies relating to olfactory assessment for both AD
and other neurodegenerative disorders published before 27 July 2022 in English,
were searched on PubMed, Embase and Cochrane. After literature screening and
quality assessment, meta-analyses were conducted using statal4.0 software.

Results: Forty-two articles involving 12 smell tests that evaluated 2,569 AD
patients were included. It was revealed that smell tests could distinguish AD
from mild cognitive impairment (MCI), Lewy body disease (LBD), depression, and
vascular dementia (VaD), but not from diseases such as frontotemporal dementia
(FTD). Our finding indicated that in discriminating AD from MCI, the University of
Pennsylvania Smell Identification Test (UPSIT) was most frequently used (95%ClI:
—1.12 to —0.89), while the Brief Smell Identification Test (B-SIT), was the most
widely used method in AD vs. LBD group. Further subgroup analyses indicated
that the methods of smell test used contributed to the heterogeneity in olfactory
threshold and discrimination scores in group AD vs. MCI. While the moderating
variables including age, MMSE scores, education years in AD vs. LBD, were
account for heterogeneity across studies.

Conclusion: Our finding suggests smell tests have potential value in early
differential diagnosis of AD. UPSIT and its simplified variant, B-SIT, are widely used
methods in the analyses.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/display_
record.php? RecordID = 357970 (PROSPERQ, registration number CRD42022357970).
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Introduction

As aleading contributor to dementia, Alzheimer’s disease (AD) is
a progressive neurodegenerative disorder, and currently affecting
millions of people (Kivipelto et al., 2020). The Alzheimer’s Disease
International (ADI) predicted that, with the process of social aging,
the number of dementia patients would exceed 152 million by 2050
(Nichols et al., 2022). Preventing or even delaying the onset of AD for
only a few years could substantially reduce its prevalence and related
human and economic burdens (Brookmeyer et al., 1998). Since the
disease-modifying therapy based on early recognition and
intervention is considered to be most beneficial in prevention of AD
(Serby et al., 1991; Peters et al., 2003), smell tests attracted extensive
attention for its ability to pinpoint the period of AD and to
discriminate AD from other disorders (Serby et al., 1991; Kivipelto
et al., 2020).

Pathological changes of AD were observed in olfactory regions at
an initial stage (including entorhinal cortex, olfactory bulb, and
olfactory nucleus), while structural and functional abnormalities in
olfactory regions had been reported in AD patients as Braak and Del
Tredici (2015) mentioned. Furthermore, longitudinal researches
suggested that olfactory impairment, particularly the rapid decline in
olfactory identification, may predict decline of cognition and the
progression of AD (Pacyna et al., 2022). Olfactory impairment also
occurs in some other diseases, including neurodegenerative diseases
such as Parkinson’s Disease (PD), Lewy Body Disease (LBD), and
epilepsy, as well as some conditions as depression, HIV, and healthy
elderly individuals (Marine and Boriana, 2014; Dan et al., 2021). In
fact, smell tests were applied in early differential diagnosis of AD and
other diseases, such as other terms of dementia including LBD,
vascular dementia (VaD), and frontotemporal dementia (FTD), that
can be easily intertwined with AD (Duff et al., 2002; Luzzi et al., 2007;
Marine and Boriana, 2014; Westervelt et al., 2016; Yoo et al., 2018),
since there may be differences in extent of olfactory impairment
between AD and those conditions.

Several meta-analyses have studied olfactory impairment in AD
and PD patients. Mesholam et al. conducted a meta-analysis to assess
olfactory function in AD, PD, and healthy controls in three measured
olfactory domains, including olfactory identification, olfactory
threshold, and olfactory recognition (Mesholam et al., 1998). The
results revealed severe deficits in all three olfactory domains in both
patients with AD and PD when compared to health controls. However,
they found there was no discriminating olfactory deficits between AD
and PD groups. Another meta-analysis updated the results in the
former meta-analysis and characterized AD and PD patterns of
olfactory deficits (Rahayel et al., 2012). It indicated that AD and PD
patients are more impaired on olfactory identification and recognition
tasks than on odor detection thresholds task. Additionally, PD patients
are more impaired on detection thresholds than AD patients.
However, rather than directly comparing olfactory function in patients
with AD and in patients with other neurological conditions, all the
included studies in the above two meta-analyses evaluated olfactory
function by comparing health controls with AD and PD patients,
separately. In the meantime, although many researches indicated that
the degree of olfactory impairment was different in AD, MCI and
other neurodegenerative diseases, there was little pooled data to
compare them. Therefore, it is still unknown which neurodegenerative
conditions can be distinguished from AD by smell tests. Moreover,
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which smell tests have the ability in discrimination and whether there
are any independent influencing factors, remains to be explored.
Systemic quantitative studies to assess the olfactory impairment
between AD and other disorders are lacking.

Consequently, we conducted a comprehensive systematic review
and meta-analysis by all available cross-sectional studies on smell test
scores in both AD, and other conditions. First, we included and
further investigated studies that compared AD with other
neurodegenerative disorders using smell tests. Then, subgroup
analyses were performed based on the smell test methods used in
comparing AD and other neurodegenerative conditions. Furthermore,
exploratory meta-regression analyses were conducted to observe the
potential influence factors on the analysis results. Some possible
factors, such as age, gender, and mini-mental state examination
(MMSE) score, and education years were examined to determine
whether they influenced the differences between AD and other
neurodegenerative disorders, particularly between AD and MCI. In
order to better understand the available findings, we applied no
of smell test and on the

restrictions on the methods

neurodegenerative disorders.

Methods

The meta-analysis protocol was registered in the International
Prospective Register of Systematic Reviews (PROSPERO, registration
number CRD42022357970). Studies were selected and analyzed
following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) recommendations (Moher et al., 2009).

Inclusion criteria

We selected cross-sectional studies that matched the following
criteria: (1) the subjects included AD patients and at least one AD
matched group with other neurodegenerative disorders; (2) AD
patients and their matched individuals received at least one standard
psychophysical test to assess olfactory function; (3) published in
English; and (4) statistical information, such as means and standard
deviations (SD) on which effect sizes could be calculated, was provided.

Exclusion criteria

Studies were excluded if: (1) they were duplicate publications,
reviews, editorials, case report, or letters; (2) included subjects had
comorbid neurological conditions that may also impair olfactory
functions; or (3) they were deficient in valid data or available access.

Search strategies

A comprehensive search of studies published in English was
conducted up to 27 July 2022 using the following electronic databases:
PubMed, Embase, and Cochrane. The search terms used were
incorporated in the following expression: (smell OR olfac* OR odor*)
AND (Alzheimer disease OR Alzheimer*). The search was restricted
to human-related articles. This retrieval strategy necessitated a
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subsequent manual screening to select studies that contain both AD
patients and matched groups with other neurodegenerative disorders.
To identify additional studies, we manually checked the relevant
references in the target literature. The specific search details for the
three electronic databases were presented in Supplementary Figures 1-3.

Data extraction and quality assessment

The data extraction quality and assessment were performed
independently by two researchers (Silin Liu and Zhihui Jiang), and all
disputes were settled by discussion. Relevant data were collected for
our meta-analyses, including demographic characteristics (number of
participants in each group, mean age, percentage of men, and mean
education years), clinical diagnostic criteria, mean MMSE scores, and
methods of smell tests with its scores which were denoted as mean and
SD. If the results were expressed as the mean value and the standard
error of mean (SEM), the SEM was converted to SD, by using the
calculation formula: SD = SEM v/n.

The risk of bias in the included studies was analyzed according to the
revised version of the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2), to assess the quality of this meta-analysis (Whiting
etal, 2011). QUADAS-2 is constituted of four parts: patient selection,
index test, flow;, and timing and reference standard. The risk of bias is
classified as “high risk bias,” “low risk bias” and “unclear risk bias””

Statistical analysis

First, a descriptive analysis was carried out to summarize and
further evaluate differences in relevant characteristics between
individuals with AD and with other neurodegenerative conditions.

Then, meta-analyses were conducted to quantitatively assess the
olfactory performance of individuals with AD and with different
conditions separately. SMD, 95% confidence intervals (95% CI) and
estimated Cohen’s d were calculated, respectively, in each study to
describe the results. The magnitude of effect size was defined as small
(0.2<d < 0.5), medium (0.5<d < 0.8), or large (d>0.8) according to
the previous definition (Cohen, 1992). Subgroup analyses were also
applied based on distinct methods of clinical olfactory assessment. The
publication bias was assessed by Egger’s test and Duvaland Tweedie
trim and fill method. We qualified the presence of heterogeneity using
Cochranes Q-statistic and generated I* to quantify the degree of
heterogeneity among effect sizes (Hedges and Olkin, 1985). We assumed
heterogeneity if P, was significant at p <05. Sensitivity analyses were
carried out with a leave-one-out model to evaluate the influence of each
study on the stability of the overall pooled estimates. Furthermore,
we performed meta-regression to explore potential moderators on
heterogeneity in each disease group with more than five studies. All the
above analyses were conducted by Stata V 14.0 statistical software.

Results
Study selection

The details of the literature selection process were presented in
Figure 1. Through a preliminary literature search, 3,904 articles were
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included, with 1,523 articles in PubMed, 2,309 articles in Embase, 70
articles in Cochrane, and 2 articles by checking from the relevant
references in the target literature. After removal of duplicate records,
2,747 articles remained. By checking titles, abstracts publication
language, species, and type of study, 2,330 records were excluded for
lack of relevance. Later 95 articles were excluded for the following
reasons: they only had comparisons with healthy controls (n=12);
lack of olfactory assessment methods (1 =4); required data was not
available (n=75) and patients in AD group had comorbidity with
other neurodegenerative conditions (n=6). Consequently, 47 articles
were considered eligible and 42 articles were included in the meta-
analysis (Doty et al., 1991; Solomon et al., 1998; McCaftrey et al., 2000;
Duff et al., 2002; Peters et al., 2003; Westervelt et al., 2003; Tabert et al.,
2005; Motomura and Tomota, 2006; Pentzek et al., 2007; Djordjevic
et al., 2008; McLaughlin and Westervelt, 2008; Westervelt et al., 2008;
Williams et al., 2009; Bahar-Fuchs et al., 2010; Steinbach et al., 2010;
Bahar-Fuchs et al., 2011; Sato et al., 2011; Tkalcic et al., 2011; Seligman
etal,, 2013; Kortvélyessy et al., 2015; Westervelt et al., 2016; Quarmley
etal, 2017; Reijs et al., 2017; Umeda-Kameyama et al., 2017; Vasavada
etal., 2017; Ward et al., 2017; Woodward et al., 2017; Yoo and Ye, 2017;
Chen et al., 2018; Doorduijn et al., 2018; Woodward et al., 2018; Yoo
et al., 2018; Wu et al., 2019; Yoshii et al., 2019; Bathini et al., 2020;
Forsberg et al., 2021; Inagawa et al., 2020; Kim et al., 2020; Zhao et al.,
2020; Jesmanas et al., 2021; Wang et al., 2021; Chen et al., 2022), since
only one article was included in five disease types and one olfactory
task, which was insufficient for the meta-analysis (Moberg et al., 1997;
Luzzi et al., 2007; Naudin et al., 2014; Passler et al., 2017; Sundermann
etal., 2021).

