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Abstract.
Background: MRI is a valuable method to assist in the diagnostic work-up of Parkinson’s disease (PD). The olfactory tract
(OT) has been proposed as a potential MRI biomarker for distinguishing PD patients from healthy controls.
Objective: This study aims to further investigate whether diffusion measures of the OT differ between early stage PD patients
and healthy controls.
Methods: Twenty hyposmic/anosmic PD patients, 65 normosmic PD patients, and 36 normosmic healthy controls were
evaluated and a 7T diffusion weighted image scan was acquired. Manual seed regions of interest were drawn in the OT
region. Tractography of the OT was performed using a deterministic streamlines algorithm. Diffusion measures (fractional
anisotropy and mean- radial- and axial diffusivity) of the generated streamlines were compared between groups.
Results: Diffusion measures did not differ between PD patients compared to healthy controls and between hyposmic/anosmic
PD patients, normosmic PD patients, and normosmic healthy controls. A positive correlation was found between age and
mean- and axial diffusivity within the hyposmic/anosmic PD subgroup, but not in the normosmic groups. A positive correlation
was found between MDS-UPDRSIII scores and fractional anisotropy.
Conclusion: This study showed that fiber tracking of the OT was feasible in both early stage PD and healthy controls using
7T diffusion weighted imaging data. However, 7T MRI diffusion measures of the OT are not useful as an early clinical
biomarker for PD. Future work is needed to clarify the role of other OT measurements as a biomarker for PD and its different
subgroups.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
disorder, often recognized by clinicians when motor
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symptoms like bradykinesia, rigidity, and tremor
become apparent. In current clinical practice, the
diagnosis of PD is based on the assessment of symp-
toms and their course over time according to clinical
criteria [1]. However, discriminating PD from other
parkinsonian syndromes can be difficult as illustrated
by the error rate of 24% for a clinical diagnosis of
PD, even in specialized movement disorders centers
[2]. The diagnostic challenge is in part due to PD
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being a heterogeneous disease with variation in clin-
ical course, treatment response, genetic background,
and the influence of environmental factors. The gold
standard for diagnosis remains a neuropathologi-
cal confirmation of dopaminergic neuronal cell loss.
Interestingly, recent advances in neuroimaging have
led to the development of several new MRI technolo-
gies and to optimism for new useful non-invasive
biomarkers for diagnosing PD.

MRI is a valuable method to assist in the diagnos-
tic work-up of PD. Most prominently described in
recent years as potential biomarkers to discriminate
PD patients from healthy controls (HC) are the signal
loss of the nigrosome-1 area on iron sensitive images
and reduced signal intensity of the substantia nigra
on neuromelanin sensitive images [3–6]. However,
limitations of previous studies that investigated these
potential MRI biomarkers are small sample sizes,
low imaging resolution, and the inclusion of already
advanced-staged PD patients in cohort studies. More-
over, most research utilized MRI scanners with a
field strength below 7T, with 3T being commonly
applied in studies. With the application of various 7T
MRI sequences, like iron sensitive scans, neurome-
lanin sensitive scans, and diffusion weighted imaging
(DWI) scans, diagnostic confidence may improve due
to increased spatial resolution and a higher signal to
noise ratio as a result of ultra-high field imaging [5,
7].

DWI is a MRI technique which enables the mea-
surement of the random Brownian motion of water
molecules within the brain [8]. This movement can be
quantified via diffusion tensor imaging (DTI), which
helps to better understand the underlying white matter
neurobiology on the macroscopic level. Commonly
used measures are the fractional anisotropy (FA),
which quantifies the preferred diffusion direction of
water molecules and fiber mixture, the mean diffusiv-
ity (MD), which represents the diffusion magnitude,
the radial diffusivity (RD), which is perpendicular to
the aligned axons and reflects myelination, and the
axial diffusivity (AD), which is parallel to axons and
reflects organization [9, 10]. DTI can be used for the
reconstruction of fiber tracts, which allows to perform
a virtual dissection of white matter on the voxel level.

