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Abstract

Background: Odor identification (OI) dysfunction is an early marker of Alzheimer’s disease (AD), but it remains unclear how 
olfactory-related regions change from stages of subjective cognitive decline (SCD) and mild cognitive impairment (MCI) to 
AD dementia.
Methods: Two hundred and sixty-nine individuals were recruited in the present study. The olfactory-related regions were 
defined as the regions of interest, and the grey matter volume (GMV), low-frequency fluctuation, regional homogeneity 
(ReHo), and functional connectivity (FC) were compared for exploring the changing pattern of structural and functional 
abnormalities across AD, MCI, SCD, and normal controls.
Results: From the SCD, MCI to AD groups, the reduced GMV, increased low-frequency fluctuation, increased ReHo, and reduced 
FC of olfactory-related regions became increasingly severe, and only the degree of reduced GMV of hippocampus and caudate 
nucleus clearly distinguished the 3 groups. SCD participants exhibited reduced GMV (hippocampus, etc.), increased ReHo 
(caudate nucleus), and reduced FC (hippocampus-hippocampus and hippocampus-parahippocampus) in olfactory-related 
regions compared with normal controls. Additionally, reduced GMV of the bilateral hippocampus and increased ReHo of the 
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right caudate nucleus were associated with OI dysfunction and global cognitive impairment, and they exhibited partially 
mediated effects on the relationships between OI and global cognition across all participants.
Conclusion: Structural and functional abnormalities of olfactory-related regions present early with SCD and deepen with 
disease severity in the AD spectrum. The hippocampus and caudate nucleus may be the hub joining OI and cognitive function 
in the AD spectrum.

Keywords:  Alzheimer’s disease, caudate nucleus, hippocampus, mild cognitive impairment, MRI, odor identification, 
subjective cognitive decline

Introduction
Odor identification (OI) dysfunction is an early marker for 
indicating Alzheimer’s disease (AD) pathology and predicting de-
velopment to dementia, with the advantage of non-invasiveness, 
cost-effectiveness, and high patient compliance (Casa and 
Ramirez 2020; Ubeda-Banon et al., 2020). In AD pathological pro-
gression, the emergence of OI dysfunction may be parallel to 
tau-mediated neuronal injury and earlier than memory impair-
ment and clinical symptoms (Bathini et al., 2019; Murphy 2019). 
Additionally, OI dysfunction was associated with worse cog-
nitive performance (Wilson et  al., 2007), reduced hippocampal 
and entorhinal volume (Growdon et al., 2015), increased cortical 
amyloid burden (Bahar-Fuchs et al., 2010), lower ratios of CSF t-tau 
and P181-tau to Aβ 1-42 (Lafaille-Magnan et al., 2017), faster cognitive 
decline, and a higher rate of conversion to dementia (Devanand 
et al., 2008; Roberts et al., 2016) among community elderly indi-
viduals and patients with mild cognitive impairment (MCI).

Recent studies have suggested that OI dysfunction may also 
contribute to predicting dementia risk in individuals with sub-
jective cognitive decline (SCD), which is regarded as the earliest 
stage of the AD spectrum (Jessen et al., 2014). Our previous results 
suggested that SCD patients exhibited worse OI compared with 
an increase with the progression of disease in the AD spectrum 
(Wang et  al., 2020a). Furthermore, other studies demonstrated 
that OI dysfunction was associated with more subjective memory 
complaints (Sohrabi et al., 2009), increased temporal and parietal 
tau burden, temporal lobe atrophy (Risacher et al., 2017), and a 
higher risk of conversion to AD in SCD individuals (Tahmasebi 
et al., 2019). However, the underlying brain abnormalities related 
to OI dysfunction in SCD have not been fully elucidated.

According to the Braak stages, the olfactory system (espe-
cially the entorhinal and transentorhinal areas) is the first re-
gion to be affected by AD pathology (Braak and Braak 1997), and 
structural and functional abnormalities of olfactory regions have 
been repeatedly reported in patients with AD and MCI (Vasavada 
et al., 2017; Zhang et al., 2019; Kashibayashi et al., 2020). For SCD, 
studies also exhibited abnormalities of olfactory regions at the 
structural and functional levels (such as decreased hippocampal 
volume and thinner entorhinal cortex and decreased connect-
ivity between the default mode network and hippocampus) 
(Wang et al., 2020b), but their direct relationships with OI have 

not yet been explored, and it remains unclear whether the ab-
normalities of other olfactory regions may also contribute to OI 
dysfunction in SCD. Moreover, how these structural and func-
tional abnormalities of olfactory regions develop from SCD and 
MCI to AD needs to be further elucidated, because most of the 
previous studies explored the structural and functional abnor-
malities in AD, MCI, and SCD by using whole-brain analyses (Li 
et al., 2015; Wang et al., 2015). Additionally, some of the olfactory-
related regions are relatively small, and their effect size may not 
reach a significant level compared with the other regions.

Therefore, the present study aimed to explore the changing 
pattern of structural and functional abnormalities of olfactory-
related regions from SCD, MCI, and AD and explore their re-
lationships with OI dysfunction and cognitive impairment. 
Combining what has been mentioned above, we hypothesized 
that structural and functional abnormalities of olfactory-related 
regions present in SCD patients would deepen in patients with 
MCI and AD, and these abnormalities mediated the relationship 
between OI and cognitive function. The present results provide a 
deeper understanding of the pathophysiological substrate of OI 
dysfunction in SCD, MCI, and AD, and provide potential targets 
for early neuromodulation.

MATERIALS AND METHODS

Participants

A total 269 patients were continuously recruited from the 
Affiliated Brain Hospital of Guangzhou Medical University and 
the community in Guangzhou. Participants were assigned to 1 of 
4 groups: 70 with SCD, 118 with MCI, 31 with AD, and 50 normal 
controls (NCs). All patients or their legal guardians provided 
signed informed consent to participate in the study. This study 
was approved by the ethics committees of the Affiliated Brain 
Hospital of Guangzhou Medical University (Guangzhou Huiai 
Hospital) (Ethical number: 2014, 078).

The diagnostic criteria of AD were based on the National 
Institute of Neurological and Communicative Disorders and 
Stroke-Alzheimer’s Disease and Related Disorders Association 
for probable AD (Dubois et al., 2007). Considering the compliance 
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of different assessments, all AD patients included in the pre-
sent study had mild or moderate AD, with a score ranging from 
1 to 2 on the Clinical Dementia Rating. The diagnostic criteria 
of MCI were based on the Peterson criteria (with 1.5 SD below 
their agemates in cognitive scores and full score in activities of 
daily living) (Petersen, 2004). The SCD criteria included 2 major 
features (Jessen et  al., 2014). The first was a self-experienced 
persistent decline in cognitive capacity relative to a previously 
normal cognitive status unrelated to an acute event. All re-
spondents were asked the following questions: (1) Do you have 
complaints about your memory? Participants were asked to an-
swer “yes” or “no”; (2) How long do you think your memory has 
been declining? The participants were asked to respond with 
the duration of memory decline; (3) Are you worried about your 
memory problems? The participants were asked to answer “yes” 
or “no”. If the answer was “yes”, then the following questions 
were asked: (3.1) Are you worried about remembering some-
thing? (3.2) Are you worried about where things are placed? 
(3.3) Are you worried about forgetting what you said? (3.4) Are 
you worried about forgetting a meeting or party? The partici-
pants were asked to answer “mildly,” “moderately,” or “severely.” 
Those who answered “yes” to the first question responded to 
the second question with a duration of memory decline of 
more than 0.5 years and indicated that the decline was unre-
lated to an acute event satisfied the first criterion. The second 
criterion was normal performance on standardized cognitive 
tests used to classify MCI, adjusted for age, sex, and education. 
NC individuals were age-matched, cognitively and physically 
healthy individuals without a complaint of memory decline. 
The exclusion criteria were as follows: (1) patients with a his-
tory of any neurodegenerative disease other than AD; (2) other 
conditions that significantly affect cognitive function, such as 
metabolic vitamin B12 deficiency, stroke, and neurosyphilis; (3) 
patients with psychosis or other psychiatric conditions, such as 
depression, anxiety, and suicidal behavior; (4) other situations 
that significantly influence olfaction, including active upper re-
spiratory/sinus infection or respiratory distress at the time of 
testing, congenital or traumatic anosmia, known nasal polyps or 
tumors, current or recent (past 6 months) smoking, and alcohol 
or substance dependence. Participants underwent a structured 
interview followed by a standardized olfactory test, cognitive as-
sessments, and neuroimaging scanning on the same day.

Assessment of Olfactory Function

For OI assessment, the Sniffin’ Sticks Screen 16 test (Hummel 
et  al., 1997) was applied, which involves the presentation of 
odorants from felt-tip pens. To measure OI performance, odor-
ized pens were used. The pen’s cap was opened by the experi-
menter for approximately 3 seconds, and the pen’s tip was 
placed approximately 2 cm in front of both nostrils. Participants 
were asked to smell 16 common odorants from the felt-tip pens 
and to name the odors using a multiple-choice format with 4 
choices, only 1 of which was correct. The participants’ scores 
ranged from 0 to 16.

Assessment of Cognitive Function

Cognitive function in different cognitive domains was evaluated 
for differentiating NC and SCD from MCI (Jessen et  al., 2014). 
The neuropsychological tests included global cognition (Mini-
Mental State Examination [MMSE]), memory (long-term recall of 
Auditory Verbal Learning Task), executive function (Trail-Making 
Test B), attention (Symbol-Digit Modality Test), language (Boston 

Naming Test), and visuospatial skill (Rey-Osterrieth Complex 
Figure test). AD patients undergo only the MMSE test because 
of compliance.

Magnetic Resonance Imaging (MRI) Data Acquisition

Participants underwent MRI scans after neuropsychological as-
sessments and olfactory tests. The Philips 3.0 T MR system in 
The Affiliated Brain Hospital of Guangzhou Medical University 
(Philips, Achieva, Amsterdam, Netherlands) was used to acquire 
the imaging data. For each participant, an anatomical image 
was obtained with a sagittal 3-dimensional gradient-echo 
T1-weighted sequence (TR = 8.2  ms, TED = 3.8  ms, TI = 1100  ms, 
flip angle = 8°, 188 slices, slice thickness = 1  mm, Gap = 0  mm, 
matrix = 256 × 256, inversion time = 0). Sagittal resting-state fMRI 
datasets of the whole brain were obtained in 6 minutes with 
a single-shot gradient echo-planar imaging pulse sequence. 
The resting-state fMRI scanning parameters were as follows: 
TE = 30  ms, TR =2 000  ms, flip angle = 90  degrees, numbers of 
slices = 33, slice thickness = 4 mm, matrix size = 64 × 64, and field 
of view = 220 × 220 mm.

Image Processing

The T1 images were preprocessed using the toolboxes 
Computational Anatomy Toolbox 12 in Statistical Parametric 
Mapping 12 (SPM 12, University College, London, UK) (Ashburner 
et al., 2004). Briefly, each T1 image was segmented into cerebro-
spinal fluid, white matter, and grey matter and then normalized 
to the Montreal Neurological Institute template. A  Gaussian 
kernel filter of 8 × 8 × 8 mm3 was used to smooth the modulated 
image. Resting-state fMRI data preprocessing was carried out 
using the Data Processing Assistant for Resting-State 5.0 (Yan 
et  al., 2016). The first 10 volumes were removed to preserve 
steady-state data only. The remaining images were corrected 
for timing differences and for head motion. Participants who 
had images with more than 2 mm translational movement or 
more than 2 degrees rotational movement were excluded from 
further analysis. The individual structural image (T1-weighted 
images) was coregistered to the mean functional image after 
motion correction. The transformed structural images were 
segmented into grey matter, white matter, and CSF. Nuisance 
signals, such as 6 head motion parameters, global signal, CSF 
signal, and white matter signal, were regressed out from each 
time series. Following this, the motion-corrected functional im-
ages were spatially normalized into the Montreal Neurological 
Institute space and resampled to 3 × 3 × 3  mm2 using the nor-
malization parameters estimated during unified segmenta-
tion. Subsequently, the functional images were smoothed with 
a 6 × 6 × 6  mm3 full width at half maximum Gaussian kernel, 
and detrending was carried out. Finally, a bandpass filter (0.01 
Hz <f < 0.1 Hz) was applied to reduce the effect of low-frequency 
drifts and high-frequency noise (Soares et al., 2016).

Analyses of Grey Matter Volume (GMV), Fractional 
Amplitude of Low-Frequency Fluctuation (ALFF), 
Regional Homogeneity, and Functional Connectivity

The voxelwise GMV was calculated by using Computational 
Anatomy Toolbox 12 in SPM 12. The ALFF (Zou et al., 2008), re-
gional homogeneity (ReHo) (Zang et  al., 2004), and functional 
connectivity (FC) (Fox and Raichle, 2007) were calculated by 
DPASF 4.5. For the images not processed with a filter, the sum 
of the absolute amplitudes of low frequency (ranging from 0.01 
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Hz to 0.08 Hz) was extracted from the time series of each voxel, 
which is defined as ALFF and reflects spontaneous neuronal 
activities (Zou et al., 2008). For the images not processed with 
smoothed, ReHo were calculated, and it reflects the degree of 
local regional neural activity coherence. Briefly, it was calcu-
lated as Kendall’s coefficient of concordance (or Kendall’s W) of 
the time course of a given voxel with those of its nearest neigh-
bors (26 voxels). For the purpose of standardization, the ReHo 
value of each voxel was divided by the global mean ReHo value. 
Finally, the resulting ReHo images were spatially smoothed with 
a 6-mm FWHM Gaussian kernel (Zang et al., 2004). FC is defined 
as the temporal correlation (measured as Pearson’s r) in the 
high-amplitude, low-frequency, spontaneously generated blood 
oxygen level dependent (BOLD) signal between voxels (cubic 
“pixel” in a 3-dimensional brain image) or brain regions.

Definition of Olfactory-Related Regions

The olfactory-related regions included the piriform cortex, 
amygdala, entorhinal cortex, orbitofrontal cortex, hippocampus, 
parahippocampus, thalamus, insula, caudate nucleus, putamen, 
fusiform gyrus, temporal pole, and gyrus rectus (Fjaeldstad 
et  al., 2017; Han et  al., 2019). These olfactory-related regions 
were defined with WFU PickAtlas software (ANSIR, Wake Forest 
University, Winston-Salem, NC, USA) (Maldjian et  al., 2003). 
Regions shown to be significant in ANOVA of ALFF and ReHo 
were selected as the seeds when calculating FC to the other 
olfactory-related regions.

Statistics

Statistical Package for Social Sciences version 25.0 (IBM 
SPSS 25.0, Chicago, IL, USA) was used for the statistical ana-
lyses. Across the 4 groups (NC, SCD, MCI, and AD), Analysis of 
Covariance (ANCOVA) was used to compare the scores of the OI 
and neuropsychological tests controlling for age, sex, and years 
of education. Post-hoc least significant difference tests were 
used for multiple comparisons. Additionally, ANCOVA was 
used to compare the GMV, ALFF, and ReHo among the 4 groups, 
and control variables included age, sex, and years of education. 
For the comparisons of GMV, the total intracranial volume was 
also included as a control variable. Least significant difference 
post hoc analysis was used for multiple comparisons. Multiple 
comparisons correction was performed using a cluster false 
discovery rate at P < .05. Regions that showed significant dif-
ferences in the ANCOVA of ALFF and ReHo were selected as 
the seeds, and their FC to other olfactory-related regions 
were calculated respectively. Across all participants, partial 

correlations were used to explore the associations between OI, 
MMSE, and neuroimaging indicators, which had been shown to 
be significantly different post hoc of ANCOVA. Control variables 
included age, gender, and years of education. Furthermore, 
multiple linear regression analyses were used to explore which 
neuroimaging indicators were most associated with OI and 
MMSE. Mediation analyses were performed for potential vari-
ables screened in multiple linear regression analyses. The me-
diation model is established when the following conditions are 
met: (1) the independent variable (IV) has a significant effect 
on the dependent variable (DV); (2) the IV significantly predicts 
the mediator; (3) the mediator significantly affects the DV; and 
(4) when the mediator is excluded in the model, the effect of 
the IV on the DV decreases. In our analysis, OI scores were re-
garded as IV, MMSE scores as DVs, and neuroimaging indicators 
as mediators. PROCESS was used to investigate the mediation 
model among variables (Umeh 2019). Indirect effects were es-
timated with 1000 bootstrapped samples. Moreover, the Sobel 
test was performed to verify whether the mediating effect was 
significant (Sobel 1982).

RESULTS

Demographic, Olfactory, and Cognitive Information

The demographic, olfactory, and neuropsychological informa-
tion of different participants is listed in Table 1. No significant 
difference was found in cognitive scores between the SCD and 
NC groups (P > .05). The MCI group exhibited lower cognitive 
scores than the NC and SCD groups, and AD exhibited lower 
scores of global cognition than the other 3 groups. The SCD and 
MCI groups exhibited lower OI scores than the NC group and 
higher OI scores than the AD group (P < .05).

Comparisons of Olfactory-Related Regions Among 
the AD, MCI, SCD, and NC Groups

Comparison of GMV in Olfactory-Related  Regions—In the com-
parison of GMV, significant differences were found in the bi-
lateral hippocampus, parahippocampus, temporal pole, insula, 
orbital frontal cortex, amygdala, fusiform gyrus, gyrus rectus, 
entorhinal cortex, caudate nucleus, putamen, left superior tem-
poral gyrus, right putamen, and left insula across the 4 groups. 
In the post-hoc multiple comparisons, the GMV exhibited a ten-
dency of AD < MCI < SCD < NC. Notably, the AD group exhibited 
increased GMV in the anterior caudate nucleus compared with 
the other 3 groups, although other portions of the caudate nu-
cleus showed reduced GMV (Figure 1; Table 2).

Table 1. Demographic, Olfactory, and Neuropsychological Information of the NC, SCD, MCI, and AD Groups

NC (n = 50) SCD (n = 70) MCI (n = 118) AD (n = 31) F/χ2/Z P Post-hoc

Male (%) 18 (36.0%) 23 (34.3%) 34 (28.8%) 12 (38.7%) 1.647 .649 —
Age 64.5 ± 4.4 67.3 ± 5.7 67.9 ± 7.7 69.9 ± 11.0 4.061 .008 A<B,C,D
Education, y 10.5 ± 2.7 11.5 ± 2.9 9.1 ± 3.7 8.2 ± 4.6 10.208 <.001 A,B>C,D
Odor identification 12.8 ± 2.0 10.8 ± 2.3 10.6 ± 2.3 6.6 ± 2.7 32.631 <.001 A>B,C>D
Global cognition 27.2 ± 1.8 27.3 ± 2.0 25.4 ± 2.6 12.0 ± 4.5 271.592 <.001 A,B>C>D
Memory 7.1 ± 2.0 6.9 ± 2.3 4.6 ± 2.6 — 38.861 <.001 A,B>C
Language 23.7 ± 1.8 23.3 ± 2.7 19.9 ± 3.3 — 47.964 <.001 A,B>C
Executive function (sec) 61.6 ± 21.9 60.0 ± 19.9 79.4 ± 32.4 — 18.541 <.001 A,B>C
Visuospatial skill 27.6 ± 4.2 27.9 ± 3.8 25.1 ± 5.9 — 19.226 <.001 A,B>C
Attention 36.7 ± 9.9 36.6 ± 9.7 30.0 ± 10.1 — 18.071 <.001 A,B>C

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control; SCD, subjective cognitive decline. 

In the post-hoc comparison, A represents the NC group, B represents the SCD group, C represents the MCI group, and D represents the AD group.
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Comparison of ALFF in Olfactory-Related  Regions—In the com-
parison of ALFF, significant differences were found in the bilat-
eral hippocampus, bilateral parahippocampal gyrus, bilateral 
insula, bilateral putamen, bilateral gyrus rectus, left caudate nu-
cleus, right amygdala, and right orbital-frontal cortex across the 
4 groups. In the post-hoc multiple comparisons, the AD group 

exhibited increased ALFF compared with the other 3 groups 
(Figure 2; Table 2), and there was no significant difference be-
tween the other groups.
Comparison of ReHo in Olfactory-Related  Regions—In the com-
parison of ReHo, significant differences were found in the bilat-
eral caudate nuclei across the 4 groups. In the post-hoc multiple 

Figure 1. Comparison of GMV in olfactory-related regions among the AD, MCI, SCD, and NC groups. The olfactory-related regions were defined as the ROI, including 

the piriform cortex, amygdala, entorhinal cortex, orbitofrontal cortex, hippocampus, parahippocampus, thalamus, insula, caudate nucleus, putamen, fusiform gyrus, 

temporal pole, and gyrus rectus. Across the 4 groups, significant differences in GMV were found in the bilateral orbital frontal cortex, temporal pole, hippocampus, 

parahippocampus, insula, fusiform gyrus, amygdala, caudate nucleus, putamen, rectus, entorhinal cortex, thalamus, and piriform cortex. More details of the com-

parison are listed in Table 2. Multiple comparison correction was performed using a false discovery rate at P < .05. The color scale bar shows the logarithmic scale of 

P values (-log10). The closer to yellow or light blue, the more significant the difference between groups. Abbreviations: AD, Alzheimer’s disease; ANCOVA, analysis of 

covariance; GMV, grey matter volume, MCI, mild cognitive impairment; NC, normal control; SCD, subjective cognitive decline. 
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Table 2. Comparison of Neuroimaging Indicators in Olfactory-Related Regions in the NC, SCD, MCI, and AD Groups

Comparison Brain regions

Peak MNI
Cluster 

size Fx y z

GMV
F test Bilateral orbital frontal cortex, temporal pole, hippocampus, 

parahippocampus, insula, fusiform gyrus, amygdala, caudate 
nucleus, putamen, rectus, entorhinal cortex, thalamus, 
piriform cortex

−25.5 −28.5 −6 48 687 50.10

 Right caudate 18 24 12 35 7.12
NC vs SCD Left hippocampus, parahippocampal, amygdala −12 1.5 −21 959 4.62
 Right hippocampus, parahippocampal, amygdala 27 −10.5 −13.5 252 4.02
 Right rectus, entorhinal cortex 12 25.5 −15 199 4.03
 Right rectus, entorhinal cortex 10.5 37.5 −24 43 3.56
 Left caudate nucleus, putamen −10.5 6 −12 30 3.69
 Left hippocampus −12 −34.5 7.5 31 3.83
NC vs MCI Bilateral orbital frontal cortex, temporal pole, hippocampus, 

parahippocampus, insula, fusiform gyrus, amygdala, caudate 
nucleus, putamen, rectus, entorhinal cortex

−12 1.5 −21 46 601 6.37

NC vs AD Bilateral orbital frontal cortex, temporal pole, hippocampus, 
parahippocampus, insula, fusiform gyrus, amygdala, caudate 
nucleus, putamen, rectus, entorhinal cortex, thalamus

−30 −13.5 −13.5 48 667 11.80

 Right caudate nucleus 21 25.5 10.5 35 −4.01
SCD vs MCI Right putamen, insula, caudate, amygdala 19.5 6 −9 2332 4.34
 Left putamen, parahippocampal, insula, fusiform gyrus, 

hippocampus
−24 16.5 4.5 1676 4.33

 Right temporal pole 45 6 −24 1236 4.18
 Left insula −36 −27 22.5 865 3.46
 Right hippocampus, parahippocampal, fusiform gyrus 22.5 −24 −7.5 832 3.94
 Right orbital frontal cortex 28.5 66 −6 442 3.81
 Left temporal pole −55.5 6 −4.5 197 3.38
 Right orbital frontal cortex, insula 34.5 30 −7.5 167 3.08
 Left orbital frontal cortex −45 43.5 −7.5 146 3.17
 Left temporal pole −34.5 0 −43.5 83 3.68
 Left orbital frontal cortex −3 63 −1.5 30 2.82
SCD vs AD Bilateral orbital frontal cortex, temporal pole, hippocampus, 

parahippocampus, insula, fusiform gyrus, amygdala, caudate 
nucleus, putamen, rectus, entorhinal cortex

−27 −21 −24 48 553 9.62

 Right caudate nucleus 21 25.5 10.5 35 −3.21
MCI vs AD Bilateral orbital frontal cortex, temporal pole, hippocampus, 

parahippocampus, insula, fusiform gyrus, amygdala, caudate 
nucleus, putamen, rectus

