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Background: Olfactory dysfunction stands as one of the most prevalent non-

motor symptoms in the initial stage of Parkinson’s disease (PD). Nevertheless,

the intricate mechanisms underlying olfactory deficits in Parkinson’s disease still

remain elusive.

Methods: This study collected rs-fMRI data from 30 PD patients [15 with severe

hyposmia (PD-SH) and 15 with no/mild hyposmia (PD-N/MH)] and 15 healthy

controls (HC). To investigate functional segregation, the amplitude of low-

frequency fluctuation (ALFF) and regional homogeneity (ReHo) were utilized.

Functional connectivity (FC) analysis was performed to explore the functional

integration across diverse brain regions. Additionally, the graph theory-based

network analysis was employed to assess functional networks in PD patients.

Furthermore, Pearson correlation analysis was conducted to delve deeper into

the relationship between the severity of olfactory dysfunction and various

functional metrics.

Results: We discovered pronounced variations in ALFF, ReHo, FC, and

topological brain network attributes across the three groups, with several of

these disparities exhibiting a correlation with olfactory scores.

Conclusion: Using fMRI, our study analyzed brain function in PD-SH, PD-

N/MH, and HC groups, revealing impaired segregation and integration in PD-SH

and PD-N/MH. We hypothesize that changes in temporal, frontal, occipital,
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and cerebellar activities, along with aberrant cerebellum-insula connectivity

and node degree and betweenness disparities, may be linked to olfactory

dysfunction in PD patients.

KEYWORDS

Parkinson’s disease, hyposmia, amplitude of low-frequency fluctuation, regional
homogeneity, functional connectivity, brain functional network

1 Introduction

Parkinson’s disease (PD), whose impact on society is significant,
is a common neurodegenerative disease characterized by motor
dysfunction, tremor, muscle rigidity, and non-motor symptoms
(Reich and Savitt, 2019; Kalia and Lang, 2015). With population
growth and aging, the epidemiology of Parkinson’s disease
has changed considerably, and its incidence rate is increasing.
A recent Global Burden of Disease (GBD) study showed
that age-standardized incidence rates of Parkinson’s disease
increased largely among nervous system diseases (Huang et al.,
2023). However, the causes of Parkinson’s disease are complex
and uncertain, and current researches suggest that genetics,
environment, and interactions thereof may be involved (Bloem
et al., 2021; Nonnekes et al., 2018; Nalls et al., 2019; Ryan
et al., 2019; Skrahina et al., 2021). In clinical settings, Parkinson’s
disease is primarily diagnosed through a comprehensive assessment
of medical history and neurological symptoms (Armstrong and
Okun, 2020). It’s worth noting that when clinical manifestations
appear, at least 50–60% of dopaminergic neurons have already
died, which can potentially delay treatment (Lang, 2007). The
topic of motor symptoms, including tremor, rigidity, and slowness,
is often crucial and cannot be overlooked. In addition to the
motor features, there are also many non-motor features, such as
olfactory dysfunction, cognitive decline, sleep disorders, depression
and apathy (Grażyńska et al., 2020; Yan et al., 2023). Olfactory
abnormalities usually appear before motor symptoms, known as
“prodromal” symptoms, which means that changes in the olfactory
pathway may be the earliest pathological changes in PD (Löhle
et al., 2020).

As a subjective sensation, olfaction is inherently a chemical
sensing process that involves the detection of specific odor
molecules by sensory cells (Dan et al., 2021). The olfactory
system comprises the peripheral olfactory system, such as the
olfactory neuroepithelium and olfactory tract, as well as the
central olfactory system, including the olfactory bulb and olfactory
cortex (Hadley et al., 2004). The specific binding of odor ligands
to receptors on olfactory neurons triggers the activation of the
second messenger pathway, resulting in the generation of action
potentials. Subsequently, these action potentials are transmitted
in a graded fashion through the olfactory tract, ultimately
reaching the olfactory bulb and olfactory cortex. This sequential
process constitutes the fundamental mechanism underlying the
production of olfactory sensation (Buck and Axel, 1991; Pinto,
2011). A fully functional olfactory system enables humans to
assess the safety of consumed food and perceive vital information
about surrounding dangers. However, this capability gradually

diminishes as individuals age (Branigan and Tadi, 2023). Olfactory
dysfunction, characterized by the diminution or absence of
olfactory function, can be congenital, idiopathic, or associated
with cognitive disorders (Fonteyn et al., 2014; Ramirez-Gomez
et al., 2022; Wang et al., 2021; Shao et al., 2021). Among the
prevalent causes of this condition are sinus diseases, infections, and
head trauma (Huynh et al., 2020). Olfactory impairment stands
as the most prevalent non-motor symptom among individuals
with PD, affecting over 90% of patients who exhibit notable
olfactory decrement (Nabizadeh et al., 2022). The impairment of
odor recognition has been recognized as a pivotal central defect
that characterizes both PD and Alzheimer’s disease (AD) (Dan
et al., 2021). In addition, olfactory function testing can assist in
the early diagnosis of PD, so a large number of researchers have
attempted to focus on the study of olfactory dysfunction in PD
patients (Fujio et al., 2020; Braak and Braak, 2000). However, the
intricacies surrounding the mechanism of olfactory impairment
in PD patients remain elusive, necessitating deeper investigation
through rigorous molecular, pathological, and imaging research
endeavors.

In recent years, deep learning-based methodologies and
machine learning models have commenced being utilized to
uncover biomarkers for the early detection of Parkinson’s disease
(PD) (Guo et al., 2022; Chen et al., 2024; Tran et al., 2024; Mei
et al., 2021). Despite the innovative nature of these methodologies,
they are not without limitations. Specifically, they fall short in
providing a holistic and multi-dimensional understanding of the
intricate early brain alterations in PD patients. Magnetic Resonance
Imaging (MRI) has been extensively employed to investigate the
structural, functional, and metabolic changes in the brain linked
to olfactory dysfunction in PD patients, thus facilitating the search
for diagnostic biomarkers (Roh et al., 2021; Wang et al., 2011;
Tanik et al., 2016; Roos et al., 2019; Su et al., 2015; Wang et al.,
2022). Resting-state functional magnetic resonance imaging (rs-
fMRI) is a widely utilized imaging technique for evaluating the
dynamic alterations in brain function among patients in a resting
state. Amplitude of low-frequency fluctuation (ALFF) (Zang et al.,
2007), regional homogeneity (ReHo) (Zang et al., 2004), functional
connectivity (FC) (van den Heuvel and Hulshoff Pol, 2010), and
complex network analysis serves as integral components of the
evaluation indicators (Bullmore and Sporns, 2009; Yan et al., 2022),
enabling the exploration of alterations in brain function from both
the angles of functional segregation and functional integration.

Therefore, leveraging functional magnetic resonance imaging
(fMRI) technology, this study aims to comprehensively investigate
the brain functional alterations in PD patients exhibiting severe
olfactory dysfunction yet maintaining normal cognitive function.
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By employing a range of indicators from diverse perspectives,
we seek to further analyze the correlation between abnormal
neuroimaging markers and olfactory scores, ultimately unraveling
the potential neuroimaging mechanisms underlying olfactory
impairment in PD patients.

2 Materials and methods

2.1 Participants and data acquisition

In this research, we utilized a publicly accessible dataset
sourced from the OpenfMRI database. The accession number
is ds000245, and the original article contains comprehensive
information regarding both the demography and clinical data
(Yoneyama et al., 2018). Patients who were diagnosed with PD
at the Department of Neurology at Nagoya University were
included in this study. All participants underwent the Japanese
Odor Stick Identification Test (OSIT-J) (Saito et al., 2006) and the
Addenbrooke’s Cognitive Examination-Revised (ACE-R) (Mioshi
et al., 2006) to evaluate their odor-identification ability and
cognitive function, respectively. The inclusion criteria were as
follows: (1) patients were diagnosed with PD according to the
UK Brain Bank criteria (2) patients in this study were between
the ages of 55 and 75, had a PD diagnosis after the age of
40, and were in Hoehn and Yahr (HY) Stages I–III. Conversely,
a series of stringent exclusion criteria were as follows: (1) the
presence of other neurological or psychiatric diseases (2) deep white
matter hyperintensity over grade 2 (Fazekas) (3) family history of
parkinsonism (4) Addenbrooke’s Cognitive Examination-Revised
(ACE-R) score no more than 88. All subjects provided their explicit
informed consent by signing the necessary agreement, indicating
their willingness to participate in the study. This study received
the formal approval of the Ethical Committee of Nagoya University
Graduate School of Medicine.

All MRI and functional magnetic resonance imaging (fMRI)
scans were executed employing a 3.0T scanner (Siemens, Erlangen,
Germany) with a 32-channel head coil at Nagoya University’s Brain
and Mind. The high-resolution T1-weighed images were obtained
with following standards: repetition time (TR) = 2.5 s, echo time
(TE) = 2.48 ms, 192 sagittal slices with 1-mm thickness, field of
view (FOV) = 256 mm, matrix = 256 × 256. The resting-state
fMRI parameters in this study were carefully controlled to adhere
to the following standards: TR = 2.5 s, TE = 30 ms, 39 transverse
slices with a 0.5-mm inter-slice interval and 3-mm thickness,
FOV = 192 mm, matrix = 64 × 64, flip angle = 80 degrees.

2.2 FMRI data preprocessing

Before commencing data analysis, the rs-fMRI data underwent
a series of meticulous preprocessing procedures and rigorous
quality control measures. The tasks were carried out meticulously
using the Data Processing and Analysis of Brain Imaging (DPABI)
toolbox (version 6.1),1 which is based on MATLAB (The Math

1 http://rfmri.org/dpabi

Works, Natick, MA, USA) software (Yan et al., 2016). This
toolbox was utilized to eliminate the effects of data acquisition,
physiological noise, and individual variations in the subject’s brain
(Yan et al., 2016). Additionally, it ensured the reliability and
sensitivity of the group-level analysis. The preprocessing steps
are detailed as follows: (1) The fMRI data originally in DICOM
format underwent conversion to 3D-NIFTI format, leveraging
the operating environment provided by MATLAB R 2021a. (2)
To minimize errors caused by unstable initial environments
during image acquisition, we have removed the first 10 time
points. (3) The time difference inherent in fMRI images, resulting
from compartmentalized scanning, which causes images to be
acquired at different times, was rectified. (4) To correct small
head movements, head motion correction was utilized. The
exclusion thresholds were set at 2 mm and 2◦, meaning that any
movement exceeding 2 mm in any direction or a rotation exceeding
2◦ in any direction would be excluded. (5) After undergoing
rigorous head motion and time correction, the scanned images
were precisely aligned to the MNI space through the application
of affine transformation and sophisticated nonlinear registration
algorithms. Subsequently, these images were resampled to achieve
a uniform resolution of 3 mm × 3 mm × 3 mm. (6) To enhance
the signal-to-noise ratio, minimize registration errors, eliminate
poorly registered image data, we employ Gaussian smoothing
with a 4 mm Full Width Half Maximum (FWHM). (7) The
low-frequency band of the BOLD signal offers a more accurate
representation of spontaneous neural activities in the human brain
during physiological states. Therefore, in this study, we employed
high-pass filtering to select the BOLD signal within the frequency
range of 0.01–0.1 Hz.

2.3 ALFF analysis

Before high-pass filtering was applied, the ALFF was computed
using the DPABI software (Yan and Zang, 2010), utilizing the
preprocessed dataset. This involved converting the time series
data of each individual voxel into a frequency spectrum using the
Fourier transform. Then the amplitudes within the frequency range
of 0.01–0.1 Hz were summed to calculate the ALFF (Yang et al.,
2023; Zuo et al., 2010; Lv et al., 2018). The analysis of variance
(ANOVA) was conducted for ALFF in three groups, and the Tukey
honest significant difference (HSD) method was used to correct
the errors between pairwise comparisons, with age and gender as
covariates. A rigorous correction for multiple comparisons was
applied at the clump level in this study to minimize the false-
positive rates. And the present study then reveals the surviving
corrected clumps.

2.4 ReHo analysis

We used the DPABI software to perform ReHo analysis based
on preprocessed data (prior to smoothing). The ReHo map of
the subject was obtained by calculating the Kendall’s coefficient
of concordance between the time series of each voxel and the
time series of the surrounding 26 voxels in a voxel-wise manner
(Choe et al., 2013). Next, the obtained ReHo map still needs to
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undergo spatial smoothing to improve the signal-to-noise ratio and
correct registration errors caused by normalization. The statistical
approach for calculating ReHo is identical to the statistical analysis
method utilized for calculating ALFF as described earlier. Similarly,
we extracted the ReHo values from PD patients.

2.5 Complex network analysis

The DPABI NET (version 1.1) toolbox was utilized for brain
network construction and subsequent analysis (Yan et al., 2024).
The entire brain was partitioned into a total of 116 distinct brain
regions using the widely recognized brain atlas, the Anatomical
Automatic Labeling (AAL) template (Tzourio-Mazoyer et al.,
2002). The Brain Connectivity Toolbox2 (Rubinov and Sporns,
2010) was utilized to conduct complex-network analysis, while the
BrainNet viewer3 was employed to visualize the results (Xia et al.,
2013). The analysis of brain network topology encompasses both
“small world” properties and node properties. In our study, we
calculated the magnitudes of various small-world property across
50 distinct sparsity thresholds. Furthermore, we ascertained the
area beneath the curve (AUC) for each small-world parameter
within the 0.01–0.34 sparsity interval (Yang et al., 2021), facilitating
a more precise identification of changes in the brain’s small-world
architecture. Afterward, we calculated the values for the following
small-world metrics and node properties at each sparsity level:
characteristic shortest path length (Lp), clustering coefficient (Cp),
normalized clustering coefficient (γ), normalized characteristic
shortest path length (λ), small-worldness (σ), local efficiency (Eloc),
global efficiency (Eglob), degree centrality, betweenness centrality
(Tzourio-Mazoyer et al., 2002).

2.6 Correlation analysis

Using the DPABI software (version 6.1),1 we extracted the
ALFF, ReHo and FC values for each PD patients (PD patients
with severe hyposmia and PD patients with no/mild hyposmia)
and subsequently performed a correlation analysis with their
OSIT-J scores. During this analysis, we accounted for potential
confounding effects by regressing out age and gender as covariates.
The statistical significance threshold was established at P < 0.005.
Furthermore, we performed a correlation analysis to assess the
relationship between the brain network indicators of PD patients
and OSIT-J scores, with a significance level of P < 0.05 being
deemed statistically meaningful.

3 Results

3.1 Demographics and clinical
characteristics

In total, 15 PD patients with severe hyposmia (PD-SH)
but no cognitive impairment and 15 PD patients with no/mild

2 https://www.nitrc.org/projects/bct/

3 https://www.nitrc.org/projects/bnv/

hyposmia (PD-N/MH) and no cognitive impairment were included
in this study. Additionally, 15 healthy subjects without cognitive
impairment, hyposmia, and family history of PD were enrolled
as healthy controls (HCs). The analysis revealed no statistically
significant differences in gender, disease duration, and ACE-R
across the PD-SH, PD-N/MH, and HC groups, as depicted in
Table 1.

3.2 Results of ALFF analysis

3.2.1 PD-SH V.S. HC
The PD-SH group showed that the ALFF value of right inferior

cerebellum (AAL: Cerebelum_Crus2_R), left inferior temporal
gyrus, left middle temporal gyrus and right temporal pole: superior
temporal gyrus was significantly higher (FDR correction method
with a significance threshold of P < 0.05) than those of the HC
group (Figure 1). The ALFF of PD-SH group in bilateral putamen,
right rolandic operculum, right insula, bilateral precuneus, right
posterior cingulate gyrus, right superior frontal gyrus, orbital
part, right gyrus rectus, right olfactory cortex, right hippocampus,
bilateral cerebellum (AAL: Cerebelum_8), right inferior occipital
gyrus, right inferior frontal gyrus, orbital par, left middle frontal
gyrus, orbital part, right lingual, right thalamus, left posterior
cingulate gyrus and right rolandic operculum is lower than HC
group (Figure 1).

3.2.2 PD-N/MH V.S. HC
Compared with the HCs, the ALFF in the bilateral temporal

pole: superior temporal gyrus of the PD-N/MH group significantly
increased (FDR correction, P < 0.01). As shown in Supplementary
Figure 1, the ALFF of PD-N/MH group in the left middle occipital
gyrus, right putamen, right caudate, left posterior cingulate gyrus
and right median cingulate and paracingulate gyri are lower than
HC group (FDR correction, P < 0.01).

3.2.3 PD-N/MH V.S. PD-SH
Illustrated in Supplementary Figure 2, the PD-SH exhibited

a noteworthy enhancement in ALFF within bilateral superior
temporal gyrus, bilateral middle temporal gyrus, left superior
cerebellum, left superior frontal gyrus, dorsolateral and inferior
frontal gyrus, triangular part, when compared to the PD-N/MH
group (voxel p< 0.001, cluster p-value < 0.05, GFR corrected). The
ALFF of PD-SH group in left inferior cerebellum, vermis and left
anterior cingulate and paracingulate gyri are lower than PD-N/MH
group (voxel p < 0.001, cluster p-value < 0.05, GFR corrected).

3.3 Results of ReHo analysis

3.3.1 PD-SH V.S. HC
In the PD-SH group, a statistically significant elevation (FDR

correction method with a significance threshold of P < 0.05) of
ReHo was observed in region of left Inferior Cerebellum, left
Middle temporal gyrus, right Lingual gyrus, right Inferior frontal
gyrus, triangular part, right Middle frontal gyrus, and bilateral
Superior frontal gyrus, dorsolateral (Figure 2), when compared
to the HC group. In comparison to the HC group, the PD-SH

Frontiers in Aging Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fnagi.2024.1455020
https://www.nitrc.org/projects/bct/
https://www.nitrc.org/projects/bnv/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-16-1455020 September 21, 2024 Time: 16:9 # 5

Geng et al. 10.3389/fnagi.2024.1455020

TABLE 1 Demographics and clinical characteristics of three groups.

Characteristics PD Healthy controls
(n = 15)

P-value

With severe hyposmia
(n = 15)

With no/mild hyposmia
(n = 15)

Male (n%) 7 (46.7%) 6 (40.0%) 7 (46.7%) NS

Female 8 (53.3%) 9 (60.0%) 8 (53.3%) NS

Age (years) 70.7 ± 4.8 64.4 ± 7.2 63.3 ± 5.2 0.01

Duration (years) 5.9 ± 3.7 6.1 ± 3.2 – NS

OSIT-J 1.7 ± 1.1 7.5 ± 1.5 10.4 ± 1.3 p < 0.0001

ACE-R 94.3 ± 3.4 96.1 ± 3.1 97.3 ± 2.9 NS

Hoehn–Yahr 2.0 ± 0.4 2.0 ± 0.5 – NS

MDS–UPDRS

I 5.1 ± 4.2 4.6 ± 3.9 – NS

II 7.5 ± 4.5 10.3 ± 6.5 – NS

III 19.3 ± 7.9 21.2 ± 9.4 – NS

IV 1.9 ± 3.5 2.0 ± 3.3 – NS

Data are means ± standard deviation (SD). PD, Parkinson’s disease; OSIT-J, Odor Stick Identification Test for the Japanese; ACE-R, Addenbrooke’s Cognitive Examination-Revised; MDS-
UPDRS, Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale; NS, not significantly different; The gender differences were analyzed using the
chi-square test. For the comparison of Hoehn and Yahr stages and MDS-UPDRS-IV scores, the Student’s t-test was employed. To assess differences in disease duration and MDS-UPDRS-I/II/III
scores, the Mann–Whitney U test was utilized. Additionally, age at examination and ACE-R scores were analyzed using one-way analysis of variance (ANOVA). Lastly, the Kruskal–Wallis test
was applied to evaluate differences in OSIT-J scores.

group demonstrated decreased (FDR correction, P < 0.05) ReHo in
specific regions, including (AAL: Cerebelum_9), bilateral Fusiform
gyrus, bilateral Hippocampus, left Middle temporal gyrus, left
Inferior temporal gyrus, right Inferior occipital gyrus, left Superior
occipital gyrus, right Thalamus, left Precuneus, left Cuneus, right
Caudate nucleus and left Lenticular nucleus, putamen.

3.3.2 PD-N/MH V.S. HC
The ReHo values in region of bilateral Inferior Cerebellum

(AAL: Cerebelum_Crus2), right Superior frontal gyrus, medial
orbital, and right Superior frontal gyrus, dorsolateral were
significantly higher (FDR correction, P < 0.05) in the PD-
N/MH group compared to the HC group. Additionally,
in the PD-NMH group, lower (FDR correction, P < 0.05)
ReHo values were observed in regions right Fusiform
gyrus, left Superior temporal gyrus, left Lenticular nucleus,
putamen, bilateral Posterior cingulate gyrus, right Caudate
nucleus and left Precental gyrus compared to the HC group
(Supplementary Figure 3).

3.3.3 PD-N/MH V.S. PD-SH
Compared to the PD-SH group, the PD-N/MH group exhibited

decreased (voxel level p < 0.001, cluster p-value < 0.05, GFR
corrected) ReHo in the following regions, including the left
Precuneus, left fusiform, left Superior Cerebellum, left Superior
frontal gyrus, medial, right Superior frontal gyrus, and right Middle
occipital gyrus. Furthermore, our findings revealed that PD-N/MH
patients displayed a notable enhancement (voxel p < 0.001,
cluster p-value < 0.05, GFR corrected) in ReHo within the
right Middle frontal gyrus, left Hippocampus and right Superior
frontal gyrus, orbital part in comparison to PD-SH patients
(Figure 3).

3.4 Results of functional connectivity
analysis

3.4.1 PD-SH V.S. HC
Illustrated in Figure 4, We observed that the PD-SH

group exhibited decreased connectivity in specific regions (FDR
correction, P < 0.00001), including the connection between the left
middle frontal gyrus and left precental gyrus, as well as the link
between the left insula and left caudate nucleus, when compared to
the HC group. Furthermore, there are regions where connectivity
is notably strengthened, including the connection between the left
superior frontal gyrus, dorsolateral and left superior frontal gyrus,
orbital part, the connection between the left superior frontal gyrus,
medial and the left superior frontal gyrus, orbital part, as well as
the connection between the right inferior cerebellum and the left
superior frontal gyrus, orbital part (FDR correction, P < 0.00001).

3.4.2 PD-N/MH V.S. HC
Interestingly, when comparing the PD-N/MH group to the HC

group, we also observed similarly decreased functional connectivity
regions (FDR correction, P < 0.00001), particularly in the
connections between the left middle frontal gyrus and the left
precental gyrus, and connections between the left insula and left
caudate nucleus (Figure 5). In addition, when compared to the HC
group, the PD-N/MH group demonstrated regions with notably
increased connectivity, specifically in the connections between the
left superior frontal gyrus, dorsolateral and left superior frontal
gyrus, orbital par, the left superior frontal gyrus, medial and the
left superior frontal gyrus, orbital part, the left middle frontal
gyrus and the left superior frontal gyrus, orbital part, as well as
the left superior frontal gyrus, orbital part and the right inferior
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FIGURE 1

Differences in ALFF between PD-SH group and HC group. The color red denotes increased ALFF in PD-SH group compared to HC group, while
color blue denotes decreased ALFF in PD-SH group compared to HC group. The corresponding color bar denotes the t-value. R, right; L, left.

FIGURE 2

Differences in ReHo between PD-SH group and HC group. The color red denotes increased ReHo in PD-SH group compared to HC group, while
color blue denotes decreased ReHo in PD-SH group compared to HC group. The corresponding color bar denotes the t-value. R, right; L, left.
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FIGURE 3

Differences in ReHo between PD-N/MH group and PD-SH group. The color red denotes increased ReHo in PD-N/MH group compared to PD-SH
group, while color blue denotes decreased ReHo in PD-N/MH group compared to PD-SH group. The corresponding color bar denotes the t-value.
R, right; L, left.

cerebellum (Cerebelum_7b_R, Cerebelum_8_R) (FDR correction,
P < 0.00001).

3.4.3 PD-SH V.S. PD-N/MH
We conducted a comparison of brain functional connectivity

strength between the PD-SH group and the PD-N/MH group
(Figure 6), revealing that the PD-SH group demonstrated
significantly decreased connectivity between the right superior
cerebellum and the vermis (P < 0.05).

3.5 Results of complex network analysis

3.5.1 Small-worldness
Our findings indicated alterations in the topological properties

of brain functional networks among PD-SH patients. Nevertheless,
there was no statistically significant difference in the small
world properties of brain networks between the PD-SH and PD-
N/MH group.

As shown in the Figures 7, 8, the PD-N/MH, PD-SH, and HC
groups all exhibited a sigma (σ) value greater (FDR correction,
P < 0.05) than 1 and a lambda (λ) value close to 1, it can be inferred
that both the PD and HC groups possess small-world properties
in their brain networks (Yan et al., 2013). Compared to the HC
group, the PD-SH group exhibited significantly reduced values
(FDR correction, P < 0.05) of Cp and Eloc, while the lambda value
was significantly elevated (Figure 8).

Similarly, the PD-N/MH group also demonstrated significantly
lower values of Cp and Eloc compared to the HC group, along with
higher λ values (Supplementary Figure 4).

3.5.2 Nodal properties
Significant disparities were observed in the nodal

characteristics between the PD group and the HC group, as
detailed below: In comparison to the HC group, patients with PD-
SH demonstrated a notable elevation (FDR correction, P < 0.05)
in the nodal betweenness centrality of the bilateral superior frontal
gyrus, dorsolateral and right vermis; the betweenness centrality of
the node located in the right superior frontal gyrus, dorsolateral
was notably elevated (FDR correction, P < 0.05) in the PD-N/MH
group compared to the HC group (Figure 9).

Compared to the PD-SH group, the PD-N/MH group
demonstrated a notable increase (P < 0.05) in betweenness
centrality within the left superior cerebellum (Figure 10).

We further observed a significant decrease (FDR correction,
P < 0.05) in nodal degree in multiple brain regions of PD-SH
patients compared to the HC group, specifically the left inferior
frontal gyrus, opercular part, left insula, bilateral cuneus, left
middle occipital gyrus, bilateral inferior occipital gyrus, right
inferior parietal, but supramarginal and angular gyri, bilateral
supramarginal gyrus, bilateral angular gyrus, bilateral caudate
nucleus, left heschl gyrus and left superior cerebellum (Figure 11).

Compared to the HC group, the PD-N/MH group also
exhibited regions with significantly reduced (FDR correction,
P < 0.05) nodal degree, as follows (Figure 11): Left inferior frontal
gyrus, opercular part, left rolandic operculum, left olfactory cortex,
left insula, right parahippocampal gyrus, right amygdala, right
calcarine fissure and surrounding cortex, right cuneus, bilateral
middle occipital gyrus, bilateral inferior occipital gyrus, right
inferior parietal, but supramarginal and angular gyri, bilateral
supramarginal gyrus, bilateral angular gyrus, bilateral caudate
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FIGURE 4

Functional connectivity alterations between the PD-SH group and the HC group. The spheres represent brain nodes, where red spheres and
connecting lines signify strengthened functional connectivity, while blue indicates a decrease in functional connectivity. R, right; L, left.

nucleus, right lenticular nucleus, pallidum and left superior
cerebellum.

We found that compared with PD-SH patients, PD-N/MH
patients exhibited a significant decrease (P < 0.05) in nodal degree
in the left superior temporal lobe (Supplementary Figure 5).

3.6 Results of correlation analysis

We performed a correlation analysis to investigate the
relationship between the ALFF values of patients in the PD
group (PD-SH group and PD-N/MH group) and their olfactory
scores (OSIT-J score), and the findings are presented below
(Figure 12): the ALFF value observed in bilateral superior
cerebellum, bilateral fusiform gyrus, right lingual gyrus, bilateral
middle temporal gyrus, left inferior frontal gyrus, triangular part
and bilateral supramarginal gyrus demonstrated a statistically
significant positive correlation with the olfactory scores (R > 0.5).
Conversely, the ALFF values in the bilateral middle temporal
gyrus, left lingual gyrus, left superior temporal gyrus, left temporal
pole: superior temporal gyrus, right inferior temporal gyrus, right
postcentral gyrus, left middle frontal gyrus displayed a negative
correlation with olfactory scores.

Similarly, we performed a correlation analysis to assess the
relationship between the ReHo values and olfactory scores among
patients with PD (Figure 13). The following regions demonstrated a
positive correlation with olfactory scores: right inferior cerebellum,
left inferior temporal gyrus, left fusiform gyrus, right inferior
occipital gyrus, right superior temporal gyrus and right middle
temporal gyrus (R > 0.5). Conversely, the following regions right
middle frontal gyrus, right superior frontal gyrus, right superior
frontal gyrus, medial and right middle occipital gyrus displayed a
negative correlation with olfactory scores.

During the correlation analysis between FC values and OSIT-J
scores, a negative correlation (P < 0.005) was observed between
olfactory scores and the functional connectivity between the left
superior cerebellum and right insula (Figure 14).

We identified positive correlations between the nodal
betweenness and olfactory scores in several brain regions
(Figure 15), particularly the bilateral olfactory cortex, right
superior occipital gyrus and left superior cerebellum (P < 0.05). In
addition, the nodal betweenness of right posterior cingulate gyrus
was found to be negatively correlated with olfactory scores.

However, upon analysis, it was determined that there was no
significant correlation between node degree, small-world property
values, and olfactory scores.

Frontiers in Aging Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnagi.2024.1455020
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-16-1455020 September 21, 2024 Time: 16:9 # 9

Geng et al. 10.3389/fnagi.2024.1455020

FIGURE 5

Functional connectivity alterations between the PD-N/MH group and the HC group. The spheres represent brain nodes, where red spheres and
connecting lines signify strengthened functional connectivity, while blue indicates a decrease in functional connectivity. R, right; L, left.

4 Discussion

4.1 Relationship between functional
separation and hyposmia

Functional separation serves as a tool to assess the local
functional properties of brain regions, encompassing two key
indicators: ALFF and ReHo (Choe et al., 2013; Yu et al., 2021).
ALFF serves as a measure of spontaneous neural activity within
local brain regions. Elevated ALFF values indicate an increase in
spontaneous neural activity, whereas lower ALFF values suggest a
decrease in such activity (Zou et al., 2008). ReHo, an indicator of the
synchronicity of neural activity within local brain regions (Zhang
et al., 2017). In this study, we observed the existence of differential
brain regions in both the PD-SH and PD-N/MH groups when
compared to the ALFF values in the HC group. Notably, the PD-
SH group exhibited a greater number of differential brain regions
compared to the PD-N/MH group. We observed a significant
elevation in ALFF values within the superior temporal gyrus in
both the PD-SH and PD-N/MH groups, compared to the HC
group. Furthermore, the ALFF values in the superior temporal
gyrus were notably elevated in the PD-SH group in comparison
to the PD-NMH group. Given the observed negative correlation
between ALFF values in the superior temporal gyrus and olfactory

scores, we hypothesize that the superior temporal gyrus plays a role
in the pathophysiology of olfactory dysfunction in patients with
PD.

In patients with Parkinson’s disease (PD), the ReHo values
in the inferior cerebellum are elevated compared to those in the
healthy control (HC) group. Additionally, a positive correlation
exists between the ReHo values in the inferior cerebellum and
olfactory scores, hinting at a potential decrease in neuronal activity
within this region during olfactory dysfunction. However, the
magnitude of this decrease may be modest, as no significant
differences in ReHo values were detected between the PD-SH group
and the PD-N/MH group in the inferior cerebellum.

The ReHo values observed in the middle temporal gyrus and
superior frontal gyrus of patients with Parkinson’s disease (PD)
are notably elevated compared to those in the healthy control
(HC) group. Furthermore, the PD-SH group, who exhibit severe
olfactory dysfunction, demonstrate significantly higher ReHo
values in the middle temporal gyrus and superior frontal gyrus than
the PD-N/MH group. This indicates a compensatory enhancement
of neuronal activity in these regions among PD patients with severe
olfactory impairment. This finding is corroborated by the negative
correlation between ReHo values in the superior frontal gyrus and
olfactory scores.
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FIGURE 6

Decreased functional connectivity between the right superior cerebellum and the vermis of the PD-SH group in comparison to the PD-N/MH group.
The blue spheres and connecting lines signify decreased functional connectivity. R, right; L, left.