The decreased ability to smell and to detect odors
is one of the classical early symptoms of PD. The
pathological mechanism is poorly understood but
possibly involves neurodegeneration of the olfactory
tract (OT) [1]. In fact, from a neuropathological point
of view, the OT and olfactory bulb are often recog-
nized as one of the first structures affected, according

to the well accepted Braak staging of PD pathology
[11]. Previously, a meta-analysis highlighted that the
OT could potentially serve as a biomarker for PD [12].
However, previous work studying diffusion measures
of the OT or olfactory areas showed varying results.
Based on DTI subregion analyses in PD patients and
HC, lower FA was reported in the anterior olfactory
regions of the PD patients without overlapping distri-
butions between groups [13]. Furthermore, the MD
of the OT was higher in PD patients compared to
HC and correlated positively with OFF-medication
motor scores [14]. In addition, AD was lower in the
white matter adjacent to the olfactory sulcus, which
can be attributed to potential axonal degeneration
[15]. When comparing PD patients with HC, it was
shown that both FA and tract volume of the OT were
decreased in PD [16].

When comparing hyposmic/anosmic PD patients
with normosmic HC, results can be interpreted along
two axis; Hyposmic versus normosmic, and PD ver-
sus HC. This study therefore includes three groups
to determine whether DWI measures of the OT may
be able to serve as an early biomarker for PD;
hyposmic/anosmic early stage PD patients (HA-PD),
normosmic early stage PD patients (N-PD), and nor-
mosmic HC (N-HC).

This report is part of the TRACK-PD study, an
observational ultra-high field imaging study aiming
to provide more information on diagnosing PD and its
subtypes [7]. We hypothesize that diffusion measures
will differ between groups. More specific, we hypoth-
esize that FA values in the OT will be decreased in
HA-PD compared to N-HC, while MD values will
be increased in HA-PD. Additionally, the association
between age and diffusion measures of the OT and
PD symptom scores and diffusion measures of the
OT will be explored.

MATERIALS AND METHODS

Participants

Data collection was performed between July 2019
and December 2021 as part of the TRACK-PD study.
The inclusion procedure, in- and exclusion criteria,
and the study procedure are described elsewhere [7].
In short, patients were diagnosed with PD maxi-
mally three years before the first testing day and
were excluded when diagnosed with neurodegenera-
tive diseases other than PD. Overall, participants were
excluded when they scored <24 points on the Mon-
treal Cognitive Assessment [MoCA [17]] or when
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they had any MRI contraindications (claustrophobia
or ferromagnetic implants). During the testing day,
patients took their prescribed PD medication. The
TRACK-PD study was approved by the Institutional
Review Committee (IRB) of the Maastricht Univer-
sity Medical Centre and written informed consent was
obtained from all participants.

Clinical assessments

During the testing day motor functions were
assessed by trained and certified investigators using
the unified Parkinson’s Disease rating scale (MDS-
UPDRS) and the Hoehn and Yahr scale. The
MDS-UPDRS consists of four parts, including a
motor evaluation (MDS-UPDRSIII) [18]. The Hoehn
and Yahr scale is used to estimate the global disease
stage of PD patients [19]. In addition, participants
were asked to complete the Self-Reported Mini
Olfactory Questionnaire (Self-MOQ) at home [20].
According to previous work, a cut-off score of 3.5
was used to distinguish normosmic versus hypos-
mic/anosmic participants [20].

MRI acquisition

Participants were scanned in a 7T MRI scanner
(Magnetom, Siemens, Erlangen, Germany) equipped
with a Nova Medical 32-channel head coil. PD
patients were scanned in the ON-medication state
for practical reasons such as a lower chance of
motion artifacts by OFF-related tremors (if present).
In addition, previous work shows that diffusion
measures are not affected by antiparkinsonian med-
ication [21]. When possible, dielectric pads were
applied to enhance the signal in especially the
temporal brain regions [22]. During the scan ses-
sion, participants had the possibility to watch a
movie projected on a screen, which was visible via
a mirror.

The MRI protocol of the TRACK-PD study was
described elsewhere [7]. First a localizer sequence
was acquired for optimal planning, and B0 and
B1 mapping and shimming were used to correct
for field inhomogeneities. A whole brain DWI
scan was acquired using an echo-planar imaging
(EPI) sequence, along 66 random directions with
an average B-value of 2000 s/mm2 mixed with six
B0-volumes. One B0-volume and five DWI volumes
were acquired with an opposite phase encoding direc-
tion. Technical details of the DWI scan included;
TE = 60.6 ms, TR = 7000 ms, flip angle = 90 degrees,

FOV = 192 × 192 mm, resolution = 1.5 mm isotropic,
number of slices = 80, orientation = interleaved axial,
GeneRalized Autocalibrating Partial Parallel Acqui-
sition (GRAPPA) [23] acceleration factor = 3, and
acquisition time = 9:48 minutes.