Study characteristics

After literature selection, 44 articles involving 4,896 subjects, of
which 2,569 with AD, 1,448 with MCI, 558 with LBD, 205 with
depression, 44 with PD, 42 with VaD, and 30 with FTD, were qualified
for this meta-analysis.

We summarized all the 12 tests in the included studies to assess
olfactory functions. The function of these smell tests included three
aspects: olfactory identification, olfactory threshold and olfactory
discrimination. Most smell tests in this meta-analysis were for
olfactory identification. These olfactory identification tests included
the University of Pennsylvania Smell Identification Test (UPSIT)
which consisted of 40-item version (n=10; Doty et al., 1991; Tabert
et al., 2005; Motomura and Tomota, 2006; Djordjevic et al., 2008;
Vasavada et al., 2017; Ward et al., 2017; Woodward et al., 2017, 2018;
Wu et al., 2019; Bathini et al., 2020) and 10-item version (n=2; Bahar-
Fuchs et al., 2010, 2011), the Sniffin’ Sticks test (SS) which consisted
SS-16 version (n=10; Pentzek et al., 2007; Williams et al., 2009;
Steinbach et al., 2010; Seligman et al., 2013; Quarmley et al., 2017;
Chen et al,, 2018; Doorduijn et al., 2018; Zhao et al., 2020; Wang et al.,
2021; Chen et al,, 2022) and SS-12 version (n=2; Kortvélyessy et al.,
2015; Jesmanas et al., 2021), the Cross-Cultural Smell Identification
Test (CCSIT) which was also known as the Brief Smell Identification
Test (B-SIT, n=8; Westervelt et al., 2003, 2008, 2016; McLaughlin and
Westervelt, 2008; Reijs et al., 2017; Yoo and Ye, 2017; Yoo et al., 2018;
Forsberg et al., 2021), the Odor Stick Identification Test for Japanese
(OSIT-], n=3; Umeda-Kameyama et al., 2017; Yoshii et al., 2019;
Inagawa et al., 2020), the Pocket Smell Test (PST, n=3; Solomon et al.,
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FIGURE 1
Flowchart of study selection. AD, Alzheimer's disease.

1998; McCalffrey et al., 2000; Duff et al.,, 2002), the Open Essence Smell
Identification test (n=1; Sato et al., 2011), the Scandinavian Odor
Identification Test (S-OIT, n=1; Tkalci¢ et al., 2011), the YSK olfactory
function test (n=1; Kim et al., 2020) and the common odors (16 items;
n=1; Peters et al., 2003). The N-butanol alcohol test, Sniffn’ Sticks test
and the YSK olfactory function test were used to assess olfactory
threshold function, whereas the triplet of pens, modified version of
pens, Sniffn’ Sticks test and the YSK olfactory function test were
applied in olfactory discrimination examination (Peters et al., 2003;
Djordjevic et al., 2008; Steinbach et al., 2010; Doorduijn et al., 2018;
Kim et al., 2020). More detailed characteristics of the included studies
were presented in Table 1 and Supplementary Table 1. The result of
quality assessment was presented in Supplementary Table 2.

Meta-analysis results in comparison
between AD and other conditions

There were 42 studies with sufficient information to calculate
effect size in the meta-analysis (Doty et al., 1991; Solomon et al., 1998;
McCaffrey et al., 2000; Duff et al., 2002; Peters et al., 2003; Westervelt
et al.,, 2003; Tabert et al., 2005; Motomura and Tomota, 2006; Pentzek
et al., 2007; Djordjevic et al., 2008; McLaughlin and Westervelt, 2008;
Westervelt et al., 2008; Williams et al., 2009; Bahar-Fuchs et al., 2010;
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Steinbach et al., 2010; Bahar-Fuchs et al., 2011; Sato et al., 2011; Tkal¢i¢
etal, 2011; Seligman et al., 2013; Kortvélyessy et al., 2015; Westervelt
etal, 2016; Quarmley et al., 2017; Reijs et al., 2017; Umeda-Kameyama
et al., 2017; Vasavada et al., 2017; Ward et al., 2017; Woodward et al.,
2017; Yoo and Ye, 2017; Chen et al., 2018; Doorduijn et al., 2018;
Woodward et al., 2018; Yoo et al., 2018; Wu et al., 2019; Yoshii et al.,
2019; Bathini et al., 2020; Forsberg et al., 2021; Inagawa et al., 2020;
Kim et al., 2020; Zhao et al., 2020; Jesmanas et al., 2021; Wang et al.,
2021; Chen et al., 2022). All studies except one compared AD with one
specific disease by smell tests, while the remaining study tested AD
patients, VaD patients, and individuals with depression simultaneously
(Duff et al., 2002). The meta-analyses were conducted in comparison
of AD with seven conditions separately, including MCI (n =23), LBD
(n =8), depression (n =5), VaD (n =3), PD (n =2), and FTD (n =2).
Most studies examined the olfactory identification function (Doty
et al,, 1991; Solomon et al., 1998; McCaftrey et al., 2000; Duff et al.,
2002; Peters et al., 2003; Westervelt et al., 2003; Tabert et al., 2005;
Motomura and Tomota, 2006; Pentzek et al., 2007; Djordjevic et al.,
2008; McLaughlin and Westervelt, 2008; Westervelt et al., 2008;
Williams et al., 2009; Bahar-Fuchs et al., 2010; Steinbach et al., 2010;
Bahar-Fuchs et al., 2011; Sato et al., 2011; Tkal¢i¢ et al., 2011; Seligman
etal., 2013; Kortvélyessy et al., 2015; Westervelt et al., 2016; Quarmley
etal, 2017; Reijs et al., 2017; Umeda-Kameyama et al., 2017; Vasavada
etal., 2017; Ward et al., 2017; Woodward et al., 2017; Yoo and Ye, 2017;
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TABLE 1 Characteristics of the included studies.

Diseases Number of = References Index test Index test
smell tests:
MCI Ol (n=7) Bahar-Fuchs et al. AD (n=20) 2.1(1.1) UPSIT-10 - - - -
OT (n=4) (2010) MCI (n=24) 2.7 (11) . :
OD (n=5) Bahar-Fuchs et al. AD (n=25) 2.2(1) UPSIT-10 - - - -
(2011) MCI (n =25) 2.6 (1.1) . B
Bathini et al. (2020) AD (n=17) 12(8) UPSIT-40 - - - -
MCI (n=21) 20 (8) B )
Chen et al. (2022) AD (n=31) 6.6 (2.7) SS-16 - - - -
MCI (n=118) 10.6 (2.3) - )
Djordjevic et al. (2008) AD (n=27) 19.89 (6.5) UPSIT-40 - - 5.6 (3.8) Modified version
MCI (n=51) 27.25 (6.9) B 79(2) | ofpens
Doorduijn et al. (2018) AD (1=30) 9.1 (0.5) $S-16 5.7 (0.6) $S-16 9.5(0.4) $S-16
MCI (n =22) 9.6 (0.6) 7.1(0.7) 9.0 (0.5)
Kim et al. (2020) AD (n=65) 4.69 (3.16) YSK olfactory 1.1(1.6) YSK olfactory 4.4(2.0) YSK olfactory
MCI (n =26) 7.58 (4.03) function test 25 (1.6) function test 5.5(1.9) function test
Peters et al. (2003) AD (n=14) 10.07 (2.3) Common odors 4.2 (1.7) n-butanol 9.6 (2.3) Triplet of pens
MCI (n=8) 105 (2.33) (16 items) 54(13) 9.5(1.7)
Quarmley et al. (2017) AD (n=262) 7.82 (3.46) $S-16 - - - -
MCI (1 =174) 9.94 (3.28) - B
Reijs et al. (2017) AD (n=42) 57(2.4) B-SIT - - - -
MCI (1 =45) 6.7 (2.4) - )
Seligman et al. (2013) AD (n=172) 7.54 (3.53) $S-16 - - - -
MCI (1 =112) 10.1 (3.39) . B
Steinbach et al. (2010) AD (n=30) 7.7 (3.3) SS-16 45 (2.7) n-butanol 8.8(2.1) Triplet of pens
MCI (n =29) 9.3 (4) 5.3(2.8) 10.3 (2.6)
Tabert et al. (2005) AD (n=100) 23.72 (6.48) UPSIT-40 - - - -
MCI (n =147) 31.22 (3.1) R B
Umeda-Kameyama AD (n=60) 3.6(2.4) OSIT-] - - - -
etal. (2017) MCI (1 =28) 5 (6.45) . .
Vasavada et al. (2017) AD (n=15) 15.5 (8.4) UPSIT-40 - - - -
MCI (n =21) 24.2 (8.6) . .
Wang et al. (2021) AD (n=52) 6.7 (2.3) SS-16 - - - -
MCI (1 =129) 10.2 (2.5) - )
Ward et al. (2017) AD (n=13) 16.69 (6.51) UPSIT-40 - - - -
MCI (n=8) 21.63 (10.17) - -
Westervelt et al. (2008) AD (n=44) 6.5 (2.57) B-SIT - - - -
MCI (n =88) 8.76 (2.59) .
Woodward et al. AD (n=262) 18.76 (7.91) UPSIT-40 - - - -
(2017) MCI (n =110) 28.01 (7.97) . B
Woodward et al. AD (n=415) 19.36 (9.12) UPSIT-40 - - - -
(2018) MCI (n =192) 26.98 (8) . )
Wu et al. (2019) AD (n=37) 13.46 (6.09) UPSIT-40 - - - -
MCI (n =27) 19.11 (6.41) . .
Yoshii et al. (2019) AD (n=55) 35(3) OSIT-] - - - -
MCI (n =27) 72(32) - )
Zhao et al. (2020) AD (n=88) 5.9(2.7) $S-16 - - - -
MCI (n=87) 9.1 (2.7) - -

(Continued)
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TABLE 1 (Continued)

Diseases Number of = References Index test oT Index oD Index test
smell tests: test
LBD Ol (n=4) Forsberg et al. (2021) AD (n=83) 7(2.7) B-SIT - - - -
LBD (n=51) 45(3.1) - )
Inagawa et al. (2020) AD (n=22) 4.4 (2.6) OSIT-] - - _ -
LBD (n=24) 2.5(2.0) R B
Sato et al. (2011) AD (n=48) 4.1 (2.0) The Open Essence - - - -
LBD (n=38) 2.6 (1.9) Smell Identification _ ~
test
Westervelt et al. (2016) AD (n=60) 6.74 (2.64) B-SIT - - - -
LBD (n=26) 4.12 (1.58) - -
Westervelt et al. (2003) AD (n=38) 7.68 (2.57) B-SIT - - - -
LBD (n =138) 3.84 (1.89) B
Williams et al. (2009) AD (n=27) 6.81(3.1) SS-16 - - - -
LBD (n=21) 5(2.3) - )
Yoo and Ye (2017) AD (n =244) 7.96 (2.49) B-SIT - - - -
LBD (n=341) 7.11 (2.53) - -
Yoo et al. (2018) AD (n=237) 7.58 (2.56) B-SIT - - - -
LBD (n=217) 6.66 (2.4) B )
Depression Ol (n=2) Chen et al. (2018) AD (n=125) 5.8(1.8) SS-16 - - - -
Depression 9.9 (2.7) - -
(n=50)
Duff et al. (2002) AD (1 =20) 0.4 (0.5) PST - . . B
Depression 2.7 (0.47) - _
(n=20)
McCaffrey et al. (2000) AD (n=20) 0.45 (0.6) PST - - - -
Depression 2.8 (0.41) - -
(n=20)
Pentzek et al. (2007) AD (n=20) 6.15(2.18) SS-16 - - - -
Depression 13.4 (1.35) - -
(n=20)
Solomon et al. (1998) AD (n=20) 0.8 (0.77) PST - - - -
Depression 2.8(0.41) - _
(n=20)
VaD Ol (n=3) Duff et al. (2002) AD (1=20) 18.38 (7.07) UPSIT - - - -
VaD (n =20) 2021 (7.11) . B
Motomura and Tomota AD (n=12) 4.5 (2.91) SS-12 - - -
(2006) VaD (n=11) 6.2 (2.98) B ) )
Tkaléi¢ et al. (2011) AD (n=15) 0.4 (0.5) PST B . B B
VaD (n=11) 2.45 (0.89) - -
PD Ol (n=2) Doty et al. (1991) AD (n =24) 35(2.8) UPSIT - - - -
PD (n=24) 6.8 (2.3) . R
Jesmanas et al. (2021) AD (n=20) 3.33(3.16) SOIT - - - -
PD (n=20) 6.09 (2.3) - B
FTD Ol (n=2) Kortvélyessy et al. AD (n=27) 7.1(2.9) SS-12 - - - -
(2015) FTD (n = 16) 63 (2.4) . )
McLaughlin and AD (n=14) 7.8 (2.7) B-SIT - - - -
Westervelt (2008) FID (n=14) 73) ~ ~

SD, Standard deviation; OI, Olfactory identification; OT, Olfactory threshold; OD, Olfactory discrimination; AD, Alzheimer’s disease; MCI, mild cognitive impairment; LBD, Lewy body
disease; VaD, vascular dementia; PD, Parkinson’s disease; FTD, frontotemporal dementia; -, data not informed.

Frontiers in Aging Neuroscience 06 frontiersin.org


https://doi.org/10.3389/fnagi.2023.1249512
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Liu et al.

Chen et al., 2018; Doorduijn et al., 2018; Woodward et al., 2018; Yoo
et al., 2018; Wu et al., 2019; Yoshii et al., 2019; Bathini et al., 2020;
Forsberg et al., 2021; Inagawa et al., 2020; Kim et al., 2020; Zhao et al.,
2020; Jesmanas et al., 2021; Wang et al., 2021; Chen et al., 2022), while
the olfactory threshold function was examined in the AD vs. MCI
(Peters et al., 2003; Steinbach et al., 2010; Doorduijn et al., 2018; Kim
etal., 2020), while the olfactory discrimination function was examined
in the AD vs. MCI group (Peters et al., 2003; Djordjevic et al., 2008;
Steinbach et al., 2010; Doorduijn et al., 2018; Kim et al., 2020). The five
single studies excluded from our meta-analysis separately compared
AD patients with elderly schizophrenia (Moberg et al., 1997), semantic
dementia (Luzzi et al., 2007), corticobasal degeneration (Luzzi et al.,
2007), unipolar major depression (Naudin et al., 2014), normal
pressure hydrocephalus (Passler et al., 2017), and HIV-associated
neurocognitive disorders (HAND; Sundermann et al., 2021) by smell
tests. The study comparing unipolar major depression with AD
(Naudin et al., 2014) was excluded since it was the only one that
assessed long-term odor recognition memory capacity.

AD vs. MCI

Olfactory identification

We compared the olfactory identification scores in AD and MCI
by analyzing the pooled data from 23 studies and found that the
olfactory identification scores in AD were significantly lower than
that in MCI (k=23; d=—0.90; 95%CI —1.04 to —0.76; Figure 2; Peters
et al., 2003; Tabert et al., 2005; Djordjevic et al., 2008; Westervelt
et al., 2008; Bahar-Fuchs et al., 2010; Steinbach et al., 2010; Bahar-
Fuchs et al., 2011; Seligman et al., 2013; Quarmley et al., 2017; Reijs
et al,, 2017; Umeda-Kameyama et al., 2017; Vasavada et al., 2017;
Ward et al., 2017; Woodward et al., 2017; Doorduijn et al., 2018;
Woodward et al., 2018; Wu et al., 2019; Yoshii et al., 2019; Bathini
etal., 2020; Kim et al., 2020; Zhao et al., 2020; Wang et al., 2021; Chen
et al,, 2022). The results altered depending on the smell test used in
various studies. High heterogeneity was found across studies
(Q=61.73; P < 0.0001; I? =64.4%). No publication bias was found via
Egger’s test (p=0.804, Supplementary Figures 4, 5). The sensitivity
analyses using a leave-one-out model showed no significant effect on
results, indicating the overall pooled estimates were stable (95%CI
—1.04 to —0.76, Supplementary Figure 6).

Olfactory threshold

We used data from four studies to compare olfactory threshold
scores in AD and MCI and found that olfactory threshold scores in
AD were lower than that in MCI (k=4; d=-1.01; 95%CI —1.77 to
—0.25; Figure 3A; Peters et al., 2003; Steinbach et al., 2010; Doorduijn
et al,, 2018; Kim et al.,, 2020). High heterogeneity was found across
studies (Q=18.38; P<0.0001; P =83.7%).

Olfactory discrimination

We used data from five studies to compare olfactory
discrimination scores in AD and MCI and revealed there was no
significant difference in olfactory discrimination scores between the
two groups (k=5; d=—0.16; 95%CI —0.82-0.50; Figure 3B; Peters
et al.,, 2003; Djordjevic et al., 2008; Steinbach et al., 2010; Doorduijn
et al,, 2018; Kim et al.,, 2020). High heterogeneity was found across
studies (Q=27.92; P < 0.0001; > =85.7%).

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1249512

AD vs. LBD

The pooled data from eight studies comparing olfactory
identification scores in AD and LBD patients revealed that the
olfactory identification scores in AD were higher than those in LBD
in all smell tests (k=8; d=0.71; 95%CI 0.46 to 0.96; Figure 4;
Westervelt et al., 2003; Williams et al., 2009; Sato et al., 2011; Westervelt
et al,, 2016; Yoo and Ye, 2017; Yoo et al., 2018; Forsberg et al., 2021;
Inagawa et al., 2020). We then found high heterogeneity across studies
(Q=17.54; P<0.01; " =60.1%). The Egger’s test results indicated there
was significant publication bias (p=0.024; Supplementary Figures 7,
8) in the study, thus a trim-and-fill analysis was required to assess the
stability of the combined results. The results revealed that after adding
studies, the effect
(Supplementary Figure 9), which showed a unstable combined result.

The overall pooled estimates were stable (95%CI 0.45 to 0.96;
Supplementary Figure 10), since there was no significant change in the

four value  varied  significantly

total 95% CI and SMD while using a leave-one-out model for
sensitivity analysis.

AD vs. depression

The pooled data from five studies comparing olfactory
identification scores in individuals with AD and with depression
revealed that the scores in AD patients were lower than those in
depression in all tests (k=5; d=-3.59; 95%CI —5.02 to —2.15;
Figure 5; Solomon et al., 1998; McCaffrey et al., 2000; Duff et al,,
2002; Pentzek et al., 2007; Chen et al., 2018). We then found there
was high heterogeneity across studies (Q=53.12; P < 0.0001;
P =92.5%).

AD vs. VaD

The pooled data from three studies comparing olfactory identification
scores in AD and VaD patients indicated that the scores in AD patients
were lower than those in VaD in all tests (k=3; d=—1.96; 95%CI —2.82 to
—0.56; Figure 6A; Duff et al., 2002; Motomura and Tomota, 2006; Tkalci¢
et al,, 2011). High heterogeneity was found across studies (Q=10.08;
p=0.006;  =80.2%).

AD vs. PD

The pooled data from two studies comparing olfactory
identification scores in AD patients and PD patients revealed a
non-significant difference in these scores between the two groups in
all tests (k=2; d=—-0.40; 95%CI —0.82 to 0.02; Figure 6B; Doty et al.,
1991; Jesmanas et al., 2021). Low heterogeneity was found across
studies (Q=0.54; p=0.46; I < 0.01%).

