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Abstract

Purpose: Patients with Parkinson's Disease (PD) commonly experience Olfactory Dysfunction (OD).
Our study examined hippocampal volumetric and resting-state functional magnetic resonance imaging (rs-
fMRI) variations in a Healthy Control (HC) group versus a cognitively normal PD group, further categorized

into PD with No/Mild Hyposmia (PD-N/MH) and PD with Severe Hyposmia (PD-SH).

Methods: We calculated participants' relative Total Hippocampal Volume (rTHV) and performed
Spearman's partial correlations, controlled for age and gender, to examine the correlation between rTHV and
olfactory performance assessed by the Odor Stick Identification Test for the Japanese (OSIT-J) score. Mann-
Whitney U tests assessed rTHV differences across groups and subgroups, rejecting the null hypothesis for p <
0.05. Furthermore, a seed-based rs-fMRI analysis compared hippocampal connectivity differences using a one-

way ANCOVA covariate model with controls for age and gender.

Results: Spearman's partial correlations indicated a moderate positive correlation between rTHV and
OSIT-J in the whole study population (p = 0.406; p = 0.007), PD group (p = 0.493; p = 0.008), and PD-N/MH
subgroup (p = 0.617; p = 0.025). Mann-Whitney U tests demonstrated lower rTHV in PD-SH subgroup
compared to both HC group (p = 0.013) and PD-N/MH subgroup (p = 0.029). Seed-to-voxel rsfMRI analysis
revealed reduced hippocampal connectivity in PD-SH subjects compared to HC subjects with a single cluster

of voxels.

Conclusions: Although the design of the study do not allow to make firm conclusions, it is reasonable
to speculate that the progressive involvement of the hippocampus in PD patients is associated with the

progression of OD.
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List of abbreviations

BOLD = Blood Oxygen Level Dependent

CSF = Cerebrospinal Fluid

fMRI = functional MRI

GLM = General Linear Model

FA = Fractional Anisotropy

GM = Grey Matter

HC = Healthy Controls

MD = Mean Diffusivity

MNI = Montreal Neurological Institute

MRI = Magnetic Resonance Imaging

OD = Olfactory Dysfunction

OSIT-J = Odor Stick Identification Test for the Japanese

p = p-value

p-FWE = Family Wise corrected p-value

PD = Parkinson’s Disease

PD-M/NH = Parkinson’s Disease patients with No/Mild Hyposmia
PD-SH = Parkinson’s Disease patient with sever hyposmia
ROI = Region Of Interest

rs-fMRI = resting state functional Magnetic Resonance Imaging
rTHV = relative total hippocampal volume

T1W-3D = T1-weighted three-dimensional
T2*-Echo-Planar Imaging

WM = White Matter



1. Introduction

Parkinson's Disease (PD) is one of the most common neurodegenerative disorders globally.
Specifically, in the United States of America, the estimated incidence ranges from 108 to 212 per 100,000
among individuals aged over 65 [Willis et al., 2022]. In addition to classical motor symptoms such as tremor,
rigidity, and akinesia/bradykinesia [Moustafa et al., 2016], other recently investigated non-motor symptoms
can be associated with this disease. Olfactory Dysfunction (OD) in PD has been extensively studied in recent
years, with several studies indicating its presence in up to 90% of symptomatic PD patients [Schapira et al.,
2017], as well as during the prodromal stage of the disease [Ercoli et al., 2022].

The exact mechanisms behind OD in PD are still under investigation, but the progressive deposition
of aggregates of a-synuclein [Gomez-Benito et al., 2020], from the periphery (olfactory bulbs) to central
cerebral structures, appears to play a pivotal role [Fullard et al., 2017]. From a macroscopic perspective, the
progression of PD is characterized by the gradual atrophic involution not only of the olfactory bulbs but also
of several central cerebral regions, including the caudate, nucleus accumbens, hippocampus, and posterior
cortical regions [Torres-Pasillas et al., 2023]. Among these structures, the hippocampus has drawn attention
from researchers due to its critical role in the central processing of olfactory stimuli [Compston, 2010; Dickson,
2018; Dintica et al., 2019; Kubota et al., 2020; Roh et al., 2021]. A recent study by Roh et al. [Roh et al., 2021]
highlighted that PD patients with marked hyposmia exhibited more pronounced bilateral hippocampus
hypotrophy compared to normosmic PD subjects, suggesting that the volume reduction of the hippocampus
implies underlying issues in the central olfaction process.

Over the last two decades, several functional Magnetic Resonance Imaging (fMRI) studies have
analyzed the neural activity and brain networking of PD patients with OD, both in resting state (rs-fMRI)
[Yoneyama et al., 2018; Georgiopoulos et al., 2019; Wang et al., 2022; Fan et al., 2022; Du et al., 2023] and/or
following an olfactory task [ Westermann et al., 2008; Welge-Liissen et al., 2009; Hummel et al., 2010; Su et
al.,2015; Tremblay et al., 2020]. These studies have been conducted globally or by focusing on specific circuits
involved in odor identification and processing. Four of these studies [Westermann et al., 2008; Welge-Liissen
et al., 2009; Hummel et al., 2010; Su et al., 2015], while differing in study design and analysis technique,

revealed impairments in hippocampal activity within the broader context of brain network analysis. However,



to the best of our knowledge, no fMRI studies have specifically examined the relationships between the
hippocampus and other cerebral areas in relation to OD in PD.

Based on the aforementioned evidence, we designed a structural-functional combined exploratory
cross-sectional study to compare hippocampal volumetric and seed-based rs-fMRI connectivity differences
among healthy controls (HC), cognitively normal PD patients with No/Mild Hyposmia (PD-N/MH), and
cognitively normal PD patients with Severe Hyposmia (PD-SH). This study utilized the freely available dataset

from the research published by Yoneyama et al. [ Yoneyama et al., 2018].

2. Materials and methods

2.1. Dataset

The dataset utilized for this research is the same one employed in the study published in 2018 by
Yoneyama et al. [Yoneyama et al., 2018]. This dataset is freely and publicly available (License: CC0), was
acquired  from the  OpenfMRI  database, with  the  accession number  ds000245

(https://openfmri.org/dataset/ds000245). The key details of the data used in this research project are

summarized in the following sections; for more comprehensive information, readers are invited to refer to the

original paper by Yoneyama et al. [Yoneyama et al., 2018].

2.2. Study population and olfaction assessment

The entire study population comprised 45 Japanese subjects, categorized into two groups: 1) the
healthy control (HC) group, consisting of 15 HC, and 2) the PD group, consisting of 30 cognitively normal PD
patients diagnosed according to the UK Brain Bank criteria [Hughes et al., 1992]. All PD patients were in Hoen

and Yahr stages I-III [Hoehn & Yahr, 1967], with disease onset occurring after the age of 40.

Olfactory performance for all study subjects was assessed using the Odor Stick Identification Test for
the Japanese (OSIT-J; Daiichi Yakuhin, Co., Ltd., Tokyo, Japan) [Saito et al., 2006]. The OSIT-J comprises 12
odorants familiar to the Japanese population and is widely utilized for olfactory evaluation in PD patients

[Yoneyama et al., 2018]. Subsequent to this test, the PD group was further divided into two subgroups based
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on: 1) the PD-N/MH subgroup, consisting of 15 PD patients with an OSIT-J score < 4, and 2) the PD-SH
subgroup, consisting of 15 patients with an OSIT-J score = 6. The detailed procedures for subgroup definitions

according to the OSIT-J score are outlined in the original publication by Yoneyama et al. [Yoneyama et al.,

2018].

2.3. Imaging assessment

All subjects in the study population underwent an MRI scan using a Siemens Magnetom Verio 3.0 T
scanner (Siemens, Erlangen, Germany) equipped with a 32-channel head coil. The sequences included in the
dataset were as follows: a) a high-resolution structural T1-weighted three-dimensional (T1W-3D) sequence
(repetition time = 2.5 s; echo time = 2.48 ms; acquisition axis = 192 sagittal; slice thickness = 1 mm; field of
view = 256 mm; matrix = 256 x 256; total scan time = 349 seconds); and b) a functional T2*-Echo-Planar
Imaging (T2*-EPI) sequence (repetition time = 2.5 s; echo time = 30 ms; acquisition axis = axial; number of
slices = 39; inter-slice interval = 0.5 mm; slice thickness = 3 mm; field of view = 192 mm; matrix = 64 x 64;
flip angle = 80°; total scan time = 8 min) acquired during the resting state, with the eyes closed. Regarding PD

patients, the MRI scan was conducted while they were in the "ON" medication state.

2.4. Hippocampal volumetric analysis

In analogy to the research by Porcu et al. [Porcu et al., 2020], the relative total hippocampal volume
(rTHV) was calculated for each subject in the study population using the HIPS automatic voxel-based
segmentation online tool [Romero et al., 2017]. Specifically, the rTHV was automatically extracted from the
structural T1W-3D sequence using the monospectral modality. This involved dividing the sum of the absolute
volumes of the right and left hippocampus by the absolute intracranial volume. The rTHV was expressed as a

percentage (%). An example of hippocampal segmentation is illustrated in Figure 1.

All segmentations underwent blind review by an expert neuroradiologist (M.P., with 10 years of
radiological experience). In cases where the segmentation was deemed "not correct," the corresponding subject

would have been excluded from the study population.



2.5.1rs-fMRI data analysis

The rs-fMRI group analysis was conducted on the Matlab platform vR2020b (Mathworks, Inc.,
California, USA) using the CONN toolbox [Witfield-Gabrieli & Nieto-Castanon, 2012] release 22.a [Nieto-

Castanon & Witfield-Gabrieli, 2022] and SPM release 12.7771 [Penny et al., 2011].

Following a similar approach to previous rs-fMRI studies [Porcu et al., 2020; Porcu et al., 2021],
structural T1-3D and functional T2*-EPI sequence data underwent preprocessing using a defined pipeline

[Nieto-Castanon, 2020].

Functional data were realigned using the SPM realign & unwarp procedure [Andersson et al., 2001].
All scans were coregistered to a reference image (first scan of the first session) using a least squares approach
and a 6-parameter (rigid body) transformation [Friston et al., 1995]. Resampling was performed using b-spline
interpolation to correct for motion and magnetic susceptibility interactions. Potential outlier scans were
identified using ART [Whitfield-Gabrieli et al., 2011], considering acquisitions with framewise displacement
above 0.9 mm or global Blood Oxygen Level Dependent (BOLD) signal changes above 5 standard deviations
[Power et al., 2014]. A reference BOLD image was computed for each subject by averaging all scans excluding
outliers. To minimize signal fluctuations in the initial scanning stage, the first 10 volumes of the T2*-EPI

sequence were excluded from the analysis [Chiacchieretta & Ferretti, 2015].

Functional and anatomical data were then normalized to standard Montreal Neurological Institute
(MNI) space [Collins et al., 1994] space, segmented into grey matter (GM), white matter (WM), and
cerebrospinal fluid (CSF) tissue classes, and resampled to 2 mm isotropic voxels using a direct normalization
procedure [Calhoun et al., 2017]. This was accomplished through SPM unified segmentation and normalization
algorithm [Ashbumer & Friston, 2005; Ashbumer, 2007], utilizing the default IXI-549 tissue probability map
template. Finally, functional data underwent smoothing through spatial convolution with a Gaussian kernel of

8 mm full width at half maximum.

Functional data were subsequently denoised using a standard denoising pipeline [Nieto-Castanon,
2020]. This process involved the regression of potential confounding effects, characterized by WM timeseries
(5 CompCor noise components), CSF timeseries (5 CompCor noise components), motion parameters, and their

first-order derivatives (12 factors) [Friston et al., 1996], outlier scans (below 10 factors) [Power et al., 2014],
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session effects, and their first-order derivatives (2 factors), as well as linear trends (2 factors) within each
functional run. This was followed by bandpass frequency filtering of the BOLD timeseries [Hallquist et al.,
2013], restricting it between 0.008 Hz and 0.09 Hz. CompCor [Behzadi et al., 2007; Chai et al., 2012] noise
components within WM and CSF were estimated by computing the average BOLD signal, as well as the largest
principal components orthogonal to the BOLD average, motion parameters, and outlier scans within each
subject's eroded segmentation masks. Taking into account the number of noise terms included in this denoising
strategy, the effective degrees of freedom of the BOLD signal after denoising were estimated to range from

66.4 to 70.5 (average 70) across all subjects.

Finally, for each subject, seed-based connectivity maps were estimated to characterize patterns of
functional connectivity. The CONN’s default atlas, i.e. the Harvard-Oxford Atlas [Desikan et al., 2006] for
cortical and subcortical regions, and the Automated Anatomical Labeling atlas [ Tzourio-Mazoyer et al., 2002]
for cerebellar regions (Supplemental Table 1), was utilized to identify cerebral regions of interest (ROI).
Functional connectivity strength was represented by Fisher-transformed bivariate correlation coefficients
derived from a weighted general linear model (GLM), defined separately for each pair of seed and target areas,
modeling the association between their BOLD signal timeseries [Nieto-Castanon, 2020]. Individual scans were
weighted by a step function convolved with an SPM canonical hemodynamic response function and rectified

to compensate for possible transient magnetization effects at the beginning of each run.

2.6. Statistical analysis

2.6.1. Hippocampal volumetry: relationships with olfaction performances and differences
among groups/subgroups
The correlation (p) between rTHV and OSIT-J scores in the entire study population, HC group, PD
group, PD-N/MH, and PD-SH subgroups, was analyzed using non-parametric Spearman's partial correlations,

with age and gender as control variables. The null hypothesis was rejected for p-value (p) < 0.05.



Additionally, differences in rTHV between the HC and PD group, as well as between the HC and PD-
N/MH subgroups, HC and PD-SH subgroups, and PD-N/MH and PD-SH subgroups, were examined using a
non-parametric Mann Whitney U test. Once again, the null hypothesis was rejected for p < 0.05.

The aforementioned statistical analyses were performed using JASP version 0.18.1 (JASP Team -

2023).

2.6.2. Seed-to-voxel group rs-fMRI analysis

The second-level seed-to-voxel group analysis was conducted using the GLM with the CONN toolbox
release 22.a [Nieto-Castanon, 2020]. For each individual voxel, a separate GLM was estimated, with first-level
connectivity measures at this voxel serving as dependent variables (one independent sample per subject) and
groups or other subject-level identifiers as independent variables. Voxel-level hypotheses were assessed using
multivariate parametric statistics with random effects across subjects and sample covariance estimation across
multiple measurements.

Specifically, we compared the differences (increased or reduced) in seed-to-voxel connectivity
between both the left and right hippocampus (“Hippocampus 1” and “Hippocampus 1’ according to the
Harvard-Oxford Atlas [Desikan et al., 2006]) and the rest of the brain using a one-way ANCOVA covariate
model. The model was controlled for the variables “age” and “gender”, and was applied in four different
scenarios: HC group versus PD group (Analysis 1), PD-N/MH subgroup versus HC group (Analysis 2), PD-
N/MH subgroup versus PD-SH subgroup (Analysis 3), and PD-SH subgroup versus HC group (Analysis 4).

Inferences were made at the level of individual clusters (groups of contiguous voxels). Cluster-level
inferences relied on nonparametric statistics from randomization/permutation analyses [Bullmore et al., 1999;
Nieto-Castanon, 2020], with 1000 residual-randomization iterations. Results were thresholded using a
combination of a cluster-forming p < 0.01 voxel-level threshold and a p-FDR < 0.05 cluster-mass threshold

[Chumbley et al., 2010].

3. Results



3.1. Demographics, olfaction assessment and hippocampal volumetric analysis

As mentioned earlier, the entire study population comprised 45 subjects (male = 25; female = 20; mean
age = 66.1). The HC group consisted of 15 subjects (male = 7; female = 8; mean age = 63.3), and the PD group
comprised 30 subjects (male = 13; female = 17; mean age = 67.6). Within the PD group, there were 15 PD-
N/MH subjects (male = 6; female = 9; mean age = 64.4) and 15 PD-SH subjects (male = 7; female = §; mean
age = 70.7). For complete demographic details, please refer to the original publication by Yoneyama et al.
[Yoneyama et al., 2018].

The mean OSIT-J score (utilized for olfaction assessment) and rTHV values (extracted from the voxel-
based automated hippocampal volumetric analysis) were as follows: 6.533 and 0.509% for the entire study
population; 10.400 and 0.521% for the HC group; 4.600 and 0.503% for the PD group; 7.467 and 0.522% for
the PD-N/MH subgroup; 1.733 and 0.483% for the PD-SH subgroup. The details of olfaction assessment and
hippocampal volumetric analysis are presented in Table 1, with individual subject data provided in

Supplemental Table 2.

3.2. Hippocampal volumetry: relationships with olfaction performances and differences

among groups/subgroups

The automated hippocampal segmentation was deemed correct for all subjects by the expert

neuroradiologist, and therefore no subjects were excluded from the analysis.

The non-parametric Spearman's partial correlations analysis revealed a statistically significant
moderate positive correlation between rTHV and OSIT-J in the entire study population (p = 0.406; p = 0.007),
the PD group (p = 0.493; p = 0.008), and the PD-N/MH subgroup (p = 0.617; p = 0.025). No statistically
significant findings were observed in the HC and PD-SH groups. The results are reported in Table 2, and the

statistically significant correlation scatter plots are presented in Figure 2.

The non-parametric Mann-Whitney U test indicated that rTHV was significantly lower in the PD-SH
subgroup compared to both the HC group (p = 0.013; mean rTHV HC group = 0.521%; mean rTHV PD-SH
subgroup = 0.483%) and the PD-N/MH subgroup (p = 0.029; mean rTHV PD-N/MH subgroup = 0.522%;

mean rTHV PD-SH subgroup = 0.483%). No statistically significant differences were found in the other



comparisons. The results are reported in Table 3, and the raincloud plots of statistically significant Mann-

Whitney U test comparisons are illustrated in Figure 3.

3.3. Seed-to-voxel group rs-fMRI analysis

The seed-to-voxel analysis did not reveal any statistically significant findings in Analyses 1 (HC group
versus PD group), 2 (PD-N/MH subgroup versus HC group), and 3 (PD-N/MH subgroup versus PD-SH
subgroup).

In Analysis 4, the seed-to-voxel analysis showed reduced hippocampal connectivity with a single
cluster of voxels in PD-SH subjects compared to HC subjects (cluster center coordinates according to the MNI
space: +04 -44 -46 mm; cluster size = 1560; cluster-size p-FDR = 0.044367; mass = 20039.15; cluster mass p-
FDR = 0.029409). This cluster encompassed several supra- and infratentorial areas, notably the anterior
cerebellar lobes (vermis 1, 2, 3, 4, and 5, and cerebellar 3, 4, and 5 lobules of both hemispheres), the cerebellar
6 lobule (primarily the one located in the left hemisphere), the lingual gyrus, and the posterior division of the
parahippocampal cortex in both cerebral hemispheres. No areas of increased connectivity were identified. The
full results of Analysis 3 are reported in Table 4 and visually presented in Figure 4 (slice view) and Figure 5

(three-dimensional view).

4. Discussion

The main clinical manifestations of PD are characterized by motor symptoms, attributed to the
progressive degeneration of dopaminergic cells in the substantia nigra and the consequent involvement of the
extrapyramidal motor pathway [Bae et al., 2021]. However, PD patients may also present a broad spectrum of
non-motor symptoms. Some, like sleep disorders, dysautonomia, and olfactory dysfunction (OD), tend to
manifest earlier than non-motor symptoms [Torres-Pasillas et al., 2023], while others, such as cognitive
impairments, typically appear after the onset of motor symptoms [Meireles et al., 2012].

As mentioned in the introduction, OD is observed in up to 90% of symptomatic PD patients and is
often noted in the preclinical stage of the disease [Doty, 2012; Ercoli et al., 2022]. Its presence has been
identified as a risk factor for the development of dementia, as demonstrated, for example, by Baba et al. [Baba

etal., 2012]. Consequently, OD in PD has garnered attention from researchers for its potential role in enhancing
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early diagnosis and optimizing therapy [Torres-Pasillas et al., 2023]. Although the precise pathological
mechanisms underlying PD are still under investigation, the abnormal and progressive deposition of a-
synuclein aggregates appears to play a central role, leading to inflammation, selective neural dysfunction, and
ultimately, neural death [Ilemolo et al., 2023; Calabresi et al., 2023]. Similar to other neurodegenerative
disorders, this process results in progressive brain atrophy [Filippi et al., 2020]. The phenomenon of atrophy
also impacts the hippocampus [Camicioli et al., 2003], influenced by both dopamine denervation [Bohnen et
al., 2008] and neuronal death due to a-synuclein aggregate deposition [Girdldez-Pérez et al., 2014]. The
hippocampus, a complex brain region involved in various higher neurological functions such as spatial
navigation, emotional behavior, regulation of hypothalamic functions, and olfaction processing [Anand &
Dhikav, 2012; Calabresi et al., 2013], undergoes a progressive atrophy development in PD. This process is
associated with the onset of cognitive deficits in the later stages of the disease [Camicioli et al., 2003; Yildiz
et al., 2015; Uribe et al., 2018]. Similar associations have also been identified for OD [Torres-Pasillas et al.,
2023].

In this study, our focus was on analyzing volumetric and fMRI differences in the hippocampus among
HC, cognitively normal PD-N/MH subjects, and cognitively normal PD-SH patients.

The volumetric analysis revealed a moderate positive correlation between hippocampal volumetry,
calculated in terms of rTHV, and olfactory performance measured with the OSIT-J score in the entire study
population, the PD group, and the PD-N/MH subgroup. However, no statistically significant correlations were
found in the HC group and the PD-SH subgroup. All these correlations included age and gender as control
variables to mitigate potential biases. Furthermore, the comparison of rTHV between the population groups
and subgroups indicated that rTHV was greater in both the HC group and PD-N/MH group compared to the
PD-SH group. However, no statistically significant differences were found in the comparison between the HC
group and PD-N/MH group.

On the other hand, the seed-based fMRI analysis, which compared connectivity differences between
the hippocampi and the rest of the brain in different subgroups, revealed a statistically significant difference in
terms of reduced connectivity between the hippocampi and both the cerebellum and supratentorial areas of
both cerebral hemispheres (especially the lingual gyrus and posterior division of the parahippocampal cortex)
only in the PD-SH subgroup when compared to the HC group. No statistically significant differences were
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found in other comparisons (HC group versus PD group, PD-N/MH subgroup versus HC group, and PD-N/MH
subgroup versus PD-SH subgroup).

The results of the volumetric analysis are consistent with those reported in the literature. Notably, Xu
et al. [Xu et al., 2020] found that the bilateral hippocampal volume in non-demented PD patients was smaller
compared to HC. Additionally, a recent study by Ro# et al. [Roh et al., 2021] demonstrated that cognitively
normal PD patients with severe hyposmia exhibited significantly smaller bilateral hippocampal volume,
particularly in the hippocampal body. This study also found a positive correlation between hippocampal
volume and olfactory performance measured with the cross-cultural smell identification test. Regarding the
correlations between hippocampal volume and olfactory performance, a moderate positive correlation between
rTHV and OSIT-J score was found in the PD group, similar to what was observed by Ro/ et al. [Roh et al.,
2021]. This finding suggests a decline in odor function in correlation with the reduction of hippocampal
volume. However, it is noteworthy that when the analysis focused on specific PD subgroups, the same positive
correlation was observed only in the PD-N/MH subgroup and not in the PD-SH subgroup. This observation
could be better interpreted in light of the seed-based rs-fMRI connectivity.

The functional analysis revealed statistically significant findings only in Analysis 4, which compared
the HC group and the PD-SH subgroup. Specifically, it showed reduced hippocampal connectivity with both
supratentorial areas (mainly the lingual gyrus and posterior division of the parahippocampal cortex) and the
cerebellum (mainly the anterior lobe and lobule 6 of both hemispheres). Indeed, a substantial input to the
superficial layers of the enthorinal cortex originates from olfactory structures such as the olfactory bulb, the
anterior olfactory nucleus, and the piriform cortex. These olfactory projections terminate throughout most of
the rostrocaudal extent of the entorhinal cortex. Moreover, the infralimbic cortex extends their projections to
the medial portion of the olfactory bulb subicular fibers [Burwell, 2001]. In addition, it is of mention the fact
that only olfactory input originating from all levels of the olfactory system has direct access to hippocampal
structures although in primates this access is restricted to about 10% of the surface area of the enthorinal cortex.
In an extreme synthesis the hippocampal formation can be viewed as the final stage in a cascade of neocortical
sensory processing from unimodal association cortices to few polysensory cortical regions which in turn
project on the enthorinal cortex [Lavenex & Amaral, 2000]. Obviously, this pathway is extremely important in
the functional performance of the olfaction end its correlated activities as enthorinal lesions cause rapid
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forgetting of olfactory information [Staubli et al., 1984]. However, it is important to note that the hippocampus
is also implicated in the control of the odor habituation process, as demonstrated by Poellinger et al. (2001) in
their task-based fMRI study. Furthermore, recent research by Georgiopoulos et al. (2024) suggests that this
mechanism is preserved in PD patients. Initially, these findings may appear somewhat contradictory to ours;
however, it is important to underline that our fMRI study was conducted under resting conditions and, to the
best of our knowledge, no rs-fMRI studies have examined the odor habituation phenomenon to date. Therefore,
we believe that our findings do not contradict those previously reported in the literature, although further
studies are required to clarify this aspect.

While the reduced connectivity with the lingual gyrus and posterior division of the parahippocampal
cortex is more easily understandable due to the widely demonstrated involvement of these structures in odor
processing and memory [Han et al., 2019], the reduced connectivity with the cerebellum might seem less
intuitive. However, the cerebellar contribution to motor and non-motor functions in PD is well known
[Solstrand Dahlberg, Lungu & Doyon, 2020]; further, although the cerebellum is traditionally not considered
part of the olfactory processing system [Wu & Hallett, 2013], some studies in healthy subjects have
demonstrated its involvement..

Among the first studies demonstrating the cerebellum's role in olfactory function in healthy subjects
is the research by Ferdon et al. [Ferdon & Murphy, 2003], which established an association between decreased
cerebellar activation and a reduction in olfactory abilities during healthy aging. Another study by Mainland et
al. [Mainland et al., 2005] detected olfactory dysfunction in patients with cerebellar lesions. Furthermore, the
task fMRI study by Sobel et al. [Sobel et al., 1998] demonstrated the activation of the cerebellar cortex in
response to odor stimuli, particularly the activation of the anterior central portion of the cerebellum in response
to sniffing. The same areas were found to be metabolically more active in response to olfactory stimuli in the
8F-fluorodeoxyglucose-positron emission tomography/computer tomography conducted by Alessandrini et al.
[Alessandrini et al., 2014]. More recently, a voxel-based morphometry analysis revealed a positive association
between gray matter volume in lobule 6 of the left cerebellar hemisphere and olfactory identification
performances [ Wabnegger & Schienle, 2019]. Additionally, a task-based fMRI study by Zhang et al. [Zhang
etal., 2021] demonstrated the activation of lobule 6 of the right cerebellar hemisphere in response to unpleasant
odors, suggesting that the cerebellum is likely involved in olfactory-related responses to unpleasant odors. In

13



a relatively recent review [Wu & Hallet, 2013] suggested that these findings trace a correlation between
cerebellar WM damage and olfactory dysfunction in PD subjects. Moreover, cerebellar pathologies such as
ataxia seem to correlate with olfactory impairment [Mainland et al., 2005; Moscovich et al., 2012].

While, to the best of our knowledge, no studies specifically analyzing the role of the cerebellum in OD
in PD patients have been conducted, the evidence presented above from studies on healthy subjects seems to
support the hypothesis that dysfunction in the anterior lobes and lobule 6 of the cerebellum plays a crucial role
in the OD process in PD patients as well. This hypothesis is further supported by a diffusion tensor imaging
study conducted by Zhang et al. [Zhang et al., 2011], which revealed reduced white matter integrity in terms
of decreased Fractional Anisotropy (FA) and increased Mean Diffusivity (MD) in the bilateral orbitofrontal
cortex and both cerebellar hemispheres in PD subjects with OD compared to HC. The authors also found a
positive correlation between olfactory identification thresholds and FA values in the white matter of the left
cerebellar hemisphere in the PD population, along with a negative correlation with MD values in the white
matter of the right cerebellar hemispheres. It is reasonable to speculate that a similar mechanism could at least
partly explain the reduced patterns of connectivity observed in our analysis, although this aspect has not been
investigated in this study. Some concerns about this hypothesis could arise from the results of the task-fMRI
study conducted by Westermann et al. [Westermann et al., 2008], which observed an activation of both
cerebellar lobes in response to odor stimuli in both HC and hyposmic PD patients, suggesting that this
activation might be related to the arousal elicited by the olfactory condition. The results of this study might
seem somewhat contradictory to our hypothesis, but it is important to underline that our study was conducted
on a population analyzed in a resting state, and it is methodologically different because it focused solely on
the analysis of hippocampal connectivity. Similar considerations can be made when looking at the results of
the task-fMRI study conducted by Takeda et al. [Takeda et al., 2010], which evidenced a reduced activation of
the right cerebellar tonsil in response to olfactory stimulation in PD patients compared to HC.

Summarizing the structural and functional results of our study, the evidence from the literature, and
the findings of some longitudinal studies demonstrating the progression of OD during the course of PD
[Herting et al., 2008; Meusel et al., 2010; Campabadal et al., 2017], it is reasonable to comprehensively
speculate that the progressive involvement of the hippocampus in PD leads to the progression of OD in PD
patients, resulting in volumetric reduction and functional dysfunction. The absence of statistically significant
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findings in the seed-based rs-fMRI analysis of the PD-N/MH group could reflect what happens in the early
stages of OD, where the impact on hippocampal activity would be negligible. In the later stages of OD,
however, the progression of hippocampal atrophy would significantly affect hippocampal activity with the
aforementioned supratentorial and infratentorial areas, as observed in the PD-SH subgroup where the
correlation between hippocampal volume and olfactory performances was no longer demonstrable. This
hypothesis might seem somewhat contradictory given the results reported in the original paper by Yoneyama
et al. (2018), where the authors reported no statistically significant differences in terms of duration and severity
of disease between the PD-N/MH and the PD-SH subgroups. However, the absence of specific data regarding
the duration and severity of the disease for each participant in the dataset stored in the OpenfMRI database
(https://openfmri.org/dataset/ds000245), as well as data regarding the treatment received and the onset of
symptoms, did not allow us to analyze in greater detail the relationship between OD, PD features of the disease,
and hippocampal dysfunctions. Considering the aforementioned points and the cross-sectional design of the
study, it is important to emphasize that our theory remains purely speculative, and further longitudinal studies
with larger cohorts of patients are required to confirm or refute this hypothesis.

Certainly, we identified at least two major limitations in this study. The first one is the small study
population. In analogy to previous studies [Porcu et al., 2020; Porcu et al., 2024], we decided not to apply any
multiple test corrections for both the hippocampal and functional analyses to minimize type Il statistical errors
in [Bender et al., 2001] due to the exploratory design of the research. For this reason, and also considering the
intrinsic variability demonstrated in fMRI studies [Botvinik-Nezer et al., 2020], the results of this research
must be approached with care, and more studies (prospective longitudinal studies in particular) with bigger
study populations (included HC with OD) are needed to confirm these findings.

The second limitation relates to the use of an automated system for rTHV calculation. It is known from
the literature that there is a certain degree of variability in results among different tools used for automated
segmentation of brain structures [Singh MK & Singh KK, 2021]. However, the HIPS tool was specifically
designed for hippocampal analysis [Romero et al., 2017], and the use of an automated tool ensured a
standardized and bias-free rTHV calculation. Furthermore, all results were meticulously reviewed in blind by
an expert neuroradiologist.

5. Conclusion
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In this study, we examined the role of hippocampal volumetric differences and functional properties
in PD patients with and without OD. Although the study was cross-sectional and not designed longitudinally,
the comparison of structural and functional data among HC, PD-N/MH, and PD-SH subjects allows us to
speculate that the progressive involvement of the hippocampus in PD patients is associated with the
progression of OD. This association leads to volumetric reduction already visible in the early stages and, in
the later stages, a decrease in connectivity between the hippocampus and both supratentorial areas (especially
the lingual gyrus and posterior division of the parahippocampal cortex in both cerebral hemispheres) and
infratentorial areas (particularly the anterior lobe and lobule 6 of both cerebellar hemispheres). However, future
longitudinal studies are necessary to test this hypothesis. Finally, the involvement of several structures other
than the motor circuitries highlight once more the pervasive involvement of the entire brain, prompting further

investigation of PD within a broader context.
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Figure legends

Figure 1: Example of bilateral hippocampal voxel-based segmentation (red areas) with the automated

HIPS tool [Romero et al., 2017]. A) axial view; B) coronal view; C) sagittal view.

Figure 2: Scatter plots of statistically significant Spearman’s correlations. From left to right: Study
population (p = 0.406; p = 0.007), PD group (p = 0.493; p = 0.008) and PD-N/MH group (p = 0.617;
p = 0.025). PD = Parkinson’s Disease; PD-N/MH = Parkinson’s Disease patients with No/Mild

Hyposmia.

Figure 3: Raincloud plots of statistically significant Mann-Whitney U test comparisons. From left to
right: HC group vs PD-SH subgroup (p = 0.013; mean rTHV HC group = 0.521%; mean rTHV PD-
SH subgroup = 0.483%), and PD-N/MH vs PD-SH (p = 0.029; mean rTHV PD-N/MH subgroup =
0.522%; mean rTHV PD-SH subgroup = 0.483%). HC = Healthy Controls; PD = Parkinson’s Disease;
PD-SH = Parkinson’s Disease patients with Severe Hyposmia; PD-N/MH = Parkinson’s Disease

patients with No/Mild Hyposmia.

Figure 4: A) Slice view (neurological orientation) and B) three-dimensional view of the statistically
significant cluster of reduced hippocampal connectivity (blueish area) revealed in Analysis 4 (PD-SH
subgroup versus HC group). The details of the cluster composition are reported in Table 4, but it is
noticeable that the cluster predominantly extends into the anterior lobe of both cerebellar hemispheres
and the lingual and posterior division of the parahippocampal cortex in both cerebral hemispheres.

PD-SH = Parkinson’s Disease patients with Severe Hyposmia; HC = Healthy Controls.
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Table legends

Table 1: Results of olfaction assessment (in terms of OSIT-J score) and hippocampal volumetric
analysis (in terms of rTHV, expressed in %) of the whole study population, HC group, PD group, PD-
N/MH subgroup, and PD-SH subgroup. HC = Healthy Controls; PD = Parkinson’s Disease; PD-N/MH
= Parkinson Disease patients with No/Mild Hyposmia; PD-SH = Parkinson’s Disease patients with
Severe Hyposmia; OSIT-J = Odor Stick Identification Test for the Japanese; rTHV = relative Total

Hippocampal Volume.

Table 2: Results of the non-parametric Spearman's partial correlations analysis between rTHV and
ODIT-J score (controlled for age and gender) for the entire study population, as well as according to
different groups and subgroups. rTHV = relative Total Hippocampal Volume; n = number of subjects;
p = correlation coefficient; OSIT-J = Odor Stick Identification Test for the Japanese; HC = Healthy
Controls; PD = Parkinson’s Disease; PD-N/MH = Parkinson’s Disease patients with No/Mild

Hyposmia; PD-SH = Parkinson’s Disease patients with severe Hyposmia.

Table 3: Results of the non-parametric Mann-Whitney U test for comparing rTHV between the
different groups and subgroups. rTHV = relative Total Hippocampal Volume; W = W value; CI =
Confidence Interval; HC = Healthy Controls; PD = Parkinson’s Disease; PD-N/MH = Parkinson’s
Disease patients with No/Mild Hyposmia; PD-SH = Parkinson’s Disease patients with Severe

Hyposmia.

Table 4: Results of the seed-to-voxel Analysis 4 (PD-SH subgroup versus HC group); a single
statistically significant cluster of reduced hippocampal connectivity was found in PD-SH subgroup
when compared to HC group (the cluster composition according to the CONN’s default atlas is
reported at the bottom of the table). No cluster of increased connectivity were found. PD-SH =
Parkinson’s Disease patients with Severe Hyposmia; HC = Healthy Controls; p-FWE = familywise

corrected p-value; p-FDR = p-value corrected for False Discovery Rate; p-unc = uncorrected p-value.
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Supplemental table legends

e Supplemental table 1: Atlas — Regions of interest (ROI) legend [Desikan et al., 2006; Tzourio-

Mazoyer et al., 2002].

e Supplemental table 2: Full details of demographic data, olfactory assessment, and hippocampal
volumetric analysis for each subject of the whole study population. HC = healthy control; PD =
Parkinson Disease; PD-N/MH = Parkinson’s Disease patients with No/Mild Hyposmia; PD-SH =
Parkinson’s Disease patients with Severe Hyposmia; OSIT-J = Odor Stick Identification Test for the

Japanese; rTHV = relative Total Hippocampal Volume.

e Supplemental table 3: Full details of the preprocessing of fMRI data. HC = healthy control; PD =
Parkinson Disease; PD-N/MH = Parkinson’s Disease patients with No/Mild Hyposmia; PD-SH =
Parkinson’s Disease patients with Severe Hyposmia; BOLD = Blood Oxygen Level Dependent; std =

standard deviation.

20



References:

10.

11.

12.

13.

Alessandrini, M., Micarelli, A., Chiaravalloti, A., Candidi, M., Bruno, E., Di Pietro, B., Schillaci, O., & Pagani,
M. (2014). Cortico-subcortical metabolic correlates of olfactory processing in healthy resting subjects. Scientific

reports, 4, 5146. https://doi.org/10.1038/srep05146

Anand, K. S., & Dhikav, V. (2012). Hippocampus in health and disease: An overview. Annals of Indian
Academy of Neurology, 15(4), 239-246. https://doi.org/10.4103/0972-2327.104323

Andersson, J. L., Hutton, C., Ashburner, J., Turner, R., & Friston, K. (2001). Modeling geometric deformations
in EPI time series. Neurolmage, 13(5), 903-919. https://doi.org/10.1006/nimg.2001.0746

Ashburner J. (2007). A fast diffeomorphic image registration algorithm. Neurolmage, 38(1), 95-113.
https://doi.org/10.1016/j.neuroimage.2007.07.007
Ashburner, J., & Friston, K. J. (2005). Unified segmentation. Neurolmage, 26(3), 839-85I.
https://doi.org/10.1016/j.neuroimage.2005.02.018
Baba, T., Kikuchi, A., Hirayama, K., Nishio, Y., Hosokai, Y., Kanno, S., Hasegawa, T., Sugeno, N., Konno, M.,
Suzuki, K., Takahashi, S., Fukuda, H., Aoki, M., Itoyama, Y., Mori, E., & Takeda, A. (2012). Severe olfactory

dysfunction is a prodromal symptom of dementia associated with Parkinson's disease: a 3 year longitudinal study.

Brain : a journal of neurology, 135(Pt 1), 161-169. https://doi.org/10.1093/brain/awr321

Bae, Y. J,, Kim, J. M., Sohn, C. H., Choi, J. H., Choi, B. S., Song, Y. S., Nam, Y., Cho, S. J., Jeon, B., & Kim,
J. H. (2021). Imaging the Substantia Nigra in Parkinson Disease and Other Parkinsonian Syndromes. Radiology,
300(2), 260-278. https://doi.org/10.1148/radiol.2021203341

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A component based noise correction method (CompCor)
for BOLD and perfusion based fMRI. Neurolmage, 37(1), 90-101.
https://doi.org/10.1016/j.neuroimage.2007.04.042

Bender, R., & Lange, S. (2001). Adjusting for multiple testing--when and how?. Journal of clinical

epidemiology, 54(4), 343-349. https://doi.org/10.1016/s0895-4356(00)00314-0

Bohnen, N. 1., Gedela, S., Herath, P., Constantine, G. M., & Moore, R. Y. (2008). Selective hyposmia in
Parkinson disease: association with hippocampal dopamine activity. Neuroscience letters, 447(1), 12-16.

https://doi.org/10.1016/j.neulet.2008.09.070

Botvinik-Nezer, R., Holzmeister, F., Camerer, C. F., Dreber, A., Huber, J., Johannesson, M., Kirchler, M.,
Iwanir, R., Mumford, J. A., Adcock, R. A., Avesani, P., Baczkowski, B. M., Bajracharya, A., Bakst, L., Ball, S,
Barilari, M., Bault, N., Beaton, D., Beitner, J., Benoit, R. G, ... Schonberg, T. (2020). Variability in the analysis
of a single neuroimaging dataset by many teams. Nature, 582(7810), 84—88. https://doi.org/10.1038/s41586-020-
2314-9

Bullmore, E. T., Suckling, J., Overmeyer, S., Rabe-Hesketh, S., Taylor, E., & Brammer, M. J. (1999). Global,
voxel, and cluster tests, by theory and permutation, for a difference between two groups of structural MR images

of the brain. IEEE transactions on medical imaging, 18(1), 32—42. https://doi.org/10.1109/42.750253

Burwell R. D. (2001). Borders and cytoarchitecture of the perirhinal and postrhinal cortices in the rat. The Journal

of comparative neurology, 437(1), 17-41. https://doi.org/10.1002/cne. 1267
21



https://doi.org/10.1038/srep05146
https://doi.org/10.4103/0972-2327.104323
https://doi.org/10.1006/nimg.2001.0746
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1093/brain/awr321
https://doi.org/10.1148/radiol.2021203341
https://doi.org/10.1016/j.neuroimage.2007.04.042
https://doi.org/10.1016/j.neulet.2008.09.070
https://doi.org/10.1109/42.750253
https://doi.org/10.1002/cne.1267

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Calabresi, P., Castrioto, A., Di Filippo, M., & Picconi, B. (2013). New experimental and clinical links between
the hippocampus and the dopaminergic system in Parkinson's disease. The Lancet. Neurology, 12(8), 811-821.
https://doi.org/10.1016/S1474-4422(13)70118-2

Calhoun, V. D., Wager, T. D., Krishnan, A., Rosch, K. S., Seymour, K. E., Nebel, M. B., Mostofsky, S. H.,
Nyalakanai, P., & Kiehl, K. (2017). The impact of T1 versus EPI spatial normalization templates for fMRI data
analyses. Human brain mapping, 38(11), 5331-5342. https://doi.org/10.1002/hbm.23737

Camicioli, R., Moore, M. M., Kinney, A., Corbridge, E., Glassberg, K., & Kaye, J. A. (2003). Parkinson's disease

is associated with hippocampal atrophy. Movement disorders : official journal of the Movement Disorder

Society, 18(7), 784—790. https://doi.org/10.1002/mds.10444

Campabadal, A., Uribe, C., Segura, B., Baggio, H. C., Abos, A., Garcia-Diaz, A. 1., Marti, M. J., Valldeoriola,
F., Compta, Y., Bargallo, N., & Junque, C. (2017). Brain correlates of progressive olfactory loss in Parkinson's
disease. Parkinsonism & related disorders, 41, 44—50. https://doi.org/10.1016/j.parkreldis.2017.05.005

Chai, X. J., Castafion, A. N., Ongiir, D., & Whitfield-Gabrieli, S. (2012). Anticorrelations in resting state
networks without global signal regression. Neurolmage, 59(2), 1420-1428.
https://doi.org/10.1016/j.neuroimage.2011.08.048

Chiacchiaretta, P., & Ferretti, A. (2015). Resting state BOLD functional connectivity at 3T: spin echo versus
gradient echo EPIL. PloS one, 10(3), ¢0120398. https://doi.org/10.1371/journal.pone.0120398

Chumbley, J., Worsley, K., Flandin, G., & Friston, K. (2010). Topological FDR for neuroimaging. Neurolmage,
49(4), 3057-3064. https://doi.org/10.1016/j.neuroimage.2009.10.090

Collins, D. L., Neelin, P., Peters, T. M., & Evans, A. C. (1994). Automatic 3D intersubject registration of MR
volumetric data in standardized Talairach space. Journal of computer assisted tomography, 18(2), 192-205.
Compston A. (2010). The hippocampus and the sense of smell. A review, by Alf Brodal. Brain 1947: 70; 179-
222. Brain : a journal of neurology, 133(9), 2509-2513. https://doi.org/10.1093/brain/awq242

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., Buckner, R. L., Dale, A. M.,
Maguire, R. P., Hyman, B. T., Albert, M. S., & Killiany, R. J. (2006). An automated labeling system for

subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neurolmage, 31(3),

968-980. https://doi.org/10.1016/j.neuroimage.2006.01.021

Dickson D. W. (2018). Neuropathology of Parkinson disease. Parkinsonism & related disorders, 46 Suppl
1(Suppl 1), S30-S33. https://doi.org/10.1016/j.parkreldis.2017.07.033
Dintica, C. S., Marseglia, A., Rizzuto, D., Wang, R., Seubert, J., Arfanakis, K., Bennett, D. A., & Xu, W. (2019).

Impaired olfaction is associated with cognitive decline and neurodegeneration in the brain. Neurology, 92(7),
€700—e709. https://doi.org/10.1212/WNL.0000000000006919

Doty R. L. (2012). Olfactory dysfunction in Parkinson disease. Nature reviews. Neurology, 8(6), 329-339.
https://doi.org/10.1038/nrneurol.2012

Du, S., Wang, Y., Li, G., Wei, H,, Yan, H., Li, X., Wu, Y., Zhu, J., Wang, Y., Cai, Z., & Wang, N. (2023).
Olfactory functional covariance connectivity in Parkinson's disease: Evidence from a Chinese population.

Frontiers in aging neuroscience, 14, 1071520. https://doi.org/10.3389/fnagi.2022.1071520

22


https://doi.org/10.1016/S1474-4422(13)70118-2
https://doi.org/10.1002/hbm.23737
https://doi.org/10.1002/mds.10444
https://doi.org/10.1016/j.parkreldis.2017.05.005
https://doi.org/10.1016/j.neuroimage.2011.08.048
https://doi.org/10.1371/journal.pone.0120398
https://doi.org/10.1016/j.neuroimage.2009.10.090
https://doi.org/10.1093/brain/awq242
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.parkreldis.2017.07.033
https://doi.org/10.1212/WNL.0000000000006919
https://doi.org/10.1038/nrneurol.2012
https://doi.org/10.3389/fnagi.2022.1071520

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ercoli, T., Masala, C., Cadeddu, G., Mascia, M. M., Orofino, G., Gigante, A. F., Solla, P., Defazio, G., & Rocchi,
L. (2022). Does Olfactory Dysfunction Correlate with Disease Progression in Parkinson's Disease? A Systematic
Review of the Current Literature. Brain sciences, 12(5), 513. https://doi.org/10.3390/brainscil2050513

Fan, W.,Li,H.,Li,H.,,Li, Y., Wang, J., Jia, X., & Yang, Q. (2022). Association between Functional Connectivity

of Entorhinal Cortex and Olfactory Performance in Parkinson's Disease. Brain sciences, 12(8), 963.

https://doi.org/10.3390/brainscil2080963

Ferdon, S., & Murphy, C. (2003). The cerebellum and olfaction in the aging brain: a functional magnetic
resonance imaging study. Neurolmage, 20(1), 12-21. https://doi.org/10.1016/s1053-8119(03)00276-3

Filippi, M., Sarasso, E., Piramide, N., Stojkovic, T., Stankovic, 1., Basaia, S., Fontana, A., Tomic, A., Markovic,
V., Stefanova, E., Kostic, V. S., & Agosta, F. (2020). Progressive brain atrophy and clinical evolution in
Parkinson's disease. Neurolmage. Clinical, 28, 102374. https://doi.org/10.1016/j.nicl.2020.102374

Friston, K. J., Ashburner, J., Frith, C. D., Poline, J. B., Heather, J. D., & Frackowiak, R. S. (1995). Spatial
registration and  normalization of images. Human  brain  mapping, 3(3), 165-189.
https://doi.org/10.1002/hbm.460030303

Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S., & Turner, R. (1996). Movement-related effects in
fMRI time-series. Magnetic resonance in medicine, 35(3), 346-355. https://doi.org/10.1002/mrm.1910350312
Fullard, M. E., Morley, J. F., & Duda, J. E. (2017). Olfactory Dysfunction as an Early Biomarker in Parkinson's
Disease. Neuroscience bulletin, 33(5), 515-525. https://doi.org/10.1007/s12264-017-0170-x

Georgiopoulos, C., Witt, S. T., Haller, S., Dizdar, N., Zachrisson, H., Engstrom, M., & Larsson, E. M. (2019).

A study of neural activity and functional connectivity within the olfactory brain network in Parkinson's disease.
Neurolmage. Clinical, 23, 101946. https://doi.org/10.1016/j.nicl.2019.101946
Georgiopoulos, C., Buechner, M. A., Falkenburger, B., Engstrom, M., Hummel, T., & Hachner, A. (2024).

Differential connectivity of the posterior piriform cortex in Parkinson's disease and postviral olfactory
dysfunction: an fMRI study. Scientific reports, 14(1), 6256. https://doi.org/10.1038/s41598-024-56996-1

Giraldez-Pérez, R., Antolin-Vallespin, M., Muifioz, M., & Sanchez-Capelo, A. (2014). Models of a-synuclein
aggregation in  Parkinson's  disease. @ Acta  neuropathologica  communications, 2, 176.

https://doi.org/10.1186/s40478-014-0176-9

Gomez-Benito, M., Granado, N., Garcia-Sanz, P., Michel, A., Dumoulin, M., & Moratalla, R. (2020). Modeling
Parkinson's Disease With the Alpha-Synuclein Protein. Frontiers in pharmacology, 11, 356.
https://doi.org/10.3389/fphar.2020.00356

Hallquist, M. N., Hwang, K., & Luna, B. (2013). The nuisance of nuisance regression: spectral misspecification
in a common approach to resting-state fMRI preprocessing reintroduces noise and obscures functional

connectivity. Neurolmage, 82, 208-225. https://doi.org/10.1016/j.neuroimage.2013.05.116

Han, P., Zang, Y., Akshita, J., & Hummel, T. (2019). Magnetic Resonance Imaging of Human Olfactory
Dysfunction. Brain topography, 32(6), 987-997. https://doi.org/10.1007/s10548-019-00729-5

Herting, B., Schulze, S., Reichmann, H., Haehner, A., & Hummel, T. (2008). A longitudinal study of olfactory
function in patients with idiopathic Parkinson's disease. Journal of neurology, 255(3), 367-370.

https://doi.org/10.1007/s00415-008-0665-5

23


https://doi.org/10.3390/brainsci12050513
https://doi.org/10.3390/brainsci12080963
https://doi.org/10.1016/s1053-8119(03)00276-3
https://doi.org/10.1016/j.nicl.2020.102374
https://doi.org/10.1002/hbm.460030303
https://doi.org/10.1002/mrm.1910350312
https://doi.org/10.1007/s12264-017-0170-x
https://doi.org/10.1016/j.nicl.2019.101946
https://doi.org/10.1186/s40478-014-0176-9
https://doi.org/10.3389/fphar.2020.00356
https://doi.org/10.1016/j.neuroimage.2013.05.116
https://doi.org/10.1007/s10548-019-00729-5
https://doi.org/10.1007/s00415-008-0665-5

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Hoehn, M. M., & Yahr, M. D. (1967). Parkinsonism: onset, progression and mortality. Neurology, 17(5), 427—
442. https://doi.org/10.1212/wnl.17.5.427
Hughes, A. J., Daniel, S. E., Kilford, L., & Lees, A. J. (1992). Accuracy of clinical diagnosis of idiopathic

Parkinson's disease: a clinico-pathological study of 100 cases. Journal of neurology, neurosurgery, and
psychiatry, 55(3), 181-184. https://doi.org/10.1136/jnnp.55.3.181
Hummel, T., Fliessbach, K., Abele, M., Okulla, T., Reden, J., Reichmann, H., Wiillner, U., & Haehner, A.

(2010). Olfactory FMRI in patients with Parkinson's disease. Frontiers in integrative neuroscience, 4, 125.

https://doi.org/10.3389/fhint.2010.00125

Iemolo, A., De Risi, M., Giordano, N., Torromino, G., Somma, C., Cavezza, D., Colucci, M., Mancini, M., de
Ture, A., Granata, R., Picconi, B., Calabresi, P., & De Leonibus, E. (2023). Synaptic mechanisms underlying
onset and progression of memory deficits caused by hippocampal and midbrain synucleinopathy. NPJ

Parkinson's disease, 9(1), 92. https://doi.org/10.1038/s41531-023-00520-1

Kubota, S., Masaoka, Y., Sugiyama, H., Yoshida, M., Yoshikawa, A., Koiwa, N., Honma, M., Kinno, R.,
Watanabe, K., lizuka, N., Ida, M., Ono, K., & Izumizaki, M. (2020). Hippocampus and Parahippocampus
Volume Reduction Associated With Impaired Olfactory Abilities in Subjects Without Evidence of Cognitive
Decline. Frontiers in human neuroscience, 14, 556519. https://doi.org/10.3389/fnhum.2020.556519

Lavenex, P., & Amaral, D. G. (2000). Hippocampal-neocortical interaction: a hierarchy of associativity.

Hippocampus, 10(4), 420—430. https://doi.org/10.1002/1098-1063(2000)10:4<420:: AID-HIPO8>3.0.CO;2-5

Mainland, J. D., Johnson, B. N., Khan, R., Ivry, R. B., & Sobel, N. (2005). Olfactory impairments in patients
with unilateral cerebellar lesions are selective to inputs from the contralesional nostril. The Journal of
neuroscience : the official journal of the Society for Neuroscience, 25(27), 6362-6371.

https://doi.org/10.1523/INEUROSCI.0920-05.2005

Meireles, J., & Massano, J. (2012). Cognitive impairment and dementia in Parkinson's disease: clinical features,

diagnosis, and management. Frontiers in neurology, 3, 88. https://doi.org/10.3389/fneur.2012.00088

Meusel, T., Westermann, B., Fuhr, P., Hummel, T., & Welge-Liissen, A. (2010). The course of olfactory deficits
in patients with Parkinson's disease--a study based on psychophysical and electrophysiological measures.

Neuroscience letters, 486(3), 166—170. https://doi.org/10.1016/j.neulet.2010.09.044

Moscovich, M., Munhoz, R. P., Teive, H. A., Raskin, S., Carvalho, M.del., Barbosa, E. R., Ranvaud, R., Liu, J.,
McFarland, K., Ashizawa, T., Lees, A. J., & Silveira-Moriyama, L. (2012). Olfactory impairment in familial
ataxias. Journal of neurology, neurosurgery, and psychiatry, 83(10), 970-974. https://doi.org/10.1136/jnnp-
2012-302770

Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., Frank, M. J., & Jahanshahi, M.
(2016). Motor symptoms in Parkinson's disease: A unified framework. Neuroscience and biobehavioral reviews,
68, 727-740. https://doi.org/10.1016/j.neubiorev.2016.07.010

Nieto-Castanon, A. & Whitfield-Gabrieli, S. (2022). CONN functional connectivity toolbox: RRID
SCR_009550, release 22. https://doi.org/10.5644 1/hilbertpress.2246.5840.

Nieto-Castanon, A. (2020). In Handbook of functional connectivity Magnetic Resonance Imaging methods in

CONN. Hilbert Press.

24


https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.1136/jnnp.55.3.181
https://doi.org/10.3389/fnint.2010.00125
https://doi.org/10.1038/s41531-023-00520-1
https://doi.org/10.3389/fnhum.2020.556519
https://doi.org/10.1002/1098-1063(2000)10:4%3c420::AID-HIPO8%3e3.0.CO;2-5
https://doi.org/10.1523/JNEUROSCI.0920-05.2005
https://doi.org/10.3389/fneur.2012.00088
https://doi.org/10.1016/j.neulet.2010.09.044
https://doi.org/10.1136/jnnp-2012-302770
https://doi.org/10.1136/jnnp-2012-302770
https://doi.org/10.1016/j.neubiorev.2016.07.010
https://doi.org/10.56441/hilbertpress.2246.5840

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Penny, W. D., Friston, K. J., Ashburner, J. T., Kiebel, S. J., & Nichols, T. E. (Eds.). (2011). Statistical parametric
mapping: the analysis of functional brain images. Elsevier.

Poellinger, A., Thomas, R., Lio, P., Lee, A., Makris, N., Rosen, B. R., & Kwong, K. K. (2001). Activation and
habituation in olfaction--an fMRI study. Neurolmage, 13(4), 547-560. https://doi.org/10.1006/nimg.2000.0713
Porcu, M., Cocco, L., Puig, J., Mannelli, L., Yang, Q., Suri, J. S., Defazio, G., & Saba, L. (2021). Global
Fractional Anisotropy: Effect on Resting-state Neural Activity and Brain Networking in Healthy Participants.
Neuroscience, 472, 103—115. https://doi.org/10.1016/j.neuroscience.2021.07.021

Porcu, M., Operamolla, A., Scapin, E., Garofalo, P., Destro, F., Caneglias, A., Suri, J. S., Falini, A., Defazio, G.,

Marrosu, F., & Saba, L. (2020). Effects of White Matter Hyperintensities on Brain Connectivity and
Hippocampal Volume in Healthy Subjects According to Their Localization. Brain connectivity, 10(8), 436-447.
https://doi.org/10.1089/brain.2020.0774

Porcu, M., Cocco, L., Cau, R., Suri, J. S., Mannelli, L., Manchia, M., Puig, J., Qi, Y., & Saba, L. (2024).

Correlation of Cognitive Reappraisal and the Microstructural Properties of the Forceps Minor: A Deductive
Exploratory Diffusion Tensor Imaging Study. Brain topography, 37(1), 63—74. https://doi.org/10.1007/s10548-
023-01020-4

Power, J. D., Mitra, A., Laumann, T. O., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E. (2014). Methods to
detect, characterize, and remove motion artifact in resting state fMRI. Neurolmage, 84, 320-341.

https://doi.org/10.1016/j.neuroimage.2013.08.048

Roh, H., Kang, J., Koh, S. B., & Kim, J. H. (2021). Hippocampal volume is related to olfactory impairment in
Parkinson's disease. Journal of neuroimaging : official journal of the American Society of Neuroimaging, 31(6),

1176-1183. https://doi.org/10.1111/jon.12911

Romero, J. E., Coupé, P., & Manjon, J. V. (2017). HIPS: A new hippocampus subfield segmentation method.
Neurolmage, 163, 286-295. https://doi.org/10.1016/j.neuroimage.2017.09.049
Saito, S., Ayabe-Kanamura, S., Takashima, Y., Gotow, N., Naito, N., Nozawa, T., Mise, M., Deguchi, Y., &

Kobayakawa, T. (2006). Development of a smell identification test using a novel stick-type odor presentation

kit. Chemical senses, 31(4), 379-391. https://doi.org/10.1093/chemse/bjj042Schapira, A. H. V., Chaudhuri, K.