MRI preprocessing

After conversion of the raw DICOM data to nifti
format [24], DWI scans were denoised and potential
Gibbs ringing artifacts were removed using MRtrix
version 3 [25–27]. Following this, the DWI scans
were corrected for susceptibility induced distortions
using topup, for eddy currents and subject motion
[28–30], and b-matrix reorientation was performed
using software from the FMRIB software library of
FSL 5.0 (https://www.fmrib.ox.ac.uk/fsl). After this
the generated mask was manually enlarged to include
the area covering the OT. Data quality control was
performed by visual inspection and quantification of
the mean displacement values per volume based on
the eddy current correction routine [31].

OT tractography

Seed regions of interest (ROI) were manually
drawn by two raters (MH and AW) blinded to the clin-
ical status of the participants. For each dataset, the
average image of movement corrected B0 volumes
was visualized. Next, an empty mask was created and
seed ROIs were drawn for each participant according
to the following guidelines; 1) Two axial slices of the
average B0 image were selected in which the OT was
best visible (Fig. 1A). 2) Within these slices, five con-
joined squares of 2 × 2 voxels were drawn for both
the left and right OT, resulting in 40 voxels per slice
and 80 voxels in total (Fig. 1B).

Tractography of the OT was performed using
MRtrix3. First, the response function was estimated
with the constrained spherical deconvolution algo-
rithm [32] and the fiber orientation distribution
was estimated [33]. Next, streamline tractography
was performed utilizing the drawn seed ROI as
seed and with the deterministic streamlines algo-
rithm based on spherical deconvolution [34] (angle
threshold = 30 degree, minimum track length = 5 mm,
seeding direction = anterior-posterior). An example
of the tractography results are shown in Fig. 1C.
Finally, tensors were fitted [35] and metrics were cal-
culated in MRtrix3 to generate FA, MD, AD, and RD
maps. The total number of tracts, mean FA, MD, AD,
and RD values of the generated streamlines were cal-

https://www.fmrib.ox.ac.uk/fsl
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Fig. 1. A) Four axial slices of the average corrected B0 volumes. The two middle images were selected as the ones having the best visible
olfactory tract. B) Coronal, axial, and sagittal view of the seed ROI representing the olfactory tract area. C) The same four axial slices as
shown in A, showing the olfactory tract tractography results. Images are in radiological orientation.

culated. The average diffusion measures of both raters
were used for further analysis.

Statistical analyses

Statistical analyses were performed using Rstudio
version 1.4.1103. Demographic variables were com-
pared between groups with Pearson’s chi-squared
test for categorical variables and student’s t-test or
one-way ANOVA for continuous variables. Any dif-
ferences in diffusion measures of the OT between
the PD and HC groups were tested utilizing stu-
dent’s t-test. Any differences in diffusion measures
of the OT between the HA-PD, N-PD, and N-HC

groups were tested utilizing the one-way ANOVA.
The Shapiro-Wilk test was used to assess the nor-
mality of the data. Non-parametric tests were used
in case the assumption of normality was violated.
The inter-rater reliability of the two ROI raters was
assessed using the Intraclass Correlation Coefficient
(ICC) [36]. Correlations between diffusion measures
of the OT and age and correlations between diffu-
sion measures of the OT and PD symptom scores
(MDS-UPDRSIII score and PD disease duration)
were assessed using Spearman correlation. Bonfer-
roni corrections were applied to correct for multiple
comparisons, leading to a significance level of 0.0125
for the correlation analyses.
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Table 1
Participant characteristics

HA-PD (n = 20) N-PD (n = 65) N-HC (n = 36) P

Male/female, n 15/5 45/20 22/14 0.529
Age, y 65.1 (7.7) 62.6 (8.0) 60.0 (8.4) 0.090
MoCA 27.7 (1.9) 27.7 (1.5) 27.7 (1.5) 0.994
Self-MOQ 4.8 (0.4) 0.7 (1.0) 0.3 (0.8) <0.001
Time since PD diagnosis, mo 18.2 (8.9) 19.9 (9.3) – 0.430
Levodopa Equivalent Daily Dose 354.0 (229.8) 417.4 (223.7) – 0.083
MDS-UPDRSIII 18.0 (7.3) 18.9 (7.5) – 0.686
Hoehn and Yahr stage, n Stage 1:8 Stage 1:20 – 0.644