Significant differences in ReHo values are observed in the
occipital middle gyrus between the PD-SH and PD-N/MH
groups, with a negative correlation evident between ReHo
values in this region and olfactory scores. Previous research
has unequivocally demonstrated that PD patients afflicted with
visuospatial impairment exhibit a more severe impairment of
olfactory function compared to their counterparts (Cecchini et al.,
2019). This observation underscores the likelihood of intricate and
extensive cross-connections and interactive mechanisms operating
among diverse sensory systems. Moreover, numerous in-depth
studies have illuminated the profound interplay between olfaction
and vision (Boot et al., 2024; Stickel et al., 2019; Sijben et al.,
2018). Specifically, olfactory cues can reflexively steer the direction
of visual attention, while visual stimuli, in turn, can modulate
an individual’s perception and identification of odors. Notably,
there is a tight coupling between the cross-modal integration of
visual and olfactory information and the activation patterns within
the occipital cortex of the brain (Ripp et al., 2018). Drawing
upon this insight, and integrating our current research findings,
we can formulate a plausible hypothesis that the compensatory
augmentation of local neuronal activity within the occipital lobe
in PD patients may be associated with olfactory dysfunction.

This hypothesis not only enhances our understanding of the
pathophysiological intricacies of PD but also opens up novel vistas
and avenues for the development of therapeutic interventions
aimed at ameliorating olfactory and other sensory deficits in PD
patients.

Research has demonstrated notable gray matter atrophy in
the frontal, temporal, and occipital regions among patients with
Parkinson’s disease (PD) (Ren et al., 2023). Nevertheless, our
study revealed that PD patients experiencing severe olfactory
dysfunction exhibited heightened brain functional activity in
certain areas within these regions. This observation hints at a
potential role of the frontal, temporal, and occipital regions in
olfactory dysfunction among PD patients. Notably, this discovery is
in congruence with prior research outcomes that have established
a link between olfactory function and executive abilities (Solla
et al., 2023). More precisely, the underlying mechanisms for this
regional activation may encompass intricate neural interactions
spanning multiple levels, along with compensatory mechanisms
that come into play. However, further investigation is warranted
to elucidate the specific molecular mechanisms involved and their
interplay with neurotransmitters, including dopamine, serotonin,
and acetylcholine.
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FIGURE 7

Comparison of “Small World” property among three groups.

FIGURE 8

Differences in network topological properties among the PD-SH, PD-N/MH, and HC groups. (A) Violin plots depict the distribution of mean Cp AUC,
Eloc AUC and λ values, highlighting the contrast between PD-SH and HC. (B) Cp, Eloc and λ values are shown across a density range spanning from
10 to 34%. Each point, accompanied by an error bar, represents the mean and standard deviation at specific density levels, respectively. The asterisk
indicates the significant difference levels. ** denotes P < 0.01; *** denotes P < 0.0001.
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FIGURE 9

The brain regions with statistically significant difference in betweenness centrality among PD-SH, PD-N/MH an HC group. (A) The difference in
betweenness centrality between the PD-N/MH and HC group. (B) The difference in betweenness centrality between the PD-SH and HC group. The
red spheres represent the brain nodes with increased betweenness centrality in PD-N/MH or PD-SH compared to HC group. R, right; L, left.

FIGURE 10

The difference in betweenness centrality between the PD-SH and PD-N/MH group. The red spheres represent the brain nodes with increased
betweenness centrality in PD-N/MH compared to PD-SH group. R, right; L, left.

4.2 Relationship between functional
connectivity and hyposmia

We observed that, in comparison to the HC group, the PD-
SH and PD-N/MH groups exhibited weaker connections in the left
middle frontal gyrus, the left precental gyrus, as well as between
the left insula and the left caudate nucleus. Furthermore, the PD
patients in both groups exhibited stronger functional connectivity
compared to the HC group in the following regions: the dorsolateral
and orbital parts of the left superior frontal gyrus, the connection

between the medial and orbital parts of the left superior frontal
gyrus, and the connection between the right inferior cerebellum
and the orbital part of the left superior frontal gyrus. Based on
previous research on Parkinson’s disease (PD), the accumulation
of Lewy bodies in the prefrontal cortex and the disruption
of the basal ganglia motor circuit represent the characteristic
pathological changes associated with the condition (Wichmann,
2019). Therefore, our findings indicate that the aberrant functional
connectivity observed in the aforementioned regions is likely
associated with PD itself, rather than being a consequence of
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FIGURE 11

The brain regions with statistically significant difference in nodal degree among PD-SH, PD-N/MH an HC group. (A) The difference in nodal degree
between the PD-N/MH and HC group. (B) The difference in nodal degree between the PD-SH and HC group. The blue spheres represent the brain
nodes with increased nodal degree in PD-N/MH or PD-SH compared to HC group. R, right; L, left.

FIGURE 12

Correlation maps illustrating the relationship between ALFF values and olfactory score in PD patients. Warm colors, such as red, denote a positive
correlation, while cool colors, like blue, signify a negative correlation. The color bar denotes the R-value. R, right; L, left.

olfactory dysfunction related alterations. It is worth noting that
compared to the PD-N/MH group, the PD-SH group displayed
significant abnormalities in functional connectivity within the
cerebellum. Interestingly, the functional connectivity between the
superior cerebellar lobule and the insula showed a negative
correlation with olfactory scores, indicating that compensatory

enhancement of cerebellar functional connectivity occurs in PD
patients with olfactory dysfunction. This finding aligns with our
prior research, revealing that the cerebellum and insula are linked
to olfactory function in PD patients and exhibit aberrant functional
connectivity with white matter fiber bundles (Wang et al., 2022;
Du et al., 2023). Consequently, our study reinforces the potential
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FIGURE 13

Correlation maps illustrating the relationship between ReHo values and olfactory score in PD patients. Warm colors, such as red, denote a positive
correlation, while cool colors, like blue, signify a negative correlation. The color bar denotes the R-value. R, right; L, left.

significance of the cerebellum and insula in olfactory impairments
among PD patients.

4.3 Alterations in network topology

In this study, using graph-theoretical analysis methods, we
explored the alterations in the topological properties of brain
networks in patients with PD who also had severe olfactory
dysfunction. Some previous researches on the topological attributes
of brain networks in PD patients have consistently shown the
maintenance of small-world properties, which agrees with our own
findings (Guo et al., 2018; Suo et al., 2017; Hou et al., 2018). Our
investigation has shown that both PD-SH and PD-N/MH possess
small-world characteristics within their functional brain networks,
nonetheless, notable changes have occurred in the topological
attributes of these networks. When comparing PD patients with
HC, it is observed that PD patients exhibit a lower clustering
coefficient and local efficiency, coupled with a higher normalized
characteristic shortest path length. These findings indicate that the

topological structure of the brain networks in PD patients was
disrupted, resulting in decreased efficiency in local information
processing and integration, and a shift toward a more randomized
functional brain network (Luo et al., 2015). Certain studies have
demonstrated a strong correlation between olfactory dysfunction
and both local and global efficiency (Park et al., 2019). Perhaps
the olfactory dysfunction arises from the decreased local efficiency
of the brain network, which impairs the transmission of olfactory
information. Despite our efforts, we did not detect any significant
differences in the small-world properties of the brain between
the PD-SH and PD-N/MH groups. Based on this observation, we
hypothesize that the impact of olfactory dysfunction on the brain’s
small-world attributes in PD patients is rather minimal, to the
extent that it cannot be reliably detected in smaller sample sizes.

During the analysis of node attributes, we found significant
differences in node betweenness centrality between the PD-SH and
PD-NMH groups compared to the HC group. Notably, the PD-SH
group exhibited a larger number of nodes with such differences.
Additionally, the PD-NMH group showed a significant increase in
nodal betweenness centrality specifically in the superior cerebellar
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FIGURE 14

Brain map depicting functional connectivity with negative correlation. The azure sphere serves as a symbol, representing a node that corresponds to
a distinct brain region, whereas the blue line denotes the existence of a negative correlation between functional connectivity and olfactory score. R,
right; L, left.

FIGURE 15

Brain map portraying nodes exhibiting correlations with OSIT-J scores. The red sphere signifies a positive correlation between the nodal
betweenness and the olfactory score, whereas the blue sphere denotes a negative correlation.
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lobule compared to the PD-SH group. Intriguingly, a positive
correlation was observed between the betweenness centrality of the
superior cerebellar lobule and olfactory scores. These observations
strongly suggest that a decrease in betweenness centrality in the
superior cerebellar lobule may contribute to the pathogenesis of
olfactory dysfunction.

Significant differences in node degree within the superior
temporal gyrus have been observed between the PD-SH and PD-
N/MH groups. Despite the absence of a significant correlation
between these node degree differences and olfactory scores,
we cannot conclusively dismiss the potential role of the
superior temporal gyrus in olfactory dysfunction. This lack of
correlation may be attributed to statistical errors arising from a
limited sample size.

4.4 Limitations

Firstly, the data utilized in this study was sourced from
public databases. However, in the future, it is imperative
that we personally gather data to enhance its precision and
reliability. Secondly, this study adopts a cross-sectional and
retrospective approach, which poses a challenge in determining
whether olfactory dysfunction precedes changes in brain function
imaging or whether modifications in brain function precede the
observed imaging manifestations. Consequently, it is imperative
to conduct longitudinal and prospective studies in the future,
encompassing follow-up research on PD-N/MH patients, to
further clarify these relationships. Thirdly, the small sample
size of this study represents a limitation that may impact the
validity, reliability, and applicability of our research findings.
Consequently, we emphasize the importance of conducting future
studies with larger sample sizes. Finally, it is noteworthy that
task-based functional magnetic resonance imaging (fMRI) exhibits
enhanced sensitivity and accuracy in detecting brain function
changes. Consequently, in the future, it is advisable to consider
utilizing fMRI examinations that involve olfactory stimulation
to delve deeper into the mechanisms responsible for olfactory
dysfunction in PD patients.

5 Conclusion

Utilizing indices such as ALFF, ReHo, FC, and brain network
topological properties, this study revealed significant differences in
brain function among patients categorized into the PD-SH, PD-
N/MH, and HC groups, specifically with regards to their brains’
functional segregation and integration capabilities.

From the lens of local brain function, we speculate that
alterations in the functional activities within the temporal,
frontal, occipital lobes, and the cerebellum contribute
significantly to the olfactory impairment observed in patients
with Parkinson’s disease. From the angle of brain functional
connectivity, the presence of abnormal connectivity between
the cerebellum and the insula, as well as internally within
the cerebellum, could potentially contribute to the olfactory
impairment observed in patients with Parkinson’s disease.
Additionally, in terms of brain network topological properties,

despite sharing small-world properties, notable differences
in node degree within the superior temporal gyrus and
the betweenness centrality of the superior cerebellar lobule
between the PD-SH and PD-N/MH groups indicate potential
associations between alterations in nodal characteristics of
these regions and olfactory dysfunction. Based on these
comprehensive analyses, we hypothesize that these regions
play a crucial role in the pathogenesis of olfactory dysfunction
observed in PD patients.
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T., et al. (2020). Comparative analysis of non-motor symptoms in patients with
Parkinson’s disease and atypical Parkinsonisms. Clin. Neurol. Neurosurg. 197:106088.
doi: 10.1016/j.clineuro.2020.106088

Guo, T., Guan, X., Zeng, Q., Xuan, M., Gu, Q., Huang, P., et al. (2018). Alterations of
brain structural network in Parkinson’s disease with and without rapid eye movement
sleep behavior disorder. Front. Neurol. 9:334. doi: 10.3389/fneur.2018.00334

Guo, X., Tinaz, S., and Dvornek, N. C. (2022). Characterization of early stage
Parkinson’s disease from resting-state fMRI data using a long short-term memory
network. Front. Neuroimaging 1:952084. doi: 10.3389/fnimg.2022.952084

Hadley, K., Orlandi, R. R., and Fong, K. J. (2004). Basic anatomy and physiology
of olfaction and taste. Otolaryngol. Clin. North Am. 37, 1115–1126. doi: 10.1016/j.otc.
2004.06.009

Hou, Y., Wei, Q., Ou, R., Yang, J., Song, W., Gong, Q., et al. (2018). Impaired
topographic organization in cognitively unimpaired drug-naïve patients with rigidity-
dominant Parkinson’s disease. Parkinson. Relat. Disord. 56, 52–57. doi: 10.1016/j.
parkreldis.2018.06.021

Huang, Y., Li, Y., Pan, H., and Han, L. (2023). Global, regional, and national burden
of neurological disorders in 204 countries and territories worldwide. J. Glob. Health
13:04160. doi: 10.7189/jogh.13.04160

Huynh, P. P., Ishii, L. E., and Ishii, M. (2020). What is anosmia? JAMA 324:206.
doi: 10.1001/jama.2020.10966

Kalia, L. V., and Lang, A. E. (2015). Parkinson’s disease. Lancet 386, 896–912.
doi: 10.1016/S0140-6736(14)61393-3

Lang, A. E. (2007). The progression of Parkinson disease: A hypothesis. Neurology
68, 948–952. doi: 10.1212/01.wnl.0000257110.91041.5d

Löhle, M., Wolz, M., Beuthien-Baumann, B., Oehme, L., van den Hoff, J., Kotzerke,
J., et al. (2020). Olfactory dysfunction correlates with putaminal dopamine turnover
in early de novo Parkinson’s disease. J. Neural Trans. 127, 9–16. doi: 10.1007/s00702-
019-02122-9

Luo, C. Y., Guo, X. Y., Song, W., Chen, Q., Cao, B., Yang, J., et al. (2015). Functional
connectome assessed using graph theory in drug-naive Parkinson’s disease. J. Neurol.
262, 1557–1567. doi: 10.1007/s00415-015-7750-3

Lv, H., Wang, Z., Tong, E., Williams, L. M., Zaharchuk, G., Zeineh, M., et al. (2018).
Resting-state functional MRI: Everything that nonexperts have always wanted to know.
Am. J. Neuroradiol. 39, 1390–1399. doi: 10.3174/ajnr.A5527

Mei, J., Desrosiers, C., and Frasnelli, J. (2021). Machine learning for the diagnosis
of Parkinson’s disease: A review of literature. Front. Aging Neurosci. 13:633752. doi: :
10.3389/fnagi.2021.633752

Mioshi, E., Dawson, K., Mitchell, J., Arnold, R., and Hodges, J. R. (2006). The
Addenbrooke’s cognitive examination revised (ACE-R): A brief cognitive test battery
for dementia screening. Int. J. Geriatr. Psychiatry 21, 1078–1085. doi: 10.1002/gps.
1610

Nabizadeh, F., Pirahesh, K., and Khalili, E. (2022). Olfactory dysfunction is
associated with motor function only in tremor-dominant Parkinson’s disease. Neurol.
Sci. 43, 4193–4201. doi: 10.1007/s10072-022-05952-w

Nalls, M. A., Blauwendraat, C., Vallerga, C. L., Heilbron, K., Bandres-Ciga, S., Chang,
D., et al. (2019). Identification of novel risk loci, causal insights, and heritable risk
for Parkinson’s disease: A meta-analysis of genome-wide association studies. Lancet
Neurol. 18, 1091–1102. doi: 10.1016/S1474-4422(19)30320-5

Nonnekes, J., Post, B., Tetrud, J. W., Langston, J. W., and Bloem, B. R. (2018).
MPTP-induced parkinsonism: An historical case series. Lancet Neurol. 17, 300–301.
doi: 0.1016/S1474-4422(18)30072-3

Park, M., Chung, J., Kim, J. K., Jeong, Y., and Moon, W. J. (2019). Altered functional
brain networks in patients with traumatic anosmia: Resting-state functional MRI

Frontiers in Aging Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnagi.2024.1455020
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1455020/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1455020/full#supplementary-material
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.3389/fnins.2024.1266664
https://doi.org/10.3389/fnins.2024.1266664
https://doi.org/10.1007/PL00007758
https://doi.org/10.1016/0092-8674(91)90418-x
https://doi.org/10.1016/0092-8674(91)90418-x
https://doi.org/10.1038/nrn2575
https://doi.org/10.1038/nrn2575
https://doi.org/10.1007/s00702-019-01996-z
https://doi.org/10.3389/fnagi.2024.1393841
https://doi.org/10.3389/fnagi.2024.1393841
https://doi.org/10.1016/j.brainres.2013.06.027
https://doi.org/10.1016/j.arr.2021.101416
https://doi.org/10.3389/fnagi.2022.1071520
https://doi.org/10.1016/j.anorl.2013.03.006
https://doi.org/10.1016/j.anl.2019.08.008
https://doi.org/10.1016/j.clineuro.2020.106088
https://doi.org/10.3389/fneur.2018.00334
https://doi.org/10.3389/fnimg.2022.952084
https://doi.org/10.1016/j.otc.2004.06.009
https://doi.org/10.1016/j.otc.2004.06.009
https://doi.org/10.1016/j.parkreldis.2018.06.021
https://doi.org/10.1016/j.parkreldis.2018.06.021
https://doi.org/10.7189/jogh.13.04160
https://doi.org/10.1001/jama.2020.10966
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1212/01.wnl.0000257110.91041.5d
https://doi.org/10.1007/s00702-019-02122-9
https://doi.org/10.1007/s00702-019-02122-9
https://doi.org/10.1007/s00415-015-7750-3
https://doi.org/10.3174/ajnr.A5527
https://doi.org/:10.3389/fnagi.2021.633752
https://doi.org/:10.3389/fnagi.2021.633752
https://doi.org/10.1002/gps.1610
https://doi.org/10.1002/gps.1610
https://doi.org/10.1007/s10072-022-05952-w
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/0.1016/S1474-4422(18)30072-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-16-1455020 September 21, 2024 Time: 16:9 # 18

Geng et al. 10.3389/fnagi.2024.1455020

based on graph theoretical analysis. Korean J. Radiol. 20, 1536–1545. doi: 10.3348/kjr.
2019.0104

Pinto, J. M. (2011). Olfaction. Proc. Am. Thorac. Soc. 8, 46–52. doi: 10.1513/pats.
201005-035RN

Ramirez-Gomez, L., Albers, M. W., Baena, A., Vila-Castelar, C., Fox-Fuller, J. T.,
Sanchez, J., et al. (2022). Olfactory function and markers of brain pathology in non-
demented individuals with autosomal dominant Alzheimer’s disease. J. Alzheimers Dis.
88, 721–729. doi: 10.3233/JAD-220075

Reich, S. G., and Savitt, J. M. (2019). Parkinson’s disease. Med. Clin. North Am. 103,
337–350. doi: 1016/j.mcna.2018.10.014

Ren, J., Yan, L., Zhou, H., Pan, C., Xue, C., Wu, J., et al. (2023). Unraveling
neurotransmitter changes in de novo GBA-related and idiopathic Parkinson’s disease.
Neurobiol. Dis. 185:106254. doi: 10.1016/j.nbd.2023.106254

Ripp, I., Zur Nieden, A. N., Blankenagel, S., Franzmeier, N., Lundström, J. N.,
and Freiherr, J. (2018). Multisensory integration processing during olfactory-visual
stimulation-An fMRI graph theoretical network analysis. Hum. Brain Mapp. 39,
3713–3727. doi: 10.1002/hbm.24206

Roh, H., Kang, J., Koh, S. B., and Kim, J. H. (2021). Hippocampal volume is related
to olfactory impairment in Parkinson’s disease. J. Neuroimaging 31, 1176–1183. doi:
10.1111/jon.12911

Roos, D. S., Twisk, J. W. R., Raijmakers, P. G. H. M., Doty, R. L., and Berendse,
H. W. (2019). Hyposmia as a marker of (non-)motor disease severity in Parkinson’s
disease. J. Neural Trans. 126, 1471–1478. doi: 10.1007/s00702-019-02074-0

Rubinov, M., and Sporns, O. (2010). Complex network measures of brain
connectivity: Uses and interpretations. Neuroimage 52, 1059–1069. doi: 10.1016/j.
neuroimage.2009.10.003

Ryan, E., Seehra, G., Sharma, P., and Sidransky, E. (2019). GBA1-associated
parkinsonism: New insights and therapeutic opportunities. Curr. Opin. Neurol. 32,
589–596. doi: 10.1097/WCO.0000000000000715

Saito, S., Ayabe-Kanamura, S., Takashima, Y., Gotow, N., Naito, N., Nozawa, T.,
et al. (2006). Development of a smell identification test using a novel stick-type odor
presentation kit. Chem. Sens. 31, 379–391. doi: 10.1093/chemse/bjj042

Shao, Y., Wang, Z., Ji, B., Qi, H., Hao, S., Li, G., et al. (2021). Diffusion tensor
imaging study of olfactory identification deficit in patients with mild cognitive
impairment. Front. Aging Neurosci. 13:765432. doi: 10.3389/fnagi.2021.765432

Sijben, R., Hoffmann-Hensel, S. M., Rodriguez-Raecke, R., Haarmeier, T., and
Freiherr, J. (2018). Semantic congruence alters functional connectivity during
olfactory-visual perception. Chem. Sens. 43, 599–610. doi: 10.1093/chemse/bjy048

Skrahina, V., Gaber, H., Vollstedt, E. J., Förster, T. M., Usnich, T., Curado, F., et al.
(2021). The Rostock international Parkinson’s disease (ROPAD) study: Protocol and
initial findings. Mov. Disord. 36, 1005–1010. doi: 10.1002/mds.28416

Solla, P., Masala, C., Ercoli, T., Frau, C., Bagella, C., Pinna, I., et al. (2023). Olfactory
impairment correlates with executive functions disorders and other specific cognitive
dysfunctions in Parkinson’s disease. Biology 12:112. doi: 10.3390/biology12010112

Stickel, S., Weismann, P., Kellermann, T., Regenbogen, C., Habel, U., Freiherr, J.,
et al. (2019). Audio–visual and olfactory–visual integration in healthy participants
and subjects with autism spectrum disorder. Hum. Brain Mapp. 40, 4470–4486. doi:
10.1002/hbm.24715

Su, M., Wang, S., Fang, W., Zhu, Y., Li, R., Sheng, K., et al. (2015). Alterations in
the limbic/paralimbic cortices of Parkinson’s disease patients with hyposmia under
resting-state functional MRI by regional homogeneity and functional connectivity
analysis. Parkinson. Relat. Disord. 21, 698–703. doi: 10.1016/j.parkreldis.2015.04.006

Suo, X., Lei, D., Li, N., Cheng, L., Chen, F., Wang, M., et al. (2017). Functional brain
connectome and its relation to Hoehn and Yahr stage in Parkinson disease. Radiology
285, 904–913. doi: 10.1148/radiol.2017162929

Tanik, N., Serin, H. I., Celikbilek, A., Inan, L. E., and Gundogdu, F. (2016).
Associations of olfactory bulb and depth of olfactory sulcus with basal ganglia and
hippocampus in patients with Parkinson’s disease. Neurosci. Lett. 620, 111–114. doi:
10.1016/j.neulet.2016.03.050

Tran, C., Shen, K., Liu, K., Ashok, A., Ramirez-Zamora, A., Chen, J., et al. (2024).
Deep learning predicts prevalent and incident Parkinson’s disease from UK Biobank
fundus imaging. Sci. Rep. 14:3637. doi: 10.1038/s41598-024-54251-1

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., et al. (2002). Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation
of the MNI MRI single-subject brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.
2001.0978

van den Heuvel, M. P., and Hulshoff Pol, H. E. (2010). Exploring the brain network:
A review on resting-state fMRI functional connectivity. Eur. Neuropsychopharmacol.
20, 519–534. doi: 10.1016/j.euroneuro.2010.03.008

Wang, J., You, H., Liu, J.-F., Ni, D.-F., Zhang, Z.-X., and Guan, J. (2011). Association
of olfactory bulb volume and olfactory sulcus depth with olfactory function in
patients with Parkinson disease. Am. J. Neuroradiol. 32, 677–681. doi: 10.3174/ajnr.
A2350

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

Wang, Y., Wei, H., Du, S., Yan, H., Li, X., Wu, Y., et al. (2022). Functional covariance
connectivity of gray and white matter in olfactory-related brain regions in Parkinson’s
disease. Front. Neurosci. 16:853061. doi: 10.3389/fnins.2022.853061

Wichmann, T. (2019). Changing views of the pathophysiology of Parkinsonism.
Mov. Disord. 34, 1130–1143. doi: 10.1002/mds.27741

Xia, M., Wang, J., and He, Y. (2013). BrainNet viewer: A network visualization
tool for human brain connectomics. PLoS One 8:e68910. doi: 10.1371/journal.pone.
0068910

Yan, C. G., and Zang, Y. F. (2010). DPARSF: A MATLAB toolbox for "pipeline"
data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13. doi: 10.3389/fnsys.2010.
00013

Yan, C. G., Craddock, R. C., He, Y., and Milham, M. P. (2013). Addressing head
motion dependencies for small-world topologies in functional connectomics. Front.
Hum. Neurosci. 7:910. doi: 10.3389/fnhum.2013.00910

Yan, C. G., Wang, X. D., Lu, B., Deng, Z. Y., and Gao, Q. L. (2024). DPABINet:
A toolbox for brain network and graph theoretical analyses. Sci. Bull. 24, 140–143.
doi: 10.1016/j.scib.2024.02.038

Yan, C. G., Wang, X. D., Zuo, X. N., and Zang, Y. F. (2016). DPABI: Data processing
& analysis for (resting-state) brain imaging. Neuroinformatics 14, 339–351. doi: 10.
1007/s12021-016-9299-4

Yan, H., Wu, H., Cai, Z., Du, S., Li, L., Xu, B., et al. (2023). The neural correlates of
apathy in the context of aging and brain disorders: A meta-analysis of neuroimaging
studies. Front. Aging Neurosci. 15:1181558. doi: 10.3389/fnagi.2023.1181558

Yan, H., Wu, H., Chen, Y., Yang, Y., Xu, M., Zeng, W., et al. (2022). Dynamical
complexity fingerprints of occupation-dependent brain functional networks in
professional seafarers. Front. Neurosci. 16:830808. doi: 10.3389/fnins.2022.830808

Yang, H., Chen, X., Chen, Z. B., Li, L., Li, X. Y., Castellanos, F. X., et al. (2021).
Disrupted intrinsic functional brain topology in patients with major depressive
disorder. Mol. Psychiatry 26, 7363–7371. doi: 10.1038/s41380-021-01247-2

Yang, N., Yuan, S., Li, C., Xiao, W., Xie, S., Li, L., et al. (2023). Diagnostic
identification of chronic insomnia using ALFF and FC features of resting-state
functional MRI and logistic regression approach. Sci. Rep. 13:406. doi: 10.1038/s41598-
022-24837-8

Yoneyama, N., Watanabe, H., Kawabata, K., Bagarinao, E., Hara, K., Tsuboi, T., et al.
(2018). Severe hyposmia and aberrant functional connectivity in cognitively normal
Parkinson’s disease. PLoS One 13:e0190072. doi: 10.1371/journal.pone.0190072

Yu, Q., Cai, Z., Li, C., Xiong, Y., Yang, Y., He, S., et al. (2021). A novel spectrum
contrast mapping method for functional magnetic resonance imaging data analysis.
Front. Hum. Neurosci. 15:739668. doi: 10.3389/fnhum.2021.739668

Zang, Y. F., He, Y., Zhu, C. Z., Cao, Q. J., Sui, M. Q., Liang, M., et al. (2007). Altered
baseline brain activity in children with ADHD revealed by resting-state functional
MRI. Brain Dev. 29, 83–91. doi: 10.1016/j.braindev.2006.07.002

Zang, Y., Jiang, T., Lu, Y., He, Y., and Tian, L. (2004). Regional homogeneity
approach to fMRI data analysis. Neuroimage 22, 394–400. doi: 10.1016/j.neuroimage.
2003.12.030

Zhang, J., Su, J., Wang, M., Zhao, Y., Zhang, Q. T., Yao, Q., et al. (2017). The
sensorimotor network dysfunction in migraineurs without aura: A resting-state fMRI
study. J. Neurol. 264, 654–663. doi: 10.1007/s00415-017-8404-4

Zou, Q. H., Zhu, C. Z., Yang, Y., Zuo, X. N., Long, X. Y., Cao, Q. J., et al.
(2008). An improved approach to detection of amplitude of low-frequency fluctuation
(ALFF) for resting-state fMRI: Fractional ALFF. J. Neurosci. Methods 172, 137–141.
doi: 10.1016/j.jneumeth.2008.04.012

Zuo, X. N., Di Martino, A., Kelly, C., Shehzad, Z. E., Gee, D. G., Klein, D. F.,
et al. (2010). The oscillating brain: Complex and reliable. Neuroimage 49, 1432–1445.
doi: 0.1016/j.neuroimage.2009.09.037

Frontiers in Aging Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnagi.2024.1455020
https://doi.org/10.3348/kjr.2019.0104
https://doi.org/10.3348/kjr.2019.0104
https://doi.org/10.1513/pats.201005-035RN
https://doi.org/10.1513/pats.201005-035RN
https://doi.org/10.3233/JAD-220075
https://doi.org/1016/j.mcna.2018.10.014
https://doi.org/10.1016/j.nbd.2023.106254
https://doi.org/10.1002/hbm.24206
https://doi.org/10.1111/jon.12911
https://doi.org/10.1111/jon.12911
https://doi.org/10.1007/s00702-019-02074-0
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1097/WCO.0000000000000715
https://doi.org/10.1093/chemse/bjj042
https://doi.org/10.3389/fnagi.2021.765432
https://doi.org/10.1093/chemse/bjy048
https://doi.org/10.1002/mds.28416
https://doi.org/10.3390/biology12010112
https://doi.org/10.1002/hbm.24715
https://doi.org/10.1002/hbm.24715
https://doi.org/10.1016/j.parkreldis.2015.04.006
https://doi.org/10.1148/radiol.2017162929
https://doi.org/10.1016/j.neulet.2016.03.050
https://doi.org/10.1016/j.neulet.2016.03.050
https://doi.org/10.1038/s41598-024-54251-1
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.3174/ajnr.A2350
https://doi.org/10.3174/ajnr.A2350
https://doi.org/10.3233/JAD-201168
https://doi.org/10.3389/fnins.2022.853061
https://doi.org/10.1002/mds.27741
https://doi.org/10.1371/journal.pone.0068910
https://doi.org/10.1371/journal.pone.0068910
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.3389/fnhum.2013.00910
https://doi.org/10.1016/j.scib.2024.02.038
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.3389/fnagi.2023.1181558
https://doi.org/10.3389/fnins.2022.830808
https://doi.org/10.1038/s41380-021-01247-2
https://doi.org/10.1038/s41598-022-24837-8
https://doi.org/10.1038/s41598-022-24837-8
https://doi.org/10.1371/journal.pone.0190072
https://doi.org/10.3389/fnhum.2021.739668
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1007/s00415-017-8404-4
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/0.1016/j.neuroimage.2009.09.037
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Functional activity, functional connectivity and complex network biomarkers of progressive hyposmia Parkinson's disease with no cognitive impairment: evidences from resting-state fMRI study
	1 Introduction
	2 Materials and methods
	2.1 Participants and data acquisition
	2.2 FMRI data preprocessing
	2.3 ALFF analysis
	2.4 ReHo analysis
	2.5 Complex network analysis
	2.6 Correlation analysis

	3 Results
	3.1 Demographics and clinical characteristics
	3.2 Results of ALFF analysis
	3.2.1 PD-SH V.S. HC
	3.2.2 PD-N/MH V.S. HC
	3.2.3 PD-N/MH V.S. PD-SH

	3.3 Results of ReHo analysis
	3.3.1 PD-SH V.S. HC
	3.3.2 PD-N/MH V.S. HC
	3.3.3 PD-N/MH V.S. PD-SH

	3.4 Results of functional connectivity analysis
	3.4.1 PD-SH V.S. HC
	3.4.2 PD-N/MH V.S. HC
	3.4.3 PD-SH V.S. PD-N/MH

	3.5 Results of complex network analysis
	3.5.1 Small-worldness
	3.5.2 Nodal properties

	3.6 Results of correlation analysis

	4 Discussion
	4.1 Relationship between functional separation and hyposmia
	4.2 Relationship between functional connectivity and hyposmia
	4.3 Alterations in network topology
	4.4 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