−25.5 −30 −4.5 40 180 8.90

 Right orbital frontal cortex 28.8 55.5 −6 188 3.01
 Right caudate nucleus 18 24 12 35 −3.99
 Left temporal pole −55.5 3 0 14 2.34
ALFF
F test Right hippocampus, parahippocampal, orbital frontal cortex, 

insula, putamen, amygdala, bilateral rectus
36 −33 −9 1488 14.47

 Left hippocampus, parahippocampal, fusiform gyrus, 
amygdala

−36 −24 −15 299 12.26

 Left caudate nucleus, insula, putamen −39 −3 15 231 7.54
NC vs AD Right hippocampus, parahippocampal, fusiform gyrus 15 −9 −15 277 −4.20
 Bilateral rectus 3 21 −18 58 −3.86
 Right caudate nucleus 12 12 −3 26 −3.37
SCD vs AD Right hippocampus, parahippocampal, caudate nucleus, 

insula, putamen, orbital frontal cortex, rectus, amygdala
27 −30 −12 1318 −5.21

MCI vs AD Right hippocampus, parahippocampal, amygdala 21 3 −27 512 −5.18
 Right caudate nucleus, rectus 12 12 −3 283 −4.31
 Right insula 42 0 9 48 −3.95
ReHo
F test Right caudate nucleus 15 18 15 69 8.82
 Left caudate nucleus −15 3 24 28 9.28
NC vs SCD Right caudate nucleus 15 18 15 14 −2.75
 Left caudate nucleus −6 9 12 28 −5.15
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comparisons, the AD group exhibited increased ReHo compared 
with the other 3 groups. In addition, the SCD group and MCI 
group showed increased ReHo compared with the NC group 
(Figure 2; Table 2). No significant difference among the 4 groups 
was found.
Comparison of FC in Olfactory-Related Regions—Regions shown to 
be significant in the ANCOVA of ALFF and ReHo were selected 
as seeds, including the bilateral hippocampus, bilateral 
parahippocampal gyrus, bilateral insula, bilateral putamen, bi-
lateral gyrus rectus, caudate nucleus, right amygdala, and right 
orbital-frontal cortex. Across the 4 groups, significant differ-
ences were found in the FC of the right hippocampus and bilat-
eral parahippocampus when the left hippocampus was chosen 
as the seed and in the FC of the right parahippocampus and 
right caudate nucleus when the right hippocampus was chosen 
as the seed. When the left hippocampus was chosen as the seed, 
the AD group exhibited decreased FC compared with the other 
3 groups, and the SCD group exhibited decreased FC compared 
with the NC group. When the right hippocampus was chosen as 
the seed, the AD group exhibited decreased FC compared with 
the other 3 groups, and the MCI group exhibited decreased FC 
compared with the NC group (Figure 3; Table 2). No significant 
difference in FC was found when the other regions were chosen 
as the seeds. Taken together, the results of ANCOVA are sum-
marized in Table 3.

Associations Among OI Dysfunction, Cognitive 
Impairment, and Brain Abnormalities

Correlation Analyses—According to the ANCOVA, hippocampal 
and caudate abnormalities were included in the correlation ana-
lyses. Across all participants, OI was positively associated with 
MMSE scores (r = 0.582, P < .001), GMV (bilateral hippocampus), 
and FC (from right hippocampus to right caudate nucleus) and 
negatively associated with ReHo (right caudate nucleus) (Table 
4). In addition, MMSE scores were positively associated with 
GMV (bilateral hippocampus and right caudate nucleus) and FC 
(left hippocampus to right hippocampus, right hippocampus 
to right caudate nucleus) and negatively associated with ALFF 
(ALFF of bilateral hippocampus) and ReHo (bilateral caudate nu-
cleus) (P < .05) (Table 4). In the SCD group, OI was associated with 
GMV of the left hippocampus (r = 0.282, P = .034) and right hippo-
campus (r = 0.300, P = .023); MMSE was associated with GMV of 
the left hippocampus (r = 0.267, P = .029); OI was not associated 
with MMSE (r = 0.156, P = .248).
Regression Analyses—Among the different neuroimaging indi-
cators associated with OI in the correlation analyses, GMV of 
the left hippocampus was the only variable associated with OI 
(R2 = 0.195, β = 0.442, t = 7.133, P < .001, 95% CI [14.334 to 25.283]) 
across all participants. Among the different neuroimaging indi-
cators associated with MMSE in the correlation analyses, GMV of 

Table 2. Continued

Comparison Brain regions

Peak MNI
Cluster 

size Fx y z

NC vs MCI Right caudate nucleus 12 15 12 10 −2.50
NC vs AD Right caudate nucleus 9 9 15 69 −5.14
 Left caudate nucleus −15 3 24 26 9.14
SCD vs AD Right caudate nucleus 15 21 6 65 −4.15
 Left caudate nucleus −15 3 24 27 −4.12
MCI vs AD Right caudate nucleus 15 21 6 68 −4.11
 Left caudate nucleus −18 0 18 27 −4.07
FC, left hippocampus
F test Left parahippocampal −27 −36 −12 74 11.59
 Right hippocampus, parahippocampal 24 −33 −15 57 12.10
NC vs SCD Left parahippocampal −21 −39 −9 15 2.96
 Right hippocampus, parahippocampal 27 −33 −9 11 2.65
NC vs AD Left parahippocampal −24 −39 −12 73 5.19
 Right hippocampus, parahippocampal 27 −33 −15 57 5.24
SCD vs AD Left parahippocampal −27 −36 0 66 4.41
 Right hippocampus, parahippocampal 24 −33 −15 52 4.31
MCI vs AD Left parahippocampal −27 −33 −12 74 5.37
 Right hippocampus, parahippocampal 24 −33 −15 57 5.58
FC, right hippocampus
F test Right parahippocampal 24 −33 −15 80 13.99
 Right caudate nucleus 18 6 18 63 10.93
NC vs MCI Right caudate nucleus 18 3 21 25 3.34
NC vs AD Right parahippocampal 27 −33 −15 76 5.21
 Right caudate nucleus 18 6 18 63 5.29
SCD vs AD Right parahippocampal 21 −33 −12 70 4.91
 Right caudate nucleus 18 6 18 57 −4.40
MCI vs AD Right parahippocampal 24 −33 −15 80 5.72
 Right caudate nucleus 18 6 15 51 4.17

Abbreviations: AD, Alzheimer’s disease; ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; GMV, grey matter volume; MCI, mild cognitive im-

pairment; MNI, Montreal Neurological Institute; NC, normal control; ReHo, regional homogeneity; SCD, subjective cognitive decline.

The olfactory-related regions were defined as the regions of interest, including the piriform cortex, amygdala, entorhinal cortex, orbito-frontal cortex, hippocampus, 

parahippocampus, thalamus, insula, caudate nucleus, putamen, fusiform gyrus, temporal pole, gyrus rectus. 
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the left hippocampus (β = 0.486, t = 7.883, P < .001, 95% CI [29.483 
to 49.124]) and ReHo of the right caudate nucleus (β = −0.155, 
t = −2.708, P = .007, 95% CI [−13.918 to −2.196]) were associated 
with MMSE (R2 = 0.271).
Mediation Analyses—Across all participants, the indirect effect 
of OI on MMSE through GMV of left hippocampus was 0.176 
(Z = 5.932, P < .001), and the remaining direct effect of OI on 
MMSE was still significant, which manifested as OI positively af-
fecting MMSE by upregulating GMV of left hippocampus (Figure 
4A). The indirect effect of OI on MMSE through GMV of right 

hippocampus was 0.168 (Z = 5.714, P < .001), and the remaining 
direct effect of OI on MMSE was still significant, which mani-
fested as OI positively affected MMSE by upregulating GMV of 
right hippocampus (Figure 4B). The indirect effect of OI on MMSE 
through ReHo of right caudate nucleus was 0.034 (Z = 1.981, 
P = .048), and the remaining direct effect of OI on MMSE was still 
significant, which manifested as OI positively affecting MMSE by 
downregulating ReHo of right caudate nucleus (Figure 4C). No 
significant mediating effect of other neuroimaging indicators on 
the relationships between OI and global cognition was found.

Figure 2. Comparison of ALFF and ReHo in olfactory-related regions among the AD, MCI, SCD, and NC groups. The olfactory-related regions were defined as the ROI, 

including the piriform cortex, amygdala, entorhinal cortex, orbitofrontal cortex, hippocampus, parahippocampus, thalamus, insula, caudate nucleus, putamen, fusi-

form gyrus, temporal pole, and gyrus rectus. Across the 4 groups, significant differences in ALFF were found in the right hippocampus, parahippocampal cortex, orbital 

frontal cortex, insula, putamen, amygdala, bilateral rectus, left hippocampus, parahippocampal cortex, fusiform gyrus, amygdala, left caudate nucleus, insula, and 

putamen; significant differences in ReHo were found in the bilateral caudate nucleus. More details of the comparison are listed in Table 2. Multiple comparison correc-

tion was performed using a false discovery rate at P < .05. The color scale bar shows the logarithmic scale of P values (-log10). The closer to yellow or light blue, the more 

significant the difference between groups. Abbreviations: AD, Alzheimer’s disease; ALFF, amplitude of low-frequency fluctuation ReHo, regional homogeneity; ANCOVA, 

analysis of covariance; MCI, mild cognitive impairment; NC, normal control; SCD, subjective cognitive decline. 
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Discussion

The present study first explored the changing pattern of struc-
tural and functional abnormalities of olfactory-related regions in 
participants with SCD, MCI, and AD, and the main findings were 
as follows: (1) from the SCD, MCI to AD groups, the reduced GMV, 
increased ALFF, increased ReHo, and reduced FC of olfactory-
related regions became increasingly severe; (2) among various 
neuroimaging indicators, only the degrees of reduced GMV of 

the hippocampus and caudate nucleus clearly distinguish the 
AD, MCI, SCD, and NC groups; (3) SCD participants exhibited re-
duced GMV (bilateral hippocampus, bilateral parahippocampus, 
entorhinal cortex, right gyrus rectus, left caudate nucleus, and 
left putamen), increased ReHo (bilateral caudate nucleus), and 
reduced FC (between left and right hippocampus) compared 
with the NC group; and (4) across the 4 groups, reduced GMV 
of the bilateral hippocampus and increased ReHo of the right 
caudate nucleus were associated with OI dysfunction and global 

Figure 3. Comparison of FC in olfactory-related regions among the AD, MCI, SCD, and NC groups. The olfactory-related regions were defined as the ROI, including the 

piriform cortex, amygdala, entorhinal cortex, orbitofrontal cortex, hippocampus, parahippocampus, thalamus, insula, caudate nucleus, putamen, fusiform gyrus, tem-

poral pole, and gyrus rectus. Across the 4 groups, significant differences were found in the FC of the right hippocampus and bilateral parahippocampus when the left 

hippocampus was chosen as the seed and in the FC of the right parahippocampus and right caudate nucleus when the right hippocampus was chosen as the seed. 

More details of the comparison are listed in Table 2. Multiple comparison correction was performed using a false discovery rate at P < .05. The color scale bar shows the 

logarithmic scale of P values (-log10). The closer to yellow, the more significant the difference between groups. Abbreviations: AD, Alzheimer’s disease; ANCOVA, ana-

lysis of covariance; FC, functional connectivity; MCI, mild cognitive impairment; NC, normal control; SCD, subjective cognitive decline. 
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cognitive impairment, and they exhibited partially mediated ef-
fects on the relationships between OI and global cognition.

Most of the previous studies explored the brain structural 
and functional abnormalities in AD, MCI, and SCD patients by 
using whole-brain analyses (Li et  al., 2015; Wang et  al., 2015), 
but the abnormalities of their olfactory-related regions have not 
yet been fully clarified because some of the olfactory-related re-
gions are relatively small, and their effect size may not reach a 
significant level compared with the other regions. By defining 

the olfactory-related regions as regions of interest, the present 
study demonstrated their changing pattern of olfactory-related 
regions in the AD spectrum, which can be summarized in Table 3. 
Generally, reduced GMV, increased ALFF and ReHo, and reduced 
FC in olfactory-related regions became increasingly obvious with 
the development of AD. This changing pattern can be explained 
by Murphy’s hypothesis: functional hyperactivation may be a 
compensation for increasingly serious OI dysfunction in the de-
velopment of AD because patients need to make stronger efforts 

Table 3. Summary of Abnormal Olfactory-Related Regions Among the NC, SCD, MCI, and AD Groups

Significant in ANOVA Post-hoc

Piriform cortex GMV (bilateral) GMV: AD was lower than other 3 groups (bilateral); MCI was lower 
than NC (bilateral)

Entorhinal cortex GMV (bilateral) GMV: AD was lower than other 3 groups (bilateral); MCI and SCD 
was lower than NC (bilateral)

Amygdala GMV (bilateral)  
ALFF (bilateral)

GMV: AD was lower than the other 3 groups (bilateral); MCI was 
lower than NC (bilateral) and SCD (right); SCD was lower than NC 
(bilateral)  

ALFF: AD was higher than MCI (right)
Hippocampus GMV (bilateral)  

ALFF (bilateral)  
FC (left hippocampus to right 

hippocampus and bilateral 
parahippocampus; right 
hippocampus to right 
parahippocampus and right caudate)

GMV: AD was lower than other 3 groups (bilateral); MCI was lower 
than NC and SCD (bilateral); SCD was lower than NC (bilateral)  

ALFF: AD was higher than other 3 groups (right)  
FC: AD was lower than other 3 groups (left hippocampus to right 

hippocampus and bilateral parahippocampus; right hippocampus 
to right parahippocampus and right caudate); MCI was lower than 
NC (right hippocampus to right caudate); SCD was lower than NC 
(left hippocampus to bilateral parahippocampus)

Parahippocampus GMV (bilateral)  
ALFF (bilateral)  
FC (left hippocampus to 

bilateral parahippocampus; 
right hippocampus to right 
parahippocampus)

GMV: AD was lower than other 3 groups (bilateral); MCI was lower 
than NC and SCD (bilateral); SCD was lower than NC (bilateral)  

ALFF: AD was higher than other 3 groups (right)  
FC: AD was lower than other 3 groups (left hippocampus to 

bilateral parahippocampus; right hippocampus to right 
parahippocampus); SCD was lower than NC (left hippocampus to 
bilateral parahippocampus)

Orbito-frontal cortex GMV (bilateral)  
ALFF (right)

GMV: AD was lower than the other 3 groups (bilateral), MCI was 
lower than NC and SCD (bilateral)  

ALFF: AD higher than the other 3 groups (right)
Thalamus GMV (bilateral) GMV: AD was lower than the other 3 groups (bilateral)
Insular GMV (bilateral)  

ALFF (bilateral)
GMV: AD was lower than the other 3 groups (bilateral); MCI was 

lower than NC and SCD (bilateral)  
ALFF: AD was higher than SCD and MCI (right)

Caudate nucleus GMV (bilateral)  
ALFF (bilateral)  
ReHo(bilateral)  
FC (right hippocampus to right caudate)

GMV: AD was lower than the other 3 groups (bilateral), and higher 
than the other 3 groups (right, anterior part); MCI was lower than 
NC (bilateral) and SCD (right); SCD was lower than NC (left)  

ALFF: AD was higher than the other 3 groups (right)  
ReHo: AD was higher than the other 3 groups (bilateral), MCI were 

higher than NC (right); SCD was higher than NC (bilateral)  
FC: AD was lower than the other 3 groups (right hippocampus to 

right caudate); MCI was lower than NC (right hippocampus to 
right caudate)

Putamen GMV (bilateral)  
ALFF (bilateral)

GMV: AD was lower than the other 3 groups (bilateral); MCI was 
lower than NC and SCD (bilateral); SCD was lower than NC (left)  

ALFF: AD was higher than SCD (right)
Fusiform gyrus GMV (bilateral)  

ALFF (bilateral)
GMV: AD was lower than the other 3 groups (bilateral); MCI was 

lower than NC and SCD (bilateral)  
ALFF: AD was higher than NC (right)

Temporal pole GMV (bilateral) GMV: AD was lower than the other 3 groups (bilateral); MCI was 
lower than NC and SCD (bilateral)

Gyrus rectus GMV (bilateral)  
ALFF (bilateral)

GMV: AD was lower than the other 3 groups (bilateral); MCI was 
lower than NC (bilateral); SCD was lower than NC (right)  

ALFF: AD was higher than NC (bilateral), MCI (right) and SCD (right)

 Abbreviations: AD, Alzheimer’s disease; ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; GMV, grey matter volume; MCI, mild cognitive im-

pairment; MNI, Montreal Neurological Institute; NC, normal control; ReHo, regional homogeneity; SCD, subjective cognitive decline.
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to maintain their normal olfactory perception when processing 
odor information; persistent functional hyperactivation may fa-
cilitate neurodegeneration, and the related accumulated neural 

damage may lead to structural abnormalities and cognitive im-
pairment (Murphy 2019). Follow-up studies can further confirm 
this changing pattern of olfactory-related regions in the AD 

Table 4. Correlations Between OI, MMSE, and Neuroimaging Indicators Across All Participants

OI Global cognition

r P r P

GMV of left hippocampus 0.452 <.001* 0.510 <.001*
GMV of right hippocampus 0.439 <.001* 0.495 <.001*
GMV of left caudate nucleus −0.026 .698 -0.224 .053
GMV of right caudate nucleus −0.065 .336 0.224 .009*
ALFF of right hippocampus −0.055 .422 -0.152 .016
ALFF of right hippocampal −0.072 .295 -0.186 .003*
ReHo of left caudate nucleus −0.043 .528 -0.144 .035*
ReHo of right caudate nucleus −0.238 <.001* -0.297 <.001*
FC from left hippocampus to right hippocampus −0.006 .935 0.213 .019*
FC from right hippocampus to right caudate nucleus 0.180 .009* 0.124 .050

Abbreviations: ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; GMV, grey matter volume; MMSE, Mini-Mental State Examination; OI, odor 

identification; ReHo, regional homogeneity. 

*P < .05.

Figure 4. Abnormalities in olfactory-related regions mediated the relationship between OI and global cognition. (A) The association between OI and MMSE was partially 

mediated by the GMV of the left hippocampus. (B) The association between OI and MMSE was partially mediated by GMV in the right hippocampus. (C) The association 

between OI and MMSE was partially mediated by ReHo of the right caudate nucleus. Abbreviations: GMV, grey matter volume; MMSE, Mini-Mental State Examination; 

OI, odor identification; ReHo, regional homogeneity. 
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spectrum. In contrast, structural abnormalities were more wide-
spread than resting-state functional abnormalities in olfactory-
related regions in the present ANCOVA. On one hand, the ALFF, 
ReHo, and FC used in the present study may not be sufficient for 
mapping the pattern of resting-state functional abnormalities, 
and future studies, including network analyses, could provide 
a deeper understanding of the relationship between functional 
and structural abnormalities of olfactory-related regions in the 
AD spectrum. On the other hand, Murphy’s hypothesis is more 
strongly associated with the response to odors, since functional 
abnormalities of olfactory-related regions when processing ol-
factory information were reported in patients with MCI and 
AD (Vasavada et al., 2017). Future studies that include olfactory 
task-fMRI can further explore how the functional and structural 
abnormalities of olfactory-related regions interact with others.

The present study demonstrated structural and functional 
abnormalities of the hippocampus in SCD patients, which was 
consistent with previous studies (Perrotin et  al., 2015; Dillen 
et  al., 2017; Li et  al., 2018; Scheef et  al., 2019). Furthermore, 
hippocampal abnormalities were more obvious than abnormal-
ities of other olfactory-related regions in SCD patients, and the 
GMV of the left hippocampus was the only neuroimaging vari-
able associated with OI dysfunction and intact global cognition, 
suggesting the potential mediating role of the hippocampus in 
the relationship between olfaction and cognitive function. On 
one hand, the hippocampus is an important part of the sec-
ondary olfactory cortex and is responsible for encoding olfactory 
information and storing olfactory memory, which is essential for 
OI (Li et al., 2017). On the other hand, the hippocampus is among 
the first brain areas to be altered in AD, and the extent of the 
abnormalities may reflect the disease severity (Pini et al., 2016). 
The present results suggested that structural and functional ab-
normalities of olfactory-related regions are present early in the 
SCD stages of the AD spectrum, and the assessment of OI was 
more sensitive to reflecting hippocampal abnormalities in SCD 
patients than cognitive assessments.

Interestingly, not all the abnormalities of olfactory-related 
regions in the SCD group became more obvious in the MCI group 
(ALFF of the hippocampus, etc.), and the SCD group also exhib-
ited more obvious abnormalities than the MCI group in ReHo 
of left caudate nucleus, etc. On one hand, the development of 
abnormalities of olfactory-related regions in AD spectrum may 
be nonlinear, and abnormalities in MCI are not necessary to be 
more severe than SCD. On the other hand, a portion of SCD and 
MCI patients may not progress to AD in follow-up, and their 
olfactory-related regions may remain intact, which reduces 
the difference between the 2 groups. Future studies including 
PET-CT or CSF markers can screen out Aβ-positive patients with 
SCD and MCI and provide a more precise damaging pattern of 
olfactory-related regions in the AD spectrum.

Apart from the hippocampus, the caudate nucleus was the 
only nucleus that exhibited different degrees of functional 
and structural abnormalities in the SCD, MCI, and AD groups. 
Furthermore, AD and MCI patients showed significantly re-
duced FC between the right hippocampus and right caudate. 
The caudate nucleus is not only a part of the olfactory pathway 
but is also involved in cognitive processes (attention, planning, 
and execution of behavior to achieve complex goals) and in-
tegrates major inputs from the dorsolateral and orbitofrontal 
cortices (Pini et  al., 2016). Additionally, caudate abnormalities 
were found to be associated with MCI progression to AD and 
CSF tau levels (Wang et al., 2020b), and hippocampal–caudate 
connectivity was associated with dopamine D2 receptor avail-
ability (Nyberg et al., 2016), episodic memory, and contextually 

dependent navigation (Brown et al., 2012). Interestingly, AD pa-
tients exhibited a local increase in GMV in the anterior part 
of the caudate nucleus. Enlargement of the caudate nucleus 
in AD patients has also been reported in studies by Persson 
et al. and Tang et al. and could result from amyloid accumu-
lation, neuroinflammation, and tissue reorganization caused 
by ventricular enlargement (Tang et  al., 2014; Persson et  al., 
2018). Taken together, this evidence demonstrates that struc-
tural and functional changes in the caudate nucleus are im-
portant markers in the AD spectrum: they present early in the 
SCD stage and deepen with disease severity. The special role of 
the caudate nucleus in the AD spectrum (especially in the SCD 
stage) is worthy of further investigation.

Because the hippocampus and caudate nucleus exhibited 
different degrees of abnormalities in the AD, MCI, and SCD 
groups, we further explored their relationships with OI and 
cognition. Respectively, scores of OI and MMSE were associated 
with various hippocampal and caudate abnormalities, sug-
gesting grey matter atrophy, functional hyperactivation, and 
impaired connectivity of olfactory-related regions involved in 
OI dysfunction and cognitive impairment. Furthermore, the 
mediation analyses suggest that GMV of the bilateral hippo-
campus and ReHo of the right caudate nucleus were partial 
mediators of the relationships between OI dysfunction and 
cognitive impairment, suggesting that OI may influence cog-
nition not only directly but also through the mediation of 
the hippocampus and caudate nucleus. These results again 
confirm Murphy’s hypothesis: OI dysfunction may cause 
hyperactivation of overlapping regions related to olfaction 
and cognition, and persistent hyperactivation facilitates struc-
tural abnormalities, leading to cognitive impairment in AD 
spectrum diseases (Murphy 2019). Other overlapping regions 
(such as the orbital-frontal cortex, insula, and putamen) may 
also contribute to the relationship between OI and global cog-
nition, but the present work indicates that the hippocampus 
and caudate nucleus may play the most crucial roles in this 
mediation. It should be noted that the present study, using 
resting-state fMRI to explore brain function in olfactory-related 
regions, can only provide information on correlations but not 
causality. Future studies using task-based fMRI and designing 
odor-related stimulus tasks can provide more information 
about how OI dysfunction, cognitive impairment, and brain ab-
normalities interact with each other.

There were limitations in the present study. First, the pre-
sent study compared the difference in olfactory-related regions 
in the AD spectrum based on a cross-sessional cohort, which 
needs to be further confirmed by follow-up studies. Second, 
several other neurodegenerative diseases, such as Lewy body 
dementia and Parkinson’s disease, also exhibit OI dysfunction 
and cognitive impairment, which may be confounding factors 
of the present study. The lack of specificity of OI dysfunction 
needs to be improved by future studies, including assessments 
of Aβ and tau. Third, some of the AD patients were taking 
regular or irregular treatment with cholinesterase inhibitors, 
which may influence the results of functional analyses. Fourth, 
the current study only included OI, the strongest predictor of 
AD. Future studies including odor thresholds and discrimin-
ation could provide a deeper understanding of the relationship 
between olfaction and the AD spectrum. Finally, AAL 90 was 
used as the template to define the olfactory network in the pre-
sent study, and further studies using templates with more de-
tailed segments could provide a deeper understanding of how 
the olfactory network changes as the disease progresses in the 
AD spectrum.
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Conclusions

In summary, the present study provided important novel in-
sights into the pathophysiological substrate of OI dysfunction 
in SCD, MCI, and AD. We demonstrated that structural and func-
tional abnormalities of olfactory-related regions are already 
present with SCD and deepen with disease severity in the AD 
spectrum. Additionally, the hippocampus and caudate nucleus 
may be the most important olfactory-related regions joining OI 
dysfunction and cognitive impairment, which provide potential 
targets for neuromodulation of AD spectrum diseases.
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