R., & Jenner, P. (2017). Non-motor features of Parkinson disease. Nature reviews. Neuroscience, 18(7), 435—
450. https://doi.org/10.1038/nrn.2017.62
Singh, M. K., & Singh, K. K. (2021). A Review of Publicly Available Automatic Brain Segmentation

Methodologies, Machine Learning Models, Recent Advancements, and Their Comparison. Annals of
neurosciences, 28(1-2), 82-93. https://doi.org/10.1177/0972753121990175
Sobel, N., Prabhakaran, V., Hartley, C. A., Desmond, J. E., Zhao, Z., Glover, G. H., Gabrieli, J. D., & Sullivan,

E. V. (1998). Odorant-induced and sniff-induced activation in the cerebellum of the human. The Journal of
neuroscience : the official journal of the Society for Neuroscience, 18(21), 8990-9001.

https://doi.org/10.1523/INEUROSCI.18-21-08990.1998

Solstrand Dahlberg, L., Lungu, O., & Doyon, J. (2020). Cerebellar Contribution to Motor and Non-motor
Functions in Parkinson's Disease: A Meta-Analysis of fMRI Findings. Frontiers in neurology, 11, 127.
https://doi.org/10.3389/fneur.2020.00127Staubli, U., Ivy, G., & Lynch, G. (1984). Hippocampal denervation
causes rapid forgetting of olfactory information in rats. Proceedings of the National Academy of Sciences of the

United States of America, 81(18), 5885-5887. https://doi.org/10.1073/pnas.81.18.5885

25


https://doi.org/10.1016/j.neuroscience.2021.07.021
https://doi.org/10.1089/brain.2020.0774
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1111/jon.12911
https://doi.org/10.1016/j.neuroimage.2017.09.049
https://doi.org/10.1093/chemse/bjj042
https://doi.org/10.1038/nrn.2017.62
https://doi.org/10.1177/0972753121990175
https://doi.org/10.1523/JNEUROSCI.18-21-08990.1998
https://doi.org/10.1073/pnas.81.18.5885

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Su, M., Wang, S., Fang, W., Zhu, Y., Li, R., Sheng, K., Zou, D., Han, Y., Wang, X., & Cheng, O. (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. Parkinsonism & related disorders,
21(7), 698—703. https://doi.org/10.1016/j.parkreldis.2015.04.006

Takeda, A., Saito, N., Baba, T., Kikuchi, A., Sugeno, N., Kobayashi, M., Hasegawa, T., & Itoyama, Y. (2010).

Functional imaging studies of hyposmia in Parkinson's disease. Journal of the neurological sciences, 289(1-2),
36-39. https://doi.org/10.1016/].jns.2009.08.041

Torres-Pasillas G., Chi-Castafieda D., Carrillo-Castilla P., Marin G., Hernandez-Aguilar M. E., Aranda-Abreu
G. E., Manzo J., Garcia L.I. (2023) Olfactory Dysfunction in Parkinson’s Disease, Its Functional and
Neuroanatomical Correlates. NeuroSci. 4(2):134-151. https://doi.org/10.3390/neurosci4020013

Torres-Pasillas, G., Chi-Castafieda, D., Carrillo-Castilla, P., Marin, G., Hernandez-Aguilar, M.E., Aranda-

Abreu, G.E., Manzo, J., Garcia, L.I. (2023). Olfactory Dysfunction in Parkinson’s Disease, Its Functional and
Neuroanatomical Correlates. NeuroSci., 4(2), 134-151. https://doi.org/10.3390/neurosci4020013

Tremblay, C., Iravani, B., Aubry Lafontaine, E., Steffener, J., Fischmeister, F. P. S., Lundstrom, J. N., &
Frasnelli, J. (2020). Parkinson's Disease Affects Functional Connectivity within the Olfactory-Trigeminal
Network. Journal of Parkinson's disease, 10(4), 1587-1600. https://doi.org/10.3233/JPD-202062

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., Mazoyer, B., &
Joliot, M. (2002). Automated anatomical labeling of activations in SPM using a macroscopic anatomical
parcellation of the MNI  MRI  single-subject  brain.  Neurolmage, 15(1), 273-289.
https://doi.org/10.1006/nimge.2001.0978

Uribe, C., Segura, B., Baggio, H. C., Campabadal, A., Abos, A., Compta, Y., Marti, M. J., Valldeoriola, F.,

Bargallo, N., & Junque, C. (2018). Differential Progression of Regional Hippocampal Atrophy in Aging and
Parkinson's Disease. Frontiers in aging neuroscience, 10, 325. https://doi.org/10.3389/fnagi.2018.00325

Wabnegger, A., & Schienle, A. (2019). Cerebellar Gray Matter and Olfactory Performance. Chemical senses,
44(7), 507-510. https://doi.org/10.1093/chemse/bjz045

Wang, Y., Wei, H., Du, S., Yan, H,, Li, X., Wu, Y., Zhu, J., Wang, Y., Cai, Z., & Wang, N. (2022). Functional
Covariance Connectivity of Gray and White Matter in Olfactory-Related Brain Regions in Parkinson's Disease.
Frontiers in neuroscience, 16, 853061. https://doi.org/10.3389/fnins.2022.853061

Welge-Liissen, A., Wattendorf, E., Schwerdtfeger, U., Fuhr, P., Bilecen, D., Hummel, T., & Westermann, B.

(2009). Olfactory-induced brain activity in Parkinson's disease relates to the expression of event-related
potentials: a functional magnetic resonance imaging study. Neuroscience, 162(2), 537-543.
https://doi.org/10.1016/j.neuroscience.2009.04.050

Westermann, B., Wattendorf, E., Schwerdtfeger, U., Husner, A., Fuhr, P., Gratzl, O., Hummel, T., Bilecen, D.,

& Welge-Liissen, A. (2008). Functional imaging of the cerebral olfactory system in patients with Parkinson's
disease. Journal of neurology, neurosurgery, and psychiatry, 79(1), 19-24.
https://doi.org/10.1136/jnnp.2006.113860

Whitfield-Gabrieli, S., & Nieto-Castanon, A. (2012). Conn: a functional connectivity toolbox for correlated and

anticorrelated brain networks. Brain connectivity, 2(3), 125-141. https://doi.org/10.1089/brain.2012.0073
Whitfield-Gabrieli, S., Nieto-Castanon, A., & Ghosh, S. (2011). Artifact detection tools (ART). Cambridge, MA.
Release Version, 7(19), 11.

26


https://doi.org/10.1016/j.parkreldis.2015.04.006
https://doi.org/10.3390/neurosci4020013
https://doi.org/10.3390/neurosci4020013
https://doi.org/10.3233/JPD-202062
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.3389/fnagi.2018.00325
https://doi.org/10.1093/chemse/bjz045
https://doi.org/10.3389/fnins.2022.853061
https://doi.org/10.1016/j.neuroscience.2009.04.050
https://doi.org/10.1136/jnnp.2006.113860
https://doi.org/10.1089/brain.2012.0073

80.

81.

82.

83.

84.

85.

86.

Willis, A. W., Roberts, E., Beck, J. C., Fiske, B., Ross, W., Savica, R., Van Den Eeden, S. K., Tanner, C. M.,
Marras, C., & Parkinson’s Foundation P4 Group (2022). Incidence of Parkinson disease in North America. NPJ
Parkinson's disease, 8(1), 170.

Wu, T., & Hallett, M. (2013). The cerebellum in Parkinson's disease. Brain : a journal of neurology, 136(Pt 3),
696-709. https://doi.org/10.1093/brain/aws360

Xu, R., Hu, X, Jiang, X., Zhang, Y., Wang, J., & Zeng, X. (2020). Longitudinal volume changes of hippocampal
subfields and cognitive decline in Parkinson's disease. Quantitative imaging in medicine and surgery, 10(1),

220-232. https://doi.org/10.21037/qims.2019.10.17

Yildiz, D., Erer, S., Zarifoglu, M., Hakyemez, B., Bakar, M., Karli, N., Varlibas, Z. N., & Tufan, F. (2015).
Impaired cognitive performance and hippocampal atrophy in Parkinson disease. Turkish journal of medical

sciences, 45(5), 1173—-1177. https://doi.org/10.3906/sag-1408-68

Yoneyama, N., Watanabe, H., Kawabata, K., Bagarinao, E., Hara, K., Tsuboi, T., Tanaka, Y., Ohdake, R., Imai,
K., Masuda, M., Hattori, T., Ito, M., Atsuta, N., Nakamura, T., Hirayama, M., Maesawa, S., Katsuno, M., &
Sobue, G. (2018). Severe hyposmia and aberrant functional connectivity in cognitively normal Parkinson's
disease. PloS one, 13(1), €0190072. https://doi.org/10.1371/journal.pone.0190072

Zhang, K., Yu, C., Zhang, Y., Wu, X., Zhu, C., Chan, P., & Li, K. (2011). Voxel-based analysis of diffusion

tensor indices in the brain in patients with Parkinson's disease. European journal of radiology, 77(2), 269-273.

https://doi.org/10.1016/j.ejrad.2009.07.032

Zhang, Z. H., Liu, X., Jing, B., Hu, B. M., Ai, Z., Xing, B. K., Jiang, T., & Peng, P. (2021). Cerebellar
involvement in olfaction: An fMRI Study. Journal of neuroimaging : official journal of the American Society of

Neuroimaging, 31(3), 517-523. https://doi.org/10.1111/jon.12843

27


https://doi.org/10.1093/brain/aws360
https://doi.org/10.21037/qims.2019.10.17
https://doi.org/10.3906/sag-1408-68
https://doi.org/10.1371/journal.pone.0190072
https://doi.org/10.1016/j.ejrad.2009.07.032
https://doi.org/10.1111/jon.12843