AD vs. FTD

The pooled data from two studies comparing olfactory
identification scores in AD patients and FTD patients revealed there
was no significant difference in olfactory identification scores between
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Effect %
group and study (95% ClI) Weight
UPSIT-10
Bahar-Fuchs 2010 —|—#— -0.55 (-1.15, 0.06) 322
Bahar-Fuchs 2011 ——T -0.38 (-0.94, 0.18) 3.52
Subgroup, DL (I* = 0.0%, p = 0.695) [ -0.46 (-0.87,-0.05)  6.74
1
UPSIT-40 :
Bathini 2020 I — -1.00 (-1.68, -0.32) 278
Djordjevic 2008 ——— -1.09 (-1.59,-0.59)  3.99
Tabert 2005 ——i -1.16 (-1.43, -0.89) 6.13
Vasavada 2017 —_— -1.02 (-1.73,-0.32) 2.65
Ward 2017 - 2 & -0.61 (-1.52, 0.29) 1.86
Woodward 2017 +: -1.17 (-1.40, -0.93) 6.50
Woodward 2018 - -0.87 (-1.05, -0.69) 7.08
Wu 2019 —_—— -0.91 (-1.43,-0.39) 3.80
Subgroup, DL (I = 0.0%, p = 0.509) < -1.01 (-1.12,-0.89)  34.80
1
$5-16 .
Chen 2022 ——— | -1.68 (-2.12, -1.24) 4.48
Doorduijn 2018 —— -0.92 (-1.50, -0.34) 3.39
Quarmley 2017 | == -0.63 (-0.82, -0.43) 6.91
Seligman 2013 -—— -0.74 (-0.98, -0.49) 6.42
Steinbach 2010 JI—.— -0.44 (-0.95, 0.08) 3.84
Wang 2021 —— 1 -1.43 (-1.79, -1.08) 5.30
Zhao 2020 —— -1.19 (-1.51, -0.86) 563
Subgroup, DL (I = 83.3%, p = 0.000) 0‘ -1.00 (-1.31,-0.69) 3598
1
YSK olfactory function test !
Kim 2020 -0.84 (-1.31,-0.37) 4.21
Subgroup, DL (IZ =0.0%,p=.) -0.84 (-1.31,-0.37) 421
1
Common odors (16 items) 1
Peters 2003 - - -0.19 (-1.06, 0.68) 1.96
Subgroup, DL (I* = 0.0%, p = ) -ﬁ:i:':__-—-— 019 (-1.06,068) 196
1
B-SIT 1
Reijs 2017 | m—— -0.42 (-0.84, 0.01) 4.61
Westervelt 2008 ——— -0.88 (-1.46, -0.30) 3.37
Subgroup, DL (I = 36.4%, p = 0.210) 'd|=> -0.60 (-1.05, -0.16) 7.98
1
0SIT-J |
Umeda-Kameyama 2017 —_—— -0.53 (-0.99, -0.07) 434
Yoshii 2019 —— -1.21 (-1.70, -0.71) 3.99
Subgroup, DL (I = 74.1%, p = 0.049) -dl_‘::— -0.86 (-1.52,-020)  8.33
Heterogeneity between groups: p = 0.061 !
Overall, DL (I = 64.4%, p = 0.000) é -0.90 (-1.04, -0.76) 100.00
| |
-2 2
FIGURE 2
Forest plot of olfactory identification scores in AD and MCI.

the two groups in all tests (k=2; d=0.29; 95%CI —0.19 to 0.76;
Figure 6C; McLaughlin and Westervelt, 2008; Kortvélyessy et al.,
2015). Low heterogeneity was found across studies (Q < 0.001;
p=0.981; < 0.01).

Moderator analysis

Subgroup analysis

For olfactory identification, olfactory threshold, and olfactory
discrimination, we performed subgroup analyses according to the
methods of smell tests separately in AD vs. each disease. We found in
group AD vs. MCI, there was significant heterogeneity in olfactory
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threshold (p <0.001) and olfactory discrimination (p <0.001), but not
in olfactory identification (p =0.061). No significant heterogeneity was
found in other groups.

Meta-regression

Meta-regression was carried out to explore the sources of
heterogeneity using demographic data, including age, sex (male%),
MMSE scores, and years of education. Comparative studies in each meta-
analysis with more than five articles were included. The summary of the
meta-regression results was presented in Table 2. The statistical results
indicated there was significant relationship between olfactory
identification score and age (p=0.031), between the score and MMSE
(p=0.016) as well as between the score and education years (p=0.023) in
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A
Effect %
var8 and study (95% ClI) Weight
$8-16
Doorduijn 2018 —_— i -2.17 (-2.87, -1.48) 24.37
1
Subgroup, DL (I = 0.0%, p = .) <> : -2.17 (-2.87,-1.48) 24.37
‘
!
YSK olfactory function test :
Kim 2020 —_— -0.87 (-1.35, -0.40) 27.36
Subgroup, DL (I’ = 0.0%, p = .) <> -0.87 (-1.35, -0.40) 27.36
i
i
n-butanol :
Peters 2003 —_— 0.77 (-1.67, 0.13) 21.42
Steinbach 2010 E —_— -0.29 (-0.80, 0.22) 26.85
Subgroup, DL (I* = 0.0%, p = 0.365) | < = -0.41 (-0.85, 0.04) 48.28
:
i
Heterogeneity between groups: p = 0.000 :
Overall, DL (I° = 83.7%, p = 0.000) <> -1.01(-1.77,-0.25)  100.00
T T
2 0 2
B
Effect %
var8 and study (95% Cl) Weight
Triplet of pens
Peters 2003 —_—t 0.07 (-0.80, 0.93) 16.85
!
Steinbach 2010 —0—:- -0.64 (-1.16,-0.11) 20.70
Subgroup, DL (I’ = 45.6%, p = 0.175) C> -0.37 (-1.04, 0.29) 37.56
i
!
modified version of pens :
i
Dijordjevic 2008 —_— 067 (-1.15,-0.19)  21.16
Subgroup, DL (1" = 0.0%, p = ) <>i 067 (-1.15,-0.19)  21.16
i
i
$8-16 !
Doorduijn 2018 : R 1.12 (0.53, 1.72) 19.97
i
Subgroup, DL (I’ = 0.0%, p = .) ' O 1.12(0.53,1.72) 19.97
i
!
YSK olfactory function test .
Kim 2020 —_—— -0.56 (-1.02, -0.10) 21.32
!
Subgroup, DL (I* = 0.0%, p =) <> 056 (-1.02,-0.10)  21.32
i
i
Heterogeneity between groups: p = 0.000 !
Overall, DL (I = 85.7%, p = 0.000) <7:> -0.16 (-0.82,0.50)  100.00
T T
-2 0 2
FIGURE 3
Forest plot of (A) olfactory threshold scores; and (B) olfactory discrimination scores in AD and MCI.

group AD vs. LBD. No significant association was found between any
other variables and odor identification scores. Further details were
presented in Supplementary Figures 11-18.

Discussion

The meta-analysis began with a thorough search for the most
updated available data on comparison of olfactory function between
AD and MCI, also between AD and other neurological diseases.
We then qualitatively and quantitatively analyzed the olfactory
performance between AD and various conditions, and further tested
the potential effect of smell test methods on results through subgroup
analyses. Finally, we performed meta-regression analyses to explore

Frontiers in Aging Neuroscience

09

the sources of heterogeneity and the potential moderating factors on
the included smell tests.

The meta-analysis revealed significant disparity between AD and
MCI, LBD, depression, and VaD in olfactory functions. Most of above
smell tests evaluated on olfactory identification, and olfactory
threshold were applied in a few studies to distinguishing AD from
MCI. Meanwhile, it was suggested that neither PD nor FID could
be differentiated from AD by different smell tests. Nevertheless, this
irrelevance may be due to small sample sizes, and large confidence
intervals and few types of smell tests in meta-analyses. Therefore,
more studies, larger sample sizes, as well as more methods of smell
tests are required in the future to draw more accurate results.

In the meantime, olfactory impairment was reported in AD
patients, PD patients, and MCI patients, respectively, in prior
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meta-analyses. Comparing AD and PD patients to health controls, a
large effect size (d =3.36) was demonstrated between AD patients and
health controls in Mesholam’s meta-analysis, in which patients with
AD and PD showed a severe decline in olfactory identification
(Mesholam et al.,, 1998). Another research by Rahayel et al. which
characterized AD and PD patterns of deficits across different olfactory

10.3389/fnagi.2023.1249512

tasks also observed significant impairment in olfaction in AD patients
compared to health controls with a large effect size (d =1.73; Rahayel
et al,, 2012). While there was a much smaller degree of olfactory
impairment in MCI patients (Roalf et al., 2017). Also, in line with
Mesholam’s meta-analysis, no differences in olfactory deficits were
found between patients with AD and PD in our study. This may

Effect %
group and study (95% ClI) Weight
B-SIT )

Forsberg 2020 —— 0.87 (0.51, 1.24) 15.43
Westervelt 2016 —— 1.10 (0.61, 1.59) 12.19
Westervelt 2003 —s——— 170 (0.61, 2.80) 4.23
1
Yoo 2017 - 0.34 (0.10, 0.58) 18.93
Yoo 2018 - 0.37 (0.02, 0.71) 15.90
Subgroup, DL (I = 75.4%, p = 0.003) <> 0.73(0.36, 1.10)  66.68
1
1
0SIT-J
Inagawa 2020 —— 0.82 (0.22, 1.43) 9.80
Subgroup, DL (I* = 0.0%, p = .) < 0.82 (0.22, 1.43) 9.80
1
1
The Open Essence Smell Identification test i
Sato 2011 —— 0.77 (0.33, 1.21) 13.38
Subgroup, DL (I = 0.0%, p = .) <> 0.77 (0.33,1.21)  13.38
S5-16
Williams 2009 —_— 0.65 (0.07, 1.24) 10.14
Subgroup, DL (I2 =0.0%,p=.) <> 0.65 (0.07, 1.24) 10.14
1
1
Heterogeneity between groups: p = 0.981 i
Overall, DL (I2 =60.1%, p = 0.014) 0 0.71 (0.46, 0.96) 100.00
T T
-2 0 2
FIGURE 4
Forest plot of olfactory identification scores in AD and LBD.

Effect %
group and study (95% Cl) Weight
SS-16
Chen 2018 i —_— -1.65(-2.03,-1.28)  21.86
Pentzek 2007 _._._ -4.00 (-5.09, -2.91) 19.66
Subgroup, DL (I* = 93.7%, p = 0.000) <> 277 (5.06,-047) 4152
PST :

Duff 2002 _— -4.74 (-5.97,-3.51) 19.07
McCaffrey 2000 —_— -4.57 (-5.77,-3.37) 19.21
Solomon 1998 —_— -3.24(-4.20,-229) 2020
Subgroup, DL (I* = 57.1%, p = 0.097) C'> -412(-5.11,-313) 5848
Heterogeneity between groups: p = 0.289 E
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T
5 0
FIGURE 5
Forest plot of olfactory identification scores in AD and depression.
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c Effect %
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FIGURE 6
Forest plot of olfactory identification scores in AD and (A) VaD; (B) PD, and (C) FTD.

suggest that AD and PD had a similar disturbance in olfactory
identification (p =0.46).

AD vs. MCI

We expanded and updated synthesized data on the olfactory
function of AD patients and MCI patients. Consistent with another
study directly comparing olfactory function in AD patients and MCI
patients (Jung et al., 2019), our results revealed that the olfactory
impairment of AD patients was significantly worse than that of MCI
patients with a large effect size since the Cohen’s d was —0.90, while a
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medium-to-large effect size (d =0.64) was reported in that previous
meta-analysis. We also noticed that depending on the methods of
smell test, the differences of olfactory impairment between AD
patients and MCI patients varied as well.

We applied subgroup analyses of smell test methods in data
processing. It is notable that the UPSIT (40 items) was the most
preferred smell test in comparison of AD patients and MCI patients.
Among all smell tests, the UPSIT fared best in differentiating the two,
with scores significantly lower in AD patients than that in MCI
patients. The UPSIT, also known as a starch and sniff test, is a multi-
optional smell test that encourages self-administration (Doty et al.,
1984). Multiple versions of the UPSIT according to cultural adaptation
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TABLE 2 Statistical results of meta-regression analyses in groups AD vs. MCl or LBD.

Disease K T 95%ClI Adj R? p-value

AD vs. MCI Age 23 1.54 —0.01 to 0.07 13.38% 0.138
Sex (male%) 21 1.50 —0.01 to 0.03 3.37% 0.150
MMSE 16 0.78 —0.04 to 0.09 —6.08% 0.451
Education 14 1.28 —0.04 t0 0.14 4.25% 0.224

AD vs. LBD Age 7 2.97 0.01 to 0.12 100.00% 0.031%*
Sex (male%) 8 —0.23 —0.04 t0 0.03 —36.15% 0.823
MMSE 8 —3.31 —0.36 to —0.05 100.00% 0.016*
Education 6 3.60 0.05to 0.37 100.00% 0.023%*

K, number of the studies included in the meta-regression analyses; Adj R? adjusted R* MMSE, Mini-mental state examination; AD, Alzheimer’s disease; MCI, Mild cognitive impairment;

LBD, Lewy body disease.
*P < 0.05.

have been published and now it is a widely used and highly credible
smell identification test worldwide. However, not all smell tests can
distinguish the olfactory performance of AD patients from MCI
patients. As shown in the forest plot Figure 2, the common odors (16
items) failed in differentiating AD patients from MCI patients. Our
forest plot showed that in addition to the UPSIT, the SS was also
commonly used in identifying olfactory function in MCI and
AD. According to the number of odorants, there are three versions of
the SS, including SS-12, SS-16, and SS-48, while the SS-16 is most
frequently used in the studies included in the meta-analysis. The SS
also covers three aspects of olfactory functions, olfactory identification,
olfactory discrimination, and olfactory threshold (Hummel
etal., 1997).

The use of meta-regression is another novel feature of our meta-
analysis. Through it, we found none of the variables we included (age,
sex, MMSE scores, education years) had significant association with
olfactory identification scores in group AD vs. MCL

The insignificant association between MMSE scores and olfactory
identification scores is somewhat surprising because the recent claim
supported that olfactory identification requires a fully functional
peripheral chemosensory system and central processing including
memory and cognition (Pacyna et al, 2022). Some studies have
indicated a significant link between olfactory identification
impairment and cognition decline (Devanand, 2016; Wang et al.,
2021). Using a mixed model of continuous cognitive outcomes in a
longitudinal study of geriatric cohorts, researchers discovered that
impaired olfaction was associated with incidence of MCI and amnestic
mild cognitive impairment (aMCI) as well as worsened cognitive
performance during follow-up (Roberts et al., 2016). Based on the
facts mentioned above, it makes common sense that the MMSE, a
screening method frequently used in AD to grade the cognitive status
(Folstein et al., 1975), should be associated with the difference of
olfactory identification scores between AD and MCI patients.
However, our result is consistent with a meta-analysis by Roalf et al.
which challenged the prior understanding since the authors found no
significant relationship between MMSE scores and olfactory scores in
comparing MCI patients and healthy controls (Roalf et al., 2017). The
insignificant association may be due to the MMSE test is less
informative than other detecting methods. The Montreal cognitive
assessment, which is more sensitive than MMSE test, shows a higher
advantage in distinguishing between MCI and AD, which also
confirms that MMSE may be too simple to effectively distinguish
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between these two conditions (Pinto et al., 2019). The MoCA test
contains more robust measures of higher-level language abilities as
well as visuospatial and executive function (Nasreddine et al., 2005).
Therefore, we appeal for a more complete and sensitive cognitive
assessment, such as the MoCA test, to evaluate cognitive impairment
in people with AD spectrum disorders.

AD vs. LBD

Additionally, we contrasted the results of olfactory identification
tests between AD and LBD, the latter comprising dementia with Lewy
bodies (DLB) and Parkinson’s disease dementia. While DLB is the
second most prevalent form of neurodegenerative dementia (McKeith
et al,, 2017). The clinical course of LBD typically progresses rapidly,
which also calls for an effective tool for early screening and differential
diagnosis. For the above reasons, it is an urgent need for a
straightforward, user-friendly, and affordable test in diagnosis of
LBD. Our meta-analysis showed that LBD has more severe olfactory
impairment in olfactory identification than that in AD, with a
somewhat larger effect size (d =0.71). Consistently, several studies
highlighted the advantages of smell tests in the detection and
screening of AD and LBD, and the olfactory identification test appears
to be a reliable approach and could match the need for early differential
diagnosis of the above two diseases (Williams et al., 2009; Yoo et al.,
2018). Since AD pathology is frequent accompanied with LBD at
autopsy, atypical LBD patients (combined with AD pathology) can
appear clinically equivalent to patients with AD, while their primary
pathology can later be discovered in autopsy (McKeith et al., 2016;
Robinson et al.,, 2018; Walker et al., 2021). Whereas our results
revealed different degree of olfactory impairment in AD and LBD
patients, the further application of smell test in the future may
be helpful for clinical identification of these patients with
atypical syndrome.

Furthermore, the subgroup analysis in comparison of AD
with LBD revealed that unlike the group AD vs. MCI, B-SIT was
the most commonly used smell test in olfactory identification.
B-SIT is a condensed cross-cultural version of the UPSIT with
only 12 items instead of 40 items in UPSIT (Doty et al., 1996).
The widespread application of B-SIT in patients with dementia
may be attributed to some reasons as followed. Firstly, the
patients with dementia needed assistance from others and their
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short-term memory window is relatively small, so the smell test
for them should be conveniently carried out at the bedside and
as quick as possible (Kjelvik et al., 2007). Moreover, B-SIT’s
efficacy has gradually been demonstrated in various cultures and
numerous neurodegenerative illnesses, suggesting that in the
future it may be applied more frequently in dementia patients
(Cao et al, 2019). Lastly, the diagnostic effectiveness of B-SIT
was no less than that of other methods, since there were little
differences between the various smell test methods (B-SIT, the
Open Essence Smell Identification test, OSIT-J, SS-16) in the
meta-analysis.

Another intriguing result we observed in the moderator
analysis was that the years of education was an influential factor in
meta-analysis and the difference of olfactory identification scores
between LBD and AD patients was shown to be positively correlated
with the years of education. The result somehow challenged the
previous view that longer years of education were associated with
lower risk of dementia (Vemuri et al.,, 2014). But a few studies
revealed similar results to us. One indicated that longer years of
education were more prevalent in DLB individuals than in patients
with AD (Boot et al., 2013). Furthermore, it was found in another
study that longer years of education was associated with earlier LBD
onset (Schaffert et al., 2020). This phenomenon is not limited to
LBD since a case—control study also showed that subjects with
higher education and physicians had an increased risk of PD
(Frigerio et al., 2005). Further investigation is needed to explore this
contradictory phenomenon. Age and MMSE scores may also
account for the heterogeneity across studies in group AD vs. LBD,
which is consistent with previous opinion that olfactory function
declines with age (Doty, 2018), and that higher MMSE scores imply
better cognitive status and may represent diseases at earlier stage,
which may be the reason that there is a smaller olfactory score
difference between LBD and AD patients.

AD vs. depression

Depression is a potential risk factor of Alzheimer’s disease (Walker
etal, 2021). Additionally, depressive symptom is considered to be the
most significant non-cognitive clinical manifestation of AD (Aalten
etal,, 2007). Given the description above, it is evident that depression
and AD are easily confused. Therefore, the assessment of clinically
relevant biomarkers, such as smell tests, may be effective and
convenient methods for early screening and identification of
depression and AD.

The value of smell tests in discrimination of these two diseases has
already been verified both in previous studies and our meta-analysis
(Solomon et al., 1998; McCaffrey et al., 2000; Duff et al., 2002; Pentzek
etal., 2007; Chen et al., 2018). Our results revealed that the olfactory
identification ability of AD patients was substantially worse than that
of depression patients, with a sizeable effect size (d=—3.59). While the
patients with depression usually maintained a relatively intact
olfactory identification function. Through subgroup analysis,
we discovered that the PST was most frequently administrated in
comparative studies to assess the olfactory function of AD and
depression and with a better discernment. The PST, a simplified
version of the UPSIT, is a 3-item microencapsulated “scratch-and-
sniff” test (Duff et al., 2002).
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Strength and weakness

This is the first comprehensive systematic review and meta-
analysis comparing olfactory impairment in AD and other
neurodegenerative conditions. Our study revealed that some
neurodegenerative conditions, including MCI, LBD, depression,
and VaD could be distinguished from AD by smell tests. We also
analyzed various methods of smell tests and conducted subgroup
analyses to evaluate if they can different AD from MCI and from
other neurodegenerative conditions. Ultimately, we discovered
that the UPSIT and its cross-cultural simplified version, the B-SIT,
were the most commonly used smell tests. Additionally,
we performed moderator analyses to investigate the potential
impact of several demographic factors on the outcomes of the
smell test. Overall, we discovered that the smell test is an
appropriate as well as practical clinical technique for early
detection and  discrimination of AD and other
neurodegenerative disorders.

However, there are some limitations in our meta-analysis. Firstly,
sample sizes in the comparative meta-analysis of AD with several other
diseases were relatively small. Only five studies were included in the
comparison of olfactory impairment between AD and depression, three
studies were included to compare AD with VaD, while only two studies
were included to compare AD with PD or with FTD. The insufficient
number of research may affect the validity of these analyses and made
it infeasible to analyze sensitivity, publication bias as well as moderator
variables in these groups. As the literature updates, these above statistical
analyses should be supplemented in the future. In addition, we only
included literature in English since there was no eligible Chinese
literature matched with our inclusion criteria in searching Chinese
article database. Furthermore, due to the dearth of data, we were unable
to perform moderator analyses on several variables, such as duration
years and smoking history. Furthermore, due to the insufficient data,
we were unable to test the sensitivity or specificity of smell tests to assess
the power of each smell test in clinical discrimination, and this should
be improved in subsequent research as well. Finally, the literature
we reviewed was restricted to cross-sectional research, while further
longitudinal researches need to be proceeded in the future to explore
how olfactory impairment in AD and other conditions progress
over time.

Conclusion

In summary, our finding suggest that smell tests have potential
capacity in distinguishing AD from MCI, and from other diseases,
while it can also be widely used as a dynamic monitoring biomarker
suitable for research and clinical use for its low cost and ease of testing.
As the application of the UPSIT is currently frequent, we also
recommend more use of the B-SIT in the future since it is easy to
perform with various cross-cultural forms. Eventually, it is worth
mentioning that, although the smell test can be applied for early
screening as well as the differential diagnosis of AD and other
conditions, we do not recommend to use smell tests to diagnose these
conditions independently. For neurodegenerative conditions, early
smell tests may be helpful in identifying patients who need further
expensive or invasive pathological diagnostic tests and patients who
need to take preventative measures due to possible cognitive loss.

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1249512
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Liu et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

HP designed the study and revised and edited the manuscript. SL,
Z},JZ,7ZL, RL, and YQ performed the literature search, data extraction,
and analysis. SL, ZJ, and JZ wrote the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by Grants from Natural Science
Foundation of Guangdong Province (grant no. 2023A1515010268),
Key Areas Research and Development Programs of Guangdong
Province (2022B1111020006), and Guangdong Provincial Science and
Technology Plan Project (grant no. 2013A022100035).

Acknowledgments

We thank Professor Hui Lin of the Army Medical
University for his valuable comments on statistics. We would

References

Aalten, P, Verhey, E. R., Boziki, M., Bullock, R., Byrne, E. J., Camus, V., et al.
(2007). Neuropsychiatric syndromes in dementia. Results from the European
Alzheimer disease consortium: part I. Dement. Geriatr. Cogn. Disord. 24, 457-463.
doi: 10.1159/000110738

Bahar-Fuchs, A., Chételat, G., Villemagne, V. L., Moss, S., Pike, K., Masters, C. L., et al.
(2010). Olfactory deficits and amyloid-p burden in Alzheimer's disease, mild cognitive
impairment, and healthy aging: a PiB PET study. J. Alzheimers Dis. 22, 1081-1087. doi:
10.3233/JAD-2010-100696

Bahar-Fuchs, A., Moss, S., Rowe, C., and Savage, G. (2011). Awareness of olfactory
deficits in healthy aging, amnestic mild cognitive impairment and Alzheimer's disease.
Int. Psychogeriatr. 23, 1097-1106. doi: 10.1017/51041610210002371

Bathini, P, Foucras, S., Dupanloup, I, Imeri, H., Perna, A., Berruex, J. L., et al. (2020).
Classifying dementia progression using microbial profiling of saliva. Alzheimers Dement.
12:12000. doi: 10.1002/dad2.12000

Boot, B. P, Orr, C. E, Ahlskog, J. E., Ferman, T. ], Roberts, R., Pankratz, V. S, et al.
(2013). Risk factors for dementia with Lewy bodies: a case-control study. Neurology 81,
833-840. doi: 10.1212/WNL.0b013e3182a2cbd1

Braak, H., and Del Tredici, K. (2015). The preclinical phase of the pathological
process underlying sporadic Alzheimer's disease. Brain 138, 2814-2833. doi: 10.1093/
brain/awv236

Brookmeyer, R., Gray, S., and Kawas, C. (1998). Projections of Alzheimer's disease in
the United States and the public health impact of delaying disease onset. Am. J. Public
Health 88, 1337-1342. doi: 10.2105/AJPH.88.9.1337

Cao, M, Li, Y., Gu, Z., Mi, T, Xu, X., Ma, C,, et al. (2019). Validation of the utility of
the brief smell identification test in Chinese patients with Parkinson's disease. J. Clin.
Neurosci. 60, 68-72. doi: 10.1016/j.jocn.2018.10.023

Chen, B., Wang, Q.,, Zhong, X., Mai, N., Zhang, M., Zhou, H., et al. (2022). Structural
and functional abnormalities of olfactory-related regions in subjective cognitive decline,
mild cognitive impairment, and Alzheimer's disease. Int. J. Neuropsychopharmacol. 25,
361-374. doi: 10.1093/ijnp/pyab091

Chen, B., Zhong, X., Mai, N., Peng, Q., Wu, Z., Ouyang, C,, et al. (2018). Cognitive
impairment and structural abnormalities in late life depression with olfactory
identification ~impairment: an  Alzheimer's disease-like pattern. Int. J.
Neuropsychopharmacol. 21, 640-648. doi: 10.1093/ijnp/pyy016

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1249512

also like to express our gratitude to Professor Kairun Peng
from Department of Neurology, General Hospital of Southern
Theater

our study.

Command for his insightful suggestions on

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1249512/
full#supplementary-material

Cohen, J. (1992). A power primer. Psychol. Bull. 112, 155-159. doi:

10.1037/0033-2909.112.1.155

Dan, X., Wechter, N., Gray, S., Mohanty, J. G., Croteau, D. L., and Bohr, V. A. (2021).
Olfactory dysfunction in aging and neurodegenerative diseases. Ageing Res. Rev.
70:101416. doi: 10.1016/j.arr.2021.101416

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

Djordjevic, J., Jones-Gotman, M., De Sousa, K., and Chertkow, H. (2008). Olfaction
in patients with mild cognitive impairment and Alzheimer's disease. Neurobiol. Aging
29, 693-706. doi: 10.1016/j.neurobiolaging.2006.11.014

Doorduijn, A., Schueren, M. D. V. D,, van de Rest, O., Kester, M. I, Van der
Flier, W. M, Visser, M., et al. (2018). Impaired olfactory and gustatory functioning in
patients with ALZHEIMER'S disease and mild cognitive impairment: the NUDAD
PROJECT. Alzheimers Dement. 14:P990. doi: 10.1016/j.jalz.2018.06.1341

Doty, R. L. (2018). Age-related deficits in taste and smell. Otolaryngol. Clin. North Am.
51, 815-825. doi: 10.1016/j.0tc.2018.03.014

Doty, R. L., Marcus, A., and Lee, W. W. (1996). Development of the 12-item cross-
cultural smell identification test (CC-SIT). Laryngoscope 106, 353-356. doi:
10.1097/00005537-199603000-00021

Doty, R. L., Perl, D. P, Steele, J. C., Chen, K. M., Pierce, J. D. Jr., Reyes, P, et al. (1991).
Odor identification deficit of the parkinsonism-dementia complex of Guam: equivalence
to that of Alzheimer's and idiopathic Parkinson's disease. Neurology 41, 77-80. doi:
10.1212/WNL.41.5_Suppl_2.77

Doty, R. L., Shaman, P, Kimmelman, C. P,, and Dann, M. S. (1984). University of
Pennsylvania Smell Identification Test: a rapid quantitative olfactory function test for
the clinic. Laryngoscope 94, 176-178. doi: 10.1288/00005537-198402000-00004

Duff, K., McCaffrey, R. J., and Solomon, G. S. (2002). The pocket smell test:
successfully discriminating probable Alzheimer's dementia from vascular dementia and
major depression. J. Neuropsychiatry Clin. Neurosci. 14, 197-201. doi: 10.1176/
jnp.14.2.197

Folstein, M. E, Folstein, S. E., and McHugh, P. R. (1975). "Mini-mental state". A
practical method for grading the cognitive state of patients for the clinician. J. Psychiatr.
Res. 12, 189-198. doi: 10.1016/0022-3956(75)90026-6

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1249512
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1249512/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1249512/full#supplementary-material
https://doi.org/10.1159/000110738
https://doi.org/10.3233/JAD-2010-100696
https://doi.org/10.1017/S1041610210002371
https://doi.org/10.1002/dad2.12000
https://doi.org/10.1212/WNL.0b013e3182a2cbd1
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1093/brain/awv236
https://doi.org/10.2105/AJPH.88.9.1337
https://doi.org/10.1016/j.jocn.2018.10.023
https://doi.org/10.1093/ijnp/pyab091
https://doi.org/10.1093/ijnp/pyy016
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1016/j.arr.2021.101416
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1016/j.neurobiolaging.2006.11.014
https://doi.org/10.1016/j.jalz.2018.06.1341
https://doi.org/10.1016/j.otc.2018.03.014
https://doi.org/10.1097/00005537-199603000-00021
https://doi.org/10.1212/WNL.41.5_Suppl_2.77
https://doi.org/10.1288/00005537-198402000-00004
https://doi.org/10.1176/jnp.14.2.197
https://doi.org/10.1176/jnp.14.2.197
https://doi.org/10.1016/0022-3956(75)90026-6

Liu et al.

Forsberg, L. K., Syrjanen, J. A., Ferman, T. J., Boeve, B. E, Miyagawa, T,
Graff-Radford, N, et al. (2021). Brief smell identification test performance in RBD,
DLB and AD. Neurology 17:1583. doi: 10.1002/alz.055830

Frigerio, R., Elbaz, A., Sanft, K. R,, Peterson, B. J., Bower, J. H., Ahlskog, J. E., et al.
(2005). Education and occupations preceding Parkinson disease: a population-based
case-control study. Neurology 65, 1575-1583. doi: 10.1212/01.wnl.0000184520.21744.a2

Hedges, L. V., and Olkin, I, (1985). Statistical methods for meta-analysis, Orlando,
Florida, London, England, Academic Press, Inc

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. Senses 22, 39-52. doi: 10.1093/
chemse/22.1.39

Inagawa, Y., Kanetaka, H., Tsugawa, A., Sakurai, S., Serisawa, S., Shimizu, S., et al.
(2020). Efficacy of olfactory and Pareidolia tests compared with that of indicative
biomarkers in diagnosis of dementia with Lewy bodies. Front. Neurol. 11:540291. doi:
10.3389/fneur.2020.540291

Jesmanas, S., Gleizniené, R., Baranauskas, M., Matijogaitis, V., and Rastenyté, D.
(2021). Odor identification and regional Gray matter atrophy in patients with
Alzheimer's disease, Parkinson's disease, and the healthy elderly: a cross-sectional
structural MRI study. Brain Sci. 11:1296. doi: 10.3390/brainscil1101296

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

Kim, H. R, Kim, S. M., Seong, W,, Min, H. J., Kim, K. S., Ga, H., et al. (2020). Cut-off
scores of an olfactory function test for mild cognitive impairment and dementia.
Psychiatry Investig. 17, 1021-1030. doi: 10.30773/pi.2020.0203

Kivipelto, M., Mangialasche, E, Snyder, H. M., Allegri, R., Andrieu, S., Arai, H., et al.
(2020). World-wide FINGERS network: a global approach to risk reduction and
prevention of dementia. Alzheimers Dement. 16, 1078-1094. doi: 10.1002/alz.12123

Kjelvik, G., Sando, S. B., Aasly, J., Engedal, K. A., and White, L. R. (2007). Use of the
brief smell identification test for olfactory deficit in a Norwegian population with
Alzheimer's disease. Int. J. Geriatr. Psychiatry 22, 1020-1024. doi: 10.1002/gps.1783

Kortvélyessy, P., Gukasjan, A., Sweeney-Reed, C. M., Heinze, H. J., Thurner, L., and
Bittner, D. M. (2015). Progranulin and amyloid-f levels: relationship to neuropsychology
in frontotemporal and Alzheimer's disease. J. Alzheimers Dis. 46, 375-380. doi: 10.3233/
JAD-150069

Luzzi, S., Snowden, J. S., Neary, D., Coccia, M., Provinciali, L., and Lambon
Ralph, M. A. (2007). Distinct patterns of olfactory impairment in Alzheimer's disease,
semantic dementia, frontotemporal dementia, and corticobasal degeneration.
Neuropsychologia 45, 1823-1831. doi: 10.1016/j.neuropsychologia.2006.12.008

Marine, N., and Boriana, A. (2014). Olfactory markers of depression and Alzheimer's
disease. Neurosci. Biobehav. Rev. 45, 262-270. doi: 10.1016/j.neubiorev.2014.06.016

McCaffrey, R. J., Duff, K., and Solomon, G. S. (2000). Olfactory dysfunction
discriminates probable Alzheimer's dementia from major depression: a cross-validation
and extension. J. Neuropsychiatry Clin. Neurosci. 12, 29-33. doi: 10.1176/jnp.12.1.29

McKeith, I. G., Boeve, B. E, Dickson, D. W,, Halliday, G., Taylor, J. P., Weintraub, D.,
et al. (2017). Diagnosis and management of dementia with Lewy bodies: fourth
consensus report of the DLB consortium. Neurology 89, 88-100. doi: 10.1212/
‘WNL.0000000000004058

McKeith, I, Taylor, J. P, Thomas, A., Donaghy, P, and Kane, J. (2016). Revisiting DLB
diagnosis: a consideration of prodromal DLB and of the diagnostic overlap with Alzheimer
disease. J. Geriatr. Psychiatry Neurol. 29, 249-253. doi: 10.1177/0891988716656083

McLaughlin, N. C. R., and Westervelt, H. J. (2008). Odor identification deficits in
frontotemporal dementia: a preliminary study. Arch. Clin. Neuropsychol. 23, 119-123.
doi: 10.1016/j.acn.2007.07.008

Mesholam, R. I, Moberg, P. J., Mahr, R. N., and Doty, R. L. (1998). Olfaction in
neurodegenerative disease: a meta-analysis of olfactory functioning in Alzheimer's and
Parkinson's diseases. Arch. Neurol. 55, 84-90. doi: 10.1001/archneur.55.1.84

Moberg, P. ], Doty, R. L., Mahr, R. N., Mesholam, R. I, Arnold, S. E., Turetsky, B. L,
etal. (1997). Olfactory identification in elderly schizophrenia and Alzheimer's disease.
Neurobiol. Aging 18, 163-167. doi: 10.1016/S0197-4580(97)00015-8

Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G. (2009). Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med.
6:¢1000097. doi: 10.1371/journal.pmed.1000097

Motomura, N., and Tomota, Y. (2006). Olfactory dysfunction in dementia of
Alzheimer's type and vascular dementia. Psychogeriatrics 6, 19-20. doi:
10.1111/j.1479-8301.2006.00119.x

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool
for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699. doi:
10.1111/j.1532-5415.2005.53221.x

Naudin, M., Mondon, K., El-Hage, W., Desmidt, T., Jaafari, N., Belzung, C., et al.
(2014). Long-term odor recognition memory in unipolar major depression and
Alzheimer's disease. Psychiatry Res. 220, 861-866. doi: 10.1016/j.psychres.2014.08.050

Nichols, E., Steinmetz, J. D., Vollset, S. E., Fukutaki, K., Chalek, J., Abd-Allah, E, et al.
(2022). Estimation of the global prevalence of dementia in 2019 and forecasted

Frontiers in Aging Neuroscience

15

10.3389/fnagi.2023.1249512

prevalence in 2050: an analysis for the global burden of disease study 2019. Lancet Public
Health 7, €105-e125. doi: 10.1016/52468-2667(21)00249-8

Pacyna, R. R,, Han, S. D., Wroblewski, K. E., McClintock, M. K., and Pinto, J. M.
(2022). Rapid olfactory decline during aging predicts dementia and GMV loss in AD
brain regions. Alzheimers Dement. 19, 1479-1490. doi: 10.1002/alz.12717

Passler, J. S., Doty, R. L., Dolske, M. C., St Louis, P. G., Basignani, C., Pepe, J. W, et al.
(2017). Olfactory ability in normal pressure hydrocephalus as compared to Alzheimer's
disease and healthy controls. J. Neurol. Sci. 372, 217-219. doi: 10.1016/j.jns.2016.11.049

Pentzek, M., Grass-Kapanke, B., and Thl, R. (2007). Odor identification in Alzheimer's
disease and depression. Aging Clin. Exp. Res. 19, 255-258. doi: 10.1007/BF03324698

Peters, J. M., Hummel, T., Kratzsch, T., Létsch, J., Skarke, C., and Frélich, L. (2003).
Olfactory function in mild cognitive impairment and Alzheimer's disease: an
investigation using psychophysical and electrophysiological techniques. Am. J. Psychiatry
160, 1995-2002. doi: 10.1176/appi.ajp.160.11.1995

Pinto, T. C. C., Machado, L., Bulgacov, T. M., Rodrigues-Junior, A. L., Costa, M. L. G.,
Ximenes, R. C. C,, et al. (2019). Is the Montreal cognitive assessment (MoCA) screening
superior to the Mini-mental state examination (MMSE) in the detection of mild
cognitive impairment (MCI) and Alzheimer's disease (AD) in the elderly? Int.
Psychogeriatr. 31, 491-504. doi: 10.1017/s1041610218001370

Quarmley, M., Moberg, P. J., Mechanic-Hamilton, D., Kabadi, S., Arnold, S. E.,
Wolk, D. A., et al. (2017). Odor identification screening improves diagnostic
classification in incipient Alzheimer's disease. J. Alzheimers Dis. 55, 1497-1507. doi:
10.3233/JAD-160842

Rahayel, S., Frasnelli, J., and Joubert, S. (2012). The effect of Alzheimer's disease and
Parkinson's disease on olfaction: a meta-analysis. Behav. Brain Res. 231, 60-74. doi:
10.1016/j.bbr.2012.02.047

Reijs, B. L. R., Ramakers, I. H. G. B., Elias-Sonnenschein, L., Teunissen, C. E.,
Koel-Simmelink, M., Tsolaki, M., et al. (2017). Relation of odor identification with
Alzheimer's disease markers in cerebrospinal fluid and cognition. J. Alzheimers Dis. 60,
1025-1034. doi: 10.3233/JAD-170564

Roalf, D. R., Moberg, M. J., Turetsky, B. I, Brennan, L., Kabadji, S., Wolk, D. A,, et al.
(2017). A quantitative meta-analysis of olfactory dysfunction in mild cognitive
impairment. J. Neurol. Neurosurg. Psychiatry 88, 226-232. doi: 10.1136/
jnnp-2016-314638

Roberts, R. O., Christianson, T. J., Kremers, W. K., Mielke, M. M., Machulda, M. M.,
Vassilaki, M., et al. (2016). Association between olfactory dysfunction and amnestic mild
cognitive impairment and Alzheimer disease dementia. JAMA Neurol. 73, 93-101. doi:
10.1001/jamaneurol.2015.2952

Robinson, J. L., Lee, E. B, Xie, S. X., Rennert, L., Suh, E., Bredenberg, C., et al. (2018).
Neurodegenerative disease concomitant proteinopathies are prevalent, age-related and
APOE4-associated. Brain 141, 2181-2193. doi: 10.1093/brain/awy146

Sato, T., Hanyu, H., Kume, K., Takada, Y., Onuma, T., and Iwamoto, T. (2011).
Difference in olfactory dysfunction with dementia with lewy bodies and Alzheimer's
disease. J. Am. Geriatr. Soc. 59, 947-948. doi: 10.1111/j.1532-5415.2011.03380.x

Schaffert, J., LoBue, C., White, C. L. 3rd, Wilmoth, K., Didehbani, N., Lacritz, L., et al.
(2020). Risk factors for earlier dementia onset in autopsy-confirmed Alzheimer's disease,
mixed Alzheimer's with Lewy bodies, and pure Lewy body disease. Alzheimers Dement.
16, 524-530. doi: 10.1002/alz.12049

Seligman, S. C., Kamath, V., Giovannetti, T., Arnold, S. E., and Moberg, P. J. (2013).
Olfaction and apathy in Alzheimer's disease, mild cognitive impairment, and healthy
older adults. Aging Ment. Health 17, 564-570. doi: 10.1080/13607863.2013.768208

Serby, M., Larson, P, and Kalkstein, D. (1991). The nature and course of olfactory
deficits in Alzheimer's disease. Am. J. Psychiatry 148, 357-360. doi: 10.1176/
ajp.148.3.357

Solomon, G. S., Petrie, W. M., Hart, J. R, and Brackin, H. B. Jr. (1998). Olfactory
dysfunction discriminates Alzheimer's dementia from major depression. J.
Neuropsychiatry Clin. Neurosci. 10, 64-67. doi: 10.1176/jnp.10.1.64

Steinbach, S., Hundt, W, Vaitl, A., Heinrich, P, Forster, S., Biirger, K., et al. (2010).
Taste in mild cognitive impairment and Alzheimer's disease. J. Neurol. 257, 238-246.
doi: 10.1007/s00415-009-5300-6

Sundermann, E. E., Fields, A., Saloner, R., Gouaux, B., Bharti, A., Murphy, C., et al.
(2021). The utility of olfactory function in distinguishing early-stage Alzheimer's disease
from HIV-associated neurocognitive disorders. AIDS 35, 429-437. doi: 10.1097/
QAD.0000000000002761

Tabert, M. H,, Liu, X,, Doty, R. L., Serby, M., Zamora, D., Pelton, G. H,, et al. (2005).
A 10-item smell identification scale related to risk for Alzheimer's disease. Ann. Neurol.
58, 155-160. doi: 10.1002/ana.20533

Tkalci¢, M., Spasi¢, N., Ivankovi¢, M., Pokrajac-Bulian, A., and Bosanac, D. (2011).
Odor identificatiOn and cognitive abilities in alzheimer's disease. Transl. Neurosci. 2,
233-240. doi: 10.2478/s13380-011-0026-1

Umeda-Kameyama, Y., Ishii, S., Kameyama, M., Kondo, K., Ochi, A., Yamasoba, T.,
et al. (2017). Heterogeneity of odorant identification impairment in patients with
Alzheimer's disease. Sci. Rep. 7:4798. doi: 10.1038/541598-017-05201-7

Vasavada, M. M., Martinez, B., Wang, J., Eslinger, P. ], Gill, D. J., Sun, X, et al.
(2017). Central olfactory dysfunction in Alzheimer's disease and mild cognitive

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1249512
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/alz.055830
https://doi.org/10.1212/01.wnl.0000184520.21744.a2
https://doi.org/10.1093/chemse/22.1.39
https://doi.org/10.1093/chemse/22.1.39
https://doi.org/10.3389/fneur.2020.540291
https://doi.org/10.3390/brainsci11101296
https://doi.org/10.1002/lary.27399
https://doi.org/10.30773/pi.2020.0203
https://doi.org/10.1002/alz.12123
https://doi.org/10.1002/gps.1783
https://doi.org/10.3233/JAD-150069
https://doi.org/10.3233/JAD-150069
https://doi.org/10.1016/j.neuropsychologia.2006.12.008
https://doi.org/10.1016/j.neubiorev.2014.06.016
https://doi.org/10.1176/jnp.12.1.29
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1177/0891988716656083
https://doi.org/10.1016/j.acn.2007.07.008
https://doi.org/10.1001/archneur.55.1.84
https://doi.org/10.1016/S0197-4580(97)00015-8
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1111/j.1479-8301.2006.00119.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.psychres.2014.08.050
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1002/alz.12717
https://doi.org/10.1016/j.jns.2016.11.049
https://doi.org/10.1007/BF03324698
https://doi.org/10.1176/appi.ajp.160.11.1995
https://doi.org/10.1017/s1041610218001370
https://doi.org/10.3233/JAD-160842
https://doi.org/10.1016/j.bbr.2012.02.047
https://doi.org/10.3233/JAD-170564
https://doi.org/10.1136/jnnp-2016-314638
https://doi.org/10.1136/jnnp-2016-314638
https://doi.org/10.1001/jamaneurol.2015.2952
https://doi.org/10.1093/brain/awy146
https://doi.org/10.1111/j.1532-5415.2011.03380.x
https://doi.org/10.1002/alz.12049
https://doi.org/10.1080/13607863.2013.768208
https://doi.org/10.1176/ajp.148.3.357
https://doi.org/10.1176/ajp.148.3.357
https://doi.org/10.1176/jnp.10.1.64
https://doi.org/10.1007/s00415-009-5300-6
https://doi.org/10.1097/QAD.0000000000002761
https://doi.org/10.1097/QAD.0000000000002761
https://doi.org/10.1002/ana.20533
https://doi.org/10.2478/s13380-011-0026-1
https://doi.org/10.1038/s41598-017-05201-7

Liu et al.

impairment: a functional MRI study. J. Alzheimers Dis. 59, 359-368. doi: 10.3233/
JAD-170310

Vemuri, P, Lesnick, T. G., Przybelski, S. A., Machulda, M., Knopman, D. S,
Mielke, M. M., et al. (2014). Association of lifetime intellectual enrichment with
cognitive decline in the older population. JAMA Neurol. 71, 1017-1024. doi: 10.1001/
jamaneurol.2014.963

Walker, I. M., Fullard, M. E., Morley, J. E, and Duda, J. E. (2021). Olfaction as an early
marker of Parkinson's disease and Alzheimer's disease. Handb. Clin. Neurol. 182,
317-329. doi: 10.1016/b978-0-12-819973-2.00030-7

Wang, Q,, Chen, B., Zhong, X., Zhou, H., Zhang, M., Mai, N, et al. (2021). Olfactory
dysfunction is already present with subjective cognitive decline and deepens with
disease severity in the Alzheimer's disease Spectrum. J. Alzheimers Dis. 79, 585-595. doi:
10.3233/JAD-201168

Ward, A. M., Calamia, M., Thiemann, E., Dunlap, J., and Tranel, D. (2017). Association
between olfaction and higher cortical functions in Alzheimer's disease, mild cognitive
impairment, and healthy older adults. J. Clin. Exp. Neuropsychol. 39, 646-658. doi:
10.1080/13803395.2016.1253667

Westervelt, H. J., Bruce, J. M., Coon, W. G., and Tremont, G. (2008). Odor
identification in mild cognitive impairment subtypes. J. Clin. Exp. Neuropsychol. 30,
151-156. doi: 10.1080/13803390701287408

Westervelt, H. J., Bruce, J. M., and Faust, M. A. (2016). Distinguishing Alzheimer's
disease and dementia with Lewy bodies using cognitive and olfactory measures.
Neuropsychology 30, 304-311. doi: 10.1037/neu0000230

Westervelt, H. ., Stern, R. A., and Tremont, G. (2003). Odor identification deficits in
diffuse lewy body disease. Cogn. Behav. Neurol. 16, 93-99. doi:
10.1097/00146965-200306000-00002

Whiting, P. E, Rutjes, A. W., Westwood, M. E., Mallett, S., Deeks, J. J., Reitsma, J. B.,
et al. (2011). QUADAS-2: a revised tool for the quality assessment of diagnostic

Frontiers in Aging Neuroscience

16

10.3389/fnagi.2023.1249512

accuracy studies. Ann. Intern. Med. 155, 529-536. doi:

10.7326/0003-4819-155-8-201110180-00009

Williams, S. S., Williams, J., Combrinck, M., Christie, S., Smith, A. D., and McShane, R.
(2009). Olfactory impairment is more marked in patients with mild dementia with Lewy
bodies than those with mild Alzheimer disease. J. Neurol. Neurosurg. Psychiatry 80,
667-670. doi: 10.1136/jnnp.2008.155895

Woodward, M. R., Amrutkar, C. V., Shah, H. C,, Benedict, R. H. B,, Rajakrishnan, S.,
Doody, R. S., et al. (2017). Validation of olfactory deficit as a biomarker of Alzheimer
disease. Neurology 7, 5-14. doi: 10.1212/CPJ.0000000000000293

‘Woodward, M. R., Hafeez, M. U,, Qi, Q,, Riaz, A., Benedict, R. H. B, Yan, L., et al. (2018).
Odorant item specific olfactory identification deficit may differentiate Alzheimer disease
from aging. Am. J. Geriatr. Psychiatry 26, 835-846. doi: 10.1016/j.jagp.2018.02.008

Wu, X,, Geng, Z., Zhou, S., Bai, T., Wei, L., Ji, G. J., et al. (2019). Brain structural
correlates of odor identification in mild cognitive impairment and Alzheimer's disease
revealed by magnetic resonance imaging and a Chinese olfactory identification test.
Front. Neurosci. 13:842. doi: 10.3389/fnins.2019.00842

Yoo, H. S, Jeon, S., Chung, S. J., Yun, M, Lee, P. H., Sohn, Y. H,, et al. (2018). Olfactory
dysfunction in Alzheimer's disease- and Lewy body-related cognitive impairment.
Alzheimers Dement. 14, 1243-1252. doi: 10.1016/j.jalz.2018.05.010

Yoo, H. S., and Ye, B. S. (2017). Olfactory dysfunction in Alzheimer-and Lewy body-
related cognitive impairment: diagnostic implication and association with cognition and
brain atrophy. Alzheimers Dement. 13:P1524. doi: 10.1016/j.jalz.2017.07.654

Yoshii, F, Onaka, H., Kohara, S., Ryo, M., and Takahashi, W. (2019). Association of
Smell Identification Deficit with Alzheimer's disease assessment scale-cognitive
subscale, Japanese version scores and brain atrophy in patients with dementia. Eur.
Neurol. 81, 145-151. doi: 10.1159/000501311

Zhao, A, Li, Y, Yan, Y, Qiu, Y, Li, B., Xu, W, et al. (2020). Increased presdiction value

of biomarker combinations for the conversion of mild cognitive impairmsent to
Alzheimer's dementia. Transl Neurodegener 9:30. doi: 10.1186/s40035-020-00210-5

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1249512
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3233/JAD-170310
https://doi.org/10.3233/JAD-170310
https://doi.org/10.1001/jamaneurol.2014.963
https://doi.org/10.1001/jamaneurol.2014.963
https://doi.org/10.1016/b978-0-12-819973-2.00030-7
https://doi.org/10.3233/JAD-201168
https://doi.org/10.1080/13803395.2016.1253667
https://doi.org/10.1080/13803390701287408
https://doi.org/10.1037/neu0000230
https://doi.org/10.1097/00146965-200306000-00002
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1136/jnnp.2008.155895
https://doi.org/10.1212/CPJ.0000000000000293
https://doi.org/10.1016/j.jagp.2018.02.008
https://doi.org/10.3389/fnins.2019.00842
https://doi.org/10.1016/j.jalz.2018.05.010
https://doi.org/10.1016/j.jalz.2017.07.654
https://doi.org/10.1159/000501311
https://doi.org/10.1186/s40035-020-00210-5

	Disparity of smell tests in Alzheimer’s disease and other neurodegenerative disorders: a systematic review and meta-analysis
	Introduction
	Methods
	Inclusion criteria
	Exclusion criteria
	Search strategies
	Data extraction and quality assessment
	Statistical analysis

	Results
	Study selection
	Study characteristics
	Meta-analysis results in comparison between AD and other conditions
	AD vs. MCI
	Olfactory identification
	Olfactory threshold
	Olfactory discrimination
	AD vs. LBD
	AD vs. depression
	AD vs. VaD
	AD vs. PD
	AD vs. FTD
	Moderator analysis
	Subgroup analysis
	Meta-regression

	Discussion
	AD vs. MCI
	AD vs. LBD
	AD vs. depression
	Strength and weakness

	Conclusion
	Data availability statement
	Author contributions

	References