Stage 2:12 Stage 2:42
Stage 3:0 Stage 3:3
Stage 4:0 Stage 4:0

Data are presented as mean (std). HA-PD, hyposmic/anosmic Parkinson’s disease patients; N-PD, nor-
mosmic Parkinson’s disease patients; N-HC, normosmic healthy controls; MoCA, Montreal Cognitive
Assessment score; Self-MOQ, Self-Reported Mini Olfactory Questionnaire; MDS-UPDRS III, Movement
Disorders Society Unified Parkinson Disease Rating Scale.

RESULTS

MRI quality control

Data quality control resulted in the exclusion of 11
datasets, resulting in a total of 123 participants. Four
datasets were excluded since they contained multiple
volumes which had a mean displacement larger than
the voxel size (1.5 mm). Six datasets were excluded
since the field of view did not cover the OT area. One
dataset was excluded since the OT region showed an
unacceptable amount of noise.

Demographics

In addition to the exclusions based on MRI qual-
ity control, one HC was excluded because of being
classified as hyposmic (Self-MOQ>3.5). Further, one
PD patient was excluded because this participant
was classified as outlier based on age. The result-
ing participant characteristics (n = 121) are shown in
Table 1.

No significant association was found between sex
and group (χ2(2) = 1.273, p = 0.529), indicating an
equal sex distribution between groups. No signif-
icant differences were found for age and MoCA
scores between the groups (p = 0.090 and p = 0.994
respectively). Self-MOQ scores differed between
groups (p < 0.001). Post-hoc tests showed that Self-
MOQ scores differed between HA-PD and N-PD
(p < 0.001) and between HA-PD patients and N-
HC (p < 0.001), but not between N-PD and N-HC
(p = 0.090). Time since PD diagnosis, LEDD, and
MDS-UPDSRIII scores did not differ between the PD
groups (p = 0.430, p = 0.083, and p = 0.686 respec-

tively). No significant association was found between
Hoehn and Yahr score and PD groups (p = 0.644),
indicating an equal Hoehn and Yahr distribution
between groups.

Inter-rater reliability

The diffusion measures extracted from the tracts
of the two ROI raters showed a good (FA ICC = 0.89,
MD ICC = 0.90, RD ICC = 0.89) and excellent (AD
ICC = 0.916) inter-rater reliability.

Group comparison of diffusion measures of the
OT: PD vs. HC

The number of tracts did not significantly dif-
fer between PD (mean = 381.2, std = 79.3) and HC
(mean = 406.1, std = 111.1). There was no significant
difference in FA (p = 0.211), MD (p = 0.505), RD
(p = 0.735), and AD values (p = 0.220) between PD
and HC (Fig. 2).

Group comparison of diffusion measures of the
OT: HA-PD vs. N-PD vs. N-HC

The number of tracts did not significantly differ
between HA-PD (mean = 374.6, std = 76.2), N-PD
(mean = 383.2, std = 80.7), and N-HC (mean = 406.1,
std = 111.1). There was no significant difference in
FA (p = 0.313), MD (p = 0.750), RD (p = 0.825), and
AD values (p = 0.509) between the HA-PD, N-PD,
and N-HC groups (Fig. 3, Table 2).
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Fig. 2. Fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity values of the olfactory tract of Parkinson’s disease
patients (PD) and healthy controls (HC). Dashed lines represent the quartiles of the distribution.

Clinical correlations of diffusion measures of the
OT

For the total group, significant positive correla-
tions were found between MD and age (r = 0.283,
p = 0.006), RD and age (r = 0.246, p = 0.007), and AD
and age (r = 0.317, p < 0.001), but not between FA and
age (r = –0.072, p = 0.434). When groups were com-
pared separately regarding the association of MD,
RD, and AD with age, significant positive correla-
tions were found between MD and age (r = 0.576,
p = 0.008) and AD and age (r = 0.667, p = 0.001)
for only the HA-PD group (Fig. 4). In contrast,
no significant correlations were found between MD

and age (N-PD r = 0.191, p = 0.128; N-HC r = 0.265
p = 0.119) and AD and age (N-PD r = 0.212 p = 0.089;
N-HC r = 0.270 p = 0.111) for the N-PD and N-
HC groups. No significant correlