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Abstract
Background Olfactory dysfunction (OD) is reported as a useful predictor for Alzheimer’s disease (AD).
There are three sub-domains of olfaction: olfactory threshold, discrimination and identi�cation. In AD
patients, whether the performance of three sub-domains has different in�uential factors or relates to
speci�c brain magnetic resonance imaging (MRI) change is not clear.

Methods We recruited 105 typical AD patients, assessed patients’ cognitive function, neuropsychiatric
symptoms and activity of daily living by related scales, evaluated patients’ olfactory function by Sni�n’
Sticks test and measured patients’ cortical thicknesses by MRI. 

Results Olfactory threshold negatively correlated with AD patients’ age and positively related to cognitive
function; olfactory discrimination positively related to patients’ cognitive function and cortical thickness
of left lateral orbitofrontal gyrus; olfactory identi�cation positively related to patients’ cognitive function
and cortical thicknesses of left medial orbitofrontal gyrus, left middle temporal gyrus and bilateral
superior temporal gyrus.

Conclusions The three sub-domains of olfaction in AD patients have different in�uential factors: age
in�uences olfactory threshold and cognitive function in�uences all three olfactory sub-domains. The
performance of olfactory discrimination and identi�cation in AD patients was associated with the cortical
thickness of orbitofrontal gyrus and temporal lobe.

Background
Alzheimer’s disease (AD) is neurodegenerative disease with a very insidious onset and progressive
deterioration, making a big challenge to its early diagnosis. Several methods have been proposed for
early prediction of AD, including neuropsychological tests, measurements of β amyloid and tau in
cerebrospinal �uid and positron emission tomography (PET). However, the invasiveness cerebrospinal
�uid collection by lumbar puncture and the expensive cost of PET makes them di�cult to be widely used
in the clinical practice.

Olfactory dysfunction (OD) is very common in AD patients and relats to the pathogenesis of AD [1–3].
Longitudinal studies showed that OD was able to predict cognitive decline at early stage of disease[2–5].
Therefore, OD was considered as a useful biomarker for AD. Olfactory function includes three sub-
domains as olfactory threshold, olfactory identi�cation and olfactory discrimination[6]. Although the
association between OD and cognitive impairment was reported in the previous studies[2–5], rare studies
focused on the relation between OD and neuropsychiatric symptoms in AD patients. The performance of
each olfactory sub-domain in AD patients may have different in�uential factors, which could be age,
disease duration, disease severity, et al. The impairment of different olfactory sub-domain in AD may be
the results of different brain regions impaired. For now, few studies focused on the in�uential factors or
brain areas impaired for each olfactory sub-domain in AD patients. The aim of this research is to explore
the relation between OD and neuropsychiatric symptoms of AD and clarify whether the three sub-
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domains of olfaction in AD patients have different in�uential factors or relate to speci�c brain MRI
change, such as cortical thickness.

Methods
The protocol of this study was approved by the Beijing Tiantan Hospital review board (KY2013-003-02).
Written informed consents were obtained from all participants. The methods were similar to our prior
publications[7, 8].

Subjects

This is a cross-sectional study. Total 105 AD patients were consecutively recruited from April 2014 to
April 2017. All patients were diagnosed typical AD phenotype according to the International Working
Group-2 criteria [9]. Auditory verbal learning test[10] was used to evaluate episodic memory and in-vivo
evidence of Alzheimer’s pathology was obtained from amyloid PET. Patients recruited were newly
diagnosed AD and did not take any medication for AD and mental illness. Patients with the history of
sinus surgery, nasal fracture and other diseases that may affect olfactory function, such as rhinitis,
sinusitis, nasal polyps, nasal tumors, brain tumors, head trauma and substance use/drug abuse, et al,
were excluded. Among 105 AD patients, 40 cases (38.1%) were male, age from 45 to 93 with an average
of 68 years old; 65 cases (61.9%) were female and age from 42 to 88 with an average of 68 years old.
Patients’ demographic information, including gender, age, disease duration, educational level and
smoking condition, was collected. Disease duration was based on the retrospective clinical information
of the illness timeline.

Evaluation of olfactory function

Olfactory function of AD patients was evaluated by Sni�n’ Sticks test. Sni�n’ Sticks were bought from
Burghart Messtenik Company, German (product number: LA-13-00005). There was total 112 sticks, 48
sticks, 48 sticks and 16 sticks were used for testing olfactory threshold, discrimination and identi�cation,
respectively. Olfactory stimulations were delivered monorhinally and randomly.

Olfactory threshold: Participants need to �nd the n-butyl alcohol stick among three sticks in each group,
with the other two sticks are blank. Total six-teen groups were provided to participants, with the
concentration of n-butyl alcohol from the lowest to the highest. The score was the number of correct
answers. The lower the score, the worse the olfactory threshold.

Olfactory discrimination: Participants were asked to distinguish the stick that smelled differently from the
other two in each group. Total six-teen groups were provided to participants. The score was the number of
correct answers. The lower the score, the worse the olfactory discrimination.

Olfactory identi�cation: Participants were required to identify the odor of sticks and choose the correct
answer in four given options. Total six-teen sticks were provided to participants. The score was the
number of correct answers. The lower the score, the worse the olfactory identi�cation.
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Global olfactory function was re�ected by summing up the scores of olfactory threshold, discrimination
and identi�cation, which was abbreviated as TDI. OD was diagnosed following the criteria from a cross-
sectional study in 3282 people[11]: for participants from 36 to 55 years old, OD was diagnosed when TDI
score was ≤24 points in the male and ≤28 points in the female; for participants >55 years old, no matter
male or female, OD was diagnosed when TDI score ≤19 points. According to the results of TDI, patients
were divided into AD-OD group AD with no OD (AD-NOD) group.

Assessments of clinical features

Global cognitive function was assessed by Mini-Mental State Examination (MMSE) [12]. There were 30
questions about orientation, memory, attention, calculation, language and visuospatial ability. The lower
the MMSE score, the worse the global cognitive function. Neuropsychiatric Inventory (NPI) [13] was used
to assess the global neuropsychiatric symptoms of AD patients. NPI evaluates 12 common
neuropsychiatric symptoms, including hallucinations, delusions, agitation/aggression,
dysphoria/depression, anxiety, irritability, disinhibition, euphoria, apathy, aberrant motor behavior, sleep
and night-time behavior change and appetite and eating change. Each symptom was scored according to
its frequency, severity and caregiver burden. The higher the NPI score, the worse the overall
neuropsychiatric symptoms. Activities of daily living (ADL) [14] scale was used, which contains questions
about bathing, dressing, toilet use, transferring, eating, use of the telephone, traveling via car or public
transportation, food or clothes shopping, meal preparation, housework, handyman work, laundry,
medication use and management of money. ADL was graded by the level of dependence. The higher the
score, the lower the ADL.

Image’s collection and processing

3.0T magnetic resonance imaging system from the Siemens (Siemens, Germany) was used. The T1-
weighted three-dimensional magnetization gradient echo sequence was used to get transverse brain
images from the cranial dome to the foramen magnum. The repetition time was 2300 milliseconds, echo
time was 2.3 milliseconds, inversion time was 900 milliseconds, the scanning �eld was 240 mm x 240
mm, the matrix was 256 x 256, the layer thickness was 1 mm and the interlayer spacing was 1 mm.

Two researchers who had no idea about patients’ clinical information were independently responsible for
reading and evaluating patients’ brain images to exclude other neurological diseases. The consensus
agreements were reached by discussion if there were disagreements between them.

Cortical reconstruction and volumetric segmentation were performed by the Freesurfer image analysis
suite (version 6.0), which was freely available for download online (http://surfer.nmr.mgh.harvard.edu/).
We measured the cortical thicknesses of latera orbitofrontal gyrus, medial orbitofrontal gyrus, entorhinal
gyrus, para hippocampus gyrus, superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus,
fusiform and insula, which might play a role in olfaction processing [15, 16]. The technical details were
described in prior publications [17, 18].

http://surfer.nmr.mgh.harvard.edu/
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Data Analyses

Statistical analyses were performed with SPSS Statistics 20.0 (IBM Corporation, New York, USA). We
compared the demographic information, olfactory function, cognitive function, neuropsychiatric
symptoms, activity of daily living and cortical thickness between AD-OD and AD-NOD groups. Continuous
variables were presented as mean ± standard deviations and compared by 2-tailed t test if they were
normally distributed; or presented as median (quartile) and compared by nonparametric test when they
were not normally distributed. Discrete variables were compared by Chi square test. Bonferroni correction
was performed. Then, Spearman correlation analyses and multiple linear analyses were performed
between each olfactory sub-domain and potential in�uential factors, including age, MMSE and cortical
thickness (latera orbitofrontal gyrus, medial orbitofrontal gyrus, entorhinal gyrus, para hippocampus
gyrus, superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus, fusiform and insula). P
value was signi�cant when it was less than 0.05.

Results
In this study, 44 of 105 (41.9%) AD patients had OD. AD-OD patients had worse olfactory threshold,
olfactory discrimination, olfactory identi�cation, global olfactory function, cognitive function and ADL
than AD-NOD group (Table 1). Gender, age, disease duration, educational level, smoking condition and
neuropsychiatric symptoms were not signi�cantly different between the two groups (Table 1).
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Table 1
Comparison of demographic variables of AD-OD1 and AD-NOD2 groups

Demographic variables AD-OD group AD-NOD group P value

Olfactory threshold 2.5(1.0 ~ 4.8) 6.0(4.0 ~ 6.0) 0.000*

Olfactory discrimination 5.0(3.3 ~ 7.0) 10.0(8.0 ~ 12.0) 0.000*

Olfactory identi�cation 6.0(3.3 ~ 8.0) 11.0(9.0 ~ 13.0) 0.000*

Olfactory TDI3 14.5(11.0 ~ 17.8) 26.0(222.0 ~ 29.5) 0.000*

Sex     0.105

Male [case (%)] 21(47.7%) 19(31.1%)  

Female [case (%)] 23(52.3%) 42(68.9%)  

Age [year, median (quartile)] 69.5 (61.0 ~ 77.8) 64.0(59.5 ~ 75.0) 0.232

Smoking condition     0.141

Smoking [case (%)] 32(72.7%) 9(14.8%)  

Non-smoking [case (%)] 12(27.3%) 52(85.2%)  

Disease duration [year, median (quartile)] 3.0 (2.0 ~ 5.0) 3.0(1.0 ~ 5.0) 0.519

MMSE 4 [scores, median (quartile)] 19.0(13.0 ~ 26.0) 26.0(23.5 ~ 28.0) 0.000*

NPI 5 [scores, median (quartile)] 1.0(0 ~ 9.5) 1.5(0 ~ 5.0) 0.841

ADL6 [scores, median (quartile)] 25.0(20.0 ~ 38.0) 20.0(20.0 ~ 22.0) 0.000*

*: P < 0.004 after Bonferroni correction. 1AD-OD: Alzheimer disease patient with olfactory
dysfunctions, 2AD-NOD: Alzheimer disease with no olfactory dysfunctions, 3 the sum of olfactory
threshold, discrimination and identi�cation, 4 Mini-Mental State Examination, 5 Neuropsychiatric
Inventory, 6Acitivity of Daily Livings.

Correlation analyses between olfactory functions and potential in�uential factors in the AD patients
showed that, olfactory threshold, discrimination, identi�cation and TDI negatively correlated with age
(r=-0.258, P = 0.008; r=-0.256, P = 0.008, r=-0.239, P = 0.013 and r=-0.283, P = 0.003, respectively) and
positively correlated with the score of MMSE (r = 0.335, P = 0.000; r = 0.501, P = 0.000, r = 0.482, P = 0.000
and r = 0.516, P = 0.000, respectively). Further multiple linear analyses demonstrated that olfactory
threshold was independently associated with age and MMSE score; olfactory discrimination and
identi�cation were independently associated with MMSE score (P < 0.05) (Table 2).
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Table 2
Multiple linear regression analyses between olfactory sub-domains and related factors

Factors Included
variables

Excluded
variables

P
value

∆R2 Adjusted
R2

Olfactory threshold1 Age   0.000* 0.156 0.139

  MMSE        

Olfactory discrimination
2

MMSE Age 0.000* 0.333 0.326

Olfactory identi�cation 3 MMSE Age 0.000* 0.332 0.310

*: P < 0.05.

Comparison of cortical thickness between the two groups showed that bilateral middle temporal gyrus
and right entorhinal gyrus in AD-OD group were thinner than AD-NOD group (Table 3). Spearman
correlation analyses between olfactory functions and cortical thickness in AD patients showed that,
olfactory threshold positively correlated with left para hippocampus (r = 0.365, P = 0.040), left fusiform (r 
= 0.386, P = 0.029), left middle temporal gyrus (r = 0.394, P = 0.026), left superior temporal gyrus (r = 0.479,
P = 0.006), right fusiform (r = 0.352, P = 0.048) and right superior temporal gyrus (r = 0.376, P = 0.034);
olfactory discrimination positively correlated with left lateral orbitofrontal gyrus (r = 0.457, P = 0.008), left
inferior temporal gyrus (r = 0.374, P = 0.032), left middle temporal gyrus (r = 0.405, P = 0.019) and right
middle temporal gyrus (r = 0.464, P = 0.007); olfactory identi�cation positively correlated with left lateral
orbitofrontal gyrus (r = 0.361, P = 0.039), left medial orbitofrontal gyrus (r = 0.348, P = 0.047), left fusiform
(r = 0.452, P = 0.008), left inferior temporal gyrus (r = 0.363, P = 0.038), left middle temporal gyrus (r = 
0.482, P = 0.005), left superior temporal gyrus (r = 0.475, P = 0.005) and right superior temporal gyrus (r = 
0.458, P = 0.007).
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Table 3
Comparison of cortical thickness of AD-OD1 and AD-NOD2 groups

Cortical thickness AD-OD group AD-NOD group P value

Left hemisphere      

Lateral orbitofrontal gyrus 2.484(2.402 ~ 2.639) 2.575(2.535 ~ 2.641) 0.110

Medial orbitofrontal gyrus 2.337(2.190 ~ 2.426) 2.356(2.301 ~ 2.448) 0.311

Entorhinal gyrus 3.303(2.841 ~ 3.582) 3.386(3.161 ~ 3.698) 0.276

Parahippocampi gyrus 2.473(2.338 ~ 2.748) 2.644(2.452 ~ 2.899) 0.228

Superior temporal gyrus 2.446(2.335 ~ 2.768) 2.636(2.544`2.777) 0.049

Middle temporal gyrus 2.664(2.429 ~ 2.812) 2.831(2.752 ~ 2.930) 0.010*

Inferior temporal gyrus 2.705(2.608 ~ 2.786) 2.810(2.689 ~ 2.861) 0.039

Fusiform 2.648(2.505 ~ 2.738) 2.730(2.687 ~ 2.802) 0.049

Insula 2.8030(2.748 ~ 2.909) 2.847(2.787 ~ 2.984) 0.311

Right hemisphere      

Lateral orbitofrontal gyrus 2.458(2.332 ~ 2.679) 2.594(2.484 ~ 2.624) 0.599

Medial orbitofrontal gyrus 2.391(2.195 ~ 2.479) 2.367(2.304 ~ 2.448) 0.726

Entorhinal gyrus 3.394(2.745 ~ 3.640) 3.692(3.435 ~ 3.859) 0.020*

Parahippocampi 2.559(2.034 ~ 2.773) 2.616(2.474 ~ 2.777) 0.330

Superior temporal gyrus 2.554(2.421 ~ 2.704) 2.726(2.595 ~ 2.824) 0.036

Middle temporal gyrus 2.668(2.505 ~ 2.828) 2.847(2.737 ~ 2.896) 0.011*

Inferior temporal gyrus 2.730(2.516 ~ 2.855) 2.746(2.686 ~ 2.822) 0.586

Fusiform 2.648(2.505 ~ 2.738) 2.730(2.687 ~ 2.802) 0.049

Insula 2.752(2.502 ~ 2.925) 2.920(2.825 ~ 3.020) 0.047

*: P < 0.025 after Bonferroni correction. 1AD-OD: Alzheimer disease patient with olfactory
dysfunctions, 2AD-NOD: Alzheimer disease with no olfactory dysfunctions

In further multiple linear regression analyses, with age, disease duration and MMSE score as confound
factors, none of above cortical thickness independently correlated with olfactory threshold (P > 0.05);
however, left lateral orbitofrontal gyrus was independently associated with olfactory discrimination
(Table 4, P < 0.05) and left medial orbitofrontal gyrus, left middle temporal gyrus and bilateral superior
frontal gyrus independently related to olfactory identi�cation (P < 0.05, Table 5).
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Table 4
Multiple linear regression analyses between cortical thickness and olfactory discrimination1

Cortical thickness Included variables Excluded
variables

P
value

∆R2 Adjusted
R2

Left lateral orbitofrontal
gyrus

Olfactory
discrimination†

Age

MMSE1

0.003* 0.247 0.223

*: P < 0.05, 1 Mini-Mental State Examination.

Table 5
Multiple linear regression analyses between cortical thickness and olfactory identi�cation†

Factors Included variables Excluded
variables

P
value

∆R2 Adjusted
R2

Left medial orbitofrontal
gyrus

Olfactory
identi�cation

Age 0.018* 0.167 0.140

    MMSE1      

Left middle temporal gyrus MMSE Age 0.000* 0.440 0.422

  Olfactory
identi�cation

       

Left superior temporal
gyrus

Age   0.000* 0.669 0.634

  MMSE        

  Olfactory
identi�cation

       

Right superior temporal
gyrus

Age   0.000* 0.503 0.452

  MMSE        

  Olfactory
identi�cation

       

*: P < 0.05, 1 Mini-Mental State Examination.

Discussions
OD is a very common symptom in AD patients. In this study, 44 of 105 (41.9%) AD patients had OD.
Olfactory threshold, identi�cation and discrimination were all worse in AD-OD group. We compared the
clinical features and MRI images between AD-OD and AD-NOD groups and explored potential in�uential
factors and MRI image changes for the three sub-domains of OD in AD patients.
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Sex was not signi�cantly different between AD-OD group and AD-NOD group in this study (Table 1). A
meta-analysis including 5065 women and 3783 men found that women generally outperformed men in
olfactory function, however, the effect size was weak [19]. This study showed that sex was not the main
factor for the discrepancy of olfactory function between two groups. Although age was not signi�cantly
different between AD-OD group and AD-NOD group,AD-OD group tends to be older than AD-NOD group.
Furthermore, olfactory threshold, discrimination and identi�cation in AD patients all negatively correlated
with age. Olfactory dysfunction is very common in the older population. Multiple conditions could
contribute to the age-related olfactory loss, such as nasal engorgement, cumulative damage of the
olfactory epithelium from environmental insults, a reduction in mucosal metabolizing enzymes, sensory
loss of receptor cells to odorants and changes in neurotransmitter and neuromodulator systems.
Structural and functional abnormalities of the olfactory epithelium, olfactory bulb, olfactory cortex and
basic olfactory circuitry resulted in olfactory impairment with aging[20].However, in this study, multiple
regression analyses showed that age had no independent in�uence on olfactory discrimination and
identi�cation, except threshold (Table 2). It was consistent with a previous study that age-related OD was
mainly identi�ed by detecting threshold rather than other olfactory sub-domains [2].

This study didn’t found OD was related to the current smoking condition in AD patients. Current smoking
was previously reported to be associated with increased risk of OD, however, the effect of smoking on
olfaction could be reversible[21]. We suspect that current smoking is not the main in�uential factor for
olfactory de�cits in AD patients. A previous study reported that olfactory de�cits in AD patients
signi�cantly correlated with the severity of apathy, but not with depression or other neuropsychiatric
symptoms[22]. This study did not �nd the association between OD and neuropsychiatric symptoms,
which may because multiple neuropsychiatric symptoms was evaluated together in the NPI scale.
Compared with AD-NOD group, the ADL in AD-OD group was signi�cantly compromised. OD could
signi�cantly in�uence nutritional status as well as physical well- being [20],therefore, is associated with
poor ADL.

In this study, disease duration was not signi�cantly different between two groups, but cognitive
impairment was more severe in AD-OD group, which indicated that the deterioration of cognitive function
was more rapid in AD-OD group. Moreover, MMSE score was found to be an independent in�uential factor
for olfactory threshold, discrimination and identi�cation in this study, suggested that deterioration of
cognitive function and olfaction was synchronous. There may be a common pathological mechanism
underling cognitive impairment and olfactory dysfunction, for example, olfactory identi�cation was
associated with neuro�brillary tangles in the entorhinal cortex of AD brains[4] [23]. The synchronous
change between olfactory dysfunction and cognitive impairment might due to the impaired
neuroanatomical structures responsible for the two symptoms were adjacent [21]. Besides, cognitive
function such as semantic memory, is involved in olfactory identi�cation and discrimination [24–
26],therefore, damage of brain areas responsible for memory, such as temporal lobe, hippocampus, para
hippocampus gyrus, could lead to olfactory dysfunction [15, 27] [4]. In this study, we con�rmed that the
dysfunction of olfactory identi�cation was associated with the damage of left middle temporal gyrus and
bilateral superior temporal gyri.
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Olfactory discrimination was associated with the left lateral orbitofrontal gyrus, and olfactory
identi�cation was related to the left medial orbitofrontal gyrus in this study, which were not reported
previously. Orbitofrontal cortex contains the secondary and tertiary olfactory cortical areas, in which
information about the identity of odors is represented[28], thus, orbitofrontal gyrus is related to olfactory
identi�cation. A study investigating the responses of neurons in the orbitofrontal cortex and surrounding
areas during the performance of an olfactory discrimination task, showed that 65% neurons in the
orbitofrontal cortex had different selectivity for the stimuli based on the odor quality, which were
responsible for olfactory discrimination [29]. Furthermore, another study detecting the neurons’ response
to eight different odor stimuli in monkey found that 50% of the cells in the orbitofrontal olfactory area
responded to only one odor; the cells which responded to two, three, and four odors decreased in this
order, and no cell responded to more than �ve odors. These cells never responded to light or sound. Using
three very similar odors and �ve very different odors, it was apparent that the ability to discriminate odors
of the same category was far more advanced in the orbitofrontal olfactory area than in the lower
olfactory areas (such as olfactory bulb, anterior pyriform cortex and the medial portion of the amygdala);
and, in contrast, the lower olfactory areas played a signi�cant role on the discrimination of odors which
belonged to different categories. It was concluded that the capacity for odor discrimination de�nitely
improved along the olfactory nervous system from the lower to the higher areas. It was highly probable
that a �ne and speci�c discrimination of odors was performed in the orbitofrontal olfactory area.
According to our clinical observation, the impairment of odors discrimination in AD patients is usually
�ne and speci�c, which could explain the relevance between orbitofrontal gyrus and olfactory
discrimination[30].

Olfactory processes were reported to be lateralized. One study found that patients with left temporal lobe
epilepsy judged odors as less pleasant and had more di�culty with identi�cation than patients with right
temporal lobe epilepsy, underlining a privileged role of the left hemisphere in the emotional and semantic
processing of odors. They also found a tendency towards a right-nostril advantage for judging odor
familiarity, in agreement with a prominent role of the right hemisphere in odor memory processing.
Therefore, both hemispheres were involved in the process of olfactory identi�cation and discrimination
and played different roles on the process.

In this investigation, no relation was found between olfactory threshold and cortical thickness. A study in
a total of 170 men and women (30 to 87 years of age) showed that all of the cognitive factors covering
executive function, semantic memory and episodic memory proved unrelated to the performance of
olfactory threshold test[26],which revealed that the dysfunction of olfactory threshold might be
associated with the impairment of peripheral rather than the central olfactory system.

In summary, OD is a very common symptom of AD. It is associated with the impairments of cognition and
ADL, but not neuropsychiatric symptoms. The three sub-domains of olfaction in AD patients have
different in�uential factors. Olfactory threshold relates to age and cognitive function,olfactory
discrimination and identi�cation relate to cognitive function. Cortical thickness of orbitofrontal gyrus and
temporal lobe is associated with olfactory discrimination and identi�cation in AD patients. Findings from
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this study may reveal some potential mechanisms of AD-OD. This research has a limitation that age
matched control subjects are not included, which needs to be included in future studies.

List Of Abbreviations
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MRI Magnetic resonance imaging

PET Positron emission tomography

MMSE Mini-Mental State Examination

NPI The Neuropsychiatric Inventory

ADL Activity of daily living

Declarations
Ethics approval and consent to participate

All subjects, or their legal representatives if patients were not capable of providing ethical consent for
their participation due to cognitive decline, gave their written informed consent for inclusion before
participating in the study. The study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Beijing Tiantan Hospital review board (KY2013-003-02).

Consent for publication

All authors have seen and agreed with the contents of the manuscript.

Availability of data and materials

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare that the research was conducted in the absence of any commercial or �nancial
relationships that could be construed as a potential con�ict of interest.



Page 14/16

Funding

This research was funded by The National Key Research and Development Program of China
(2016YFC1306300, 2016YFC1306000); The National Key R&D Program of China-European Commission
Horizon 2020 (2017YFE0118800-779238); The National Natural Science Foundation of China (81970992,
81571229, 81071015, 30770745); The Key Technology R&D Program of Beijing Municipal Education
Commission (kz201610025030); The Key Project of Natural Science Foundation of Beijing, China
(4161004); The Natural Science Foundation of Beijing, China (7082032); Project of Scienti�c and
Technological Development of Traditional Chinese Medicine in Beijing JJ2018-48 ; Capital Clinical
Characteristic Application Research (Z121107001012161); High Level Technical Personnel Training
Project of Beijing Health System, China (2009-3-26); Project of Beijing Institute for Brain Disorders (BIBD-
PXM2013_014226_07_000084); Excellent Personnel Training Project of Beijing, China
(20071D0300400076); Important National Science & Technology Speci�c Projects (2011ZX09102-003-
01); National Key Technology Research and Development Program of the Ministry of Science and
Technology of China (2013BAI09B03); Project of Construction of Innovative Teams and Teacher Career
Development for Universities and Colleges Under Beijing Municipality (IDHT20140514); Beijing
Healthcare Research Project, China (JING-15-2); Basic-Clinical Research Cooperation Funding of Capital
Medical University, China (2015-JL-PT-X04, 10JL49, 14JL15); Natural Science Foundation of Capital
Medical University, Beijing, China (PYZ2018077) ; Youth Research Funding, Beijing Tiantan Hospital,
Capital Medical University, China ( 2015-YQN-14, 2015-YQN-15, 2015-YQN-17). All above funders didn’t
participated in the study except providing research fund.

Authors’ Contributions

Conceptualization, W.Z. and X.W.; methodology, W.Z., S.L. and Y.L.; formal analysis, S.Y.; investigation,
S.Y., W.Z., T.L., P.G., D.D., D.L., L.L., H.Z., L.Z., Y.H., Z.J., R.W., J.G. and R.Z., writing-original draft
preparation, S.Y.; writing-review and editing, S.Y., W.Z.,T.L.,P.G., D.D., D.L., L.L., H.Z., L.Z., Y.H., Z.J., R.W.,
J.G., R.Z. AND W.Z. All authors have read and approved the �nal version of this manuscript.

Acknowledgements

We express sincere thanks to professor Gai-fen Liu of China National Clinical Research Center for
Neurological Disease, Beijing Tiantan Hospital, Capital Medical University for providing the valuable
advice for statistical analyses.

References
1. Mesholam RI, Moberg PJ, Mahr RN, Doty RL. Olfaction in neurodegenerative disease: a meta-analysis

of olfactory functioning in Alzheimer's and Parkinson's diseases. Arch Neurol. 1998;55 1:84-90; doi:
10.1001/archneur.55.1.84.

2. Devanand DP, Liu X, Tabert MH, Pradhaban G, Cuasay K, Bell K, et al. Combining early markers
strongly predicts conversion from mild cognitive impairment to Alzheimer's disease. Biol Psychiatry.



Page 15/16

2008;64 10:871-9; doi: 10.1016/j.biopsych.2008.06.020.

3. Djordjevic J, Jones-Gotman M, De Sousa K, Chertkow H. Olfaction in patients with mild cognitive
impairment and Alzheimer's disease. Neurobiol Aging. 2008;29 5:693-706; doi:
10.1016/j.neurobiolaging.2006.11.014.

4. Wilson RS, Arnold SE, Schneider JA, Tang Y, Bennett DA. The relationship between cerebral
Alzheimer's disease pathology and odour identi�cation in old age. J Neurol Neurosurg Psychiatry.
2007;78 1:30-5; doi: 10.1136/jnnp.2006.099721.

5. Tabert MH, Liu X, Doty RL, Serby M, Zamora D, Pelton GH, et al. A 10-item smell identi�cation scale
related to risk for Alzheimer's disease. Ann Neurol. 2005;58 1:155-60; doi: 10.1002/ana.20533.

�. Bahar-Fuchs A, Moss S, Rowe C, Savage G. Olfactory performance in AD, aMCI, and healthy ageing: a
unirhinal approach. Chem Senses. 2010;35 9:855-62; doi: 10.1093/chemse/bjq094.

7. Yu SY, Lian TH, Guo P, Li LX, Ding DY, Li DN, et al. Correlations of apathy with clinical symptoms of
Alzheimer's disease and olfactory dysfunctions: a cross-sectional study. BMC Neurol. 2020;20 1:416;
doi: 10.1186/s12883-020-01978-9.

�. Yu SY, Zhu WL, Guo P, Li SW, Liu YO, Lian TH, et al. Clinical features and brain structural changes in
magnetic resonance imaging in Alzheimer's disease patients with apathy. Aging (Albany NY).
2020;12 19:19083-94; doi: 10.18632/aging.103705.

9. Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K, et al. Advancing research
diagnostic criteria for Alzheimer's disease: the IWG-2 criteria. Lancet Neurol. 2014;13 6:614-29; doi:
10.1016/S1474-4422(14)70090-0.

10. Guo Q, Zhao Q, Chen M, Ding D, Hong Z. A comparison study of mild cognitive impairment with 3
memory tests among Chinese individuals. Alzheimer Dis Assoc Disord. 2009;23 3:253-9; doi:
10.1097/WAD.0b013e3181999e92.

11. Hummel T, Kobal G, Gudziol H, Mackay-Sim A. Normative data for the "Sni�n' Sticks" including tests
of odor identi�cation, odor discrimination, and olfactory thresholds: an upgrade based on a group of
more than 3,000 subjects. Eur Arch Otorhinolaryngol. 2007;264 3:237-43; doi: 10.1007/s00405-006-
0173-0.

12. Cockrell JR, Folstein MF. Mini-Mental State Examination (MMSE). Psychopharmacol Bull. 1988;24
4:689-92.

13. Cummings JL. The Neuropsychiatric Inventory: assessing psychopathology in dementia patients.
Neurology. 1997;48 5 Suppl 6:S10-6; doi: 10.1212/wnl.48.5_suppl_6.10s.

14. Katz S, Ford AB, Moskowitz RW, Jackson BA, Jaffe MW. Studies of Illness in the Aged. The Index of
Adl: A Standardized Measure of Biological and Psychosocial Function. JAMA. 1963;185:914-9; doi:
10.1001/jama.1963.03060120024016.

15. Yoo HS, Jeon S, Chung SJ, Yun M, Lee PH, Sohn YH, et al. Olfactory dysfunction in Alzheimer's
disease- and Lewy body-related cognitive impairment. Alzheimers Dement. 2018;14 10:1243-52; doi:
10.1016/j.jalz.2018.05.010.



Page 16/16

1�. Vassilaki M, Christianson TJ, Mielke MM, Geda YE, Kremers WK, Machulda MM, et al. Neuroimaging
biomarkers and impaired olfaction in cognitively normal individuals. Ann Neurol. 2017;81 6:871-82;
doi: 10.1002/ana.24960.

17. Reuter M, Rosas HD, Fischl B. Highly accurate inverse consistent registration: a robust approach.
Neuroimage. 2010;53 4:1181-96; doi: 10.1016/j.neuroimage.2010.07.020.

1�. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for unbiased
longitudinal image analysis. Neuroimage. 2012;61 4:1402-18; doi:
10.1016/j.neuroimage.2012.02.084.

19. Sorokowski P, Karwowski M, Misiak M, Marczak MK, Dziekan M, Hummel T, et al. Sex Differences in
Human Olfaction: A Meta-Analysis. Front Psychol. 2019;10:242; doi: 10.3389/fpsyg.2019.00242.

20. Attems J, Walker L, Jellinger KA. Olfaction and Aging: A Mini-Review. Gerontology. 2015;61 6:485-90;
doi: 10.1159/000381619.

21. Jung HJ, Shin IS, Lee JE. Olfactory function in mild cognitive impairment and Alzheimer's disease: A
meta-analysis. Laryngoscope. 2019;129 2:362-9; doi: 10.1002/lary.27399.

22. Seligman SC, Kamath V, Giovannetti T, Arnold SE, Moberg PJ. Olfaction and apathy in Alzheimer's
disease, mild cognitive impairment, and healthy older adults. Aging Ment Health. 2013;17 5:564-70;
doi: 10.1080/13607863.2013.768208.

23. Growdon ME, Schultz AP, Dagley AS, Amariglio RE, Hedden T, Rentz DM, et al. Odor identi�cation and
Alzheimer disease biomarkers in clinically normal elderly. Neurology. 2015;84 21:2153-60; doi:
10.1212/WNL.0000000000001614.

24. Larsson M, Finkel D, Pedersen NL. Odor identi�cation: in�uences of age, gender, cognition, and
personality. J Gerontol B Psychol Sci Soc Sci. 2000;55 5:P304-10; doi: 10.1093/geronb/55.5.p304.

25. Larsson M, Nilsson LG, Olofsson JK, Nordin S. Demographic and cognitive predictors of cued odor
identi�cation: evidence from a population-based study. Chem Senses. 2004;29 6:547-54; doi:
10.1093/chemse/bjh059.

2�. Hedner M, Larsson M, Arnold N, Zucco GM, Hummel T. Cognitive factors in odor detection, odor
discrimination, and odor identi�cation tasks. J Clin Exp Neuropsychol. 2010;32 10:1062-7; doi:
10.1080/13803391003683070.

27. Murphy C. Loss of olfactory function in dementing disease. Physiol Behav. 1999;66 2:177-82; doi:
10.1016/s0031-9384(98)00262-5.

2�. Rolls ET. The functions of the orbitofrontal cortex. Brain Cogn. 2004;55 1:11-29; doi: 10.1016/S0278-
2626(03)00277-X.

29. Critchley HD, Rolls ET. Olfactory neuronal responses in the primate orbitofrontal cortex: analysis in an
olfactory discrimination task. J Neurophysiol. 1996;75 4:1659-72; doi: 10.1152/jn.1996.75.4.1659.

30. Tanabe T, Iino M, Takagi SF. Discrimination of odors in olfactory bulb, pyriform-amygdaloid areas,
and orbitofrontal cortex of the monkey. J Neurophysiol. 1975;38 5:1284-96; doi:
10.1152/jn.1975.38.5.1284.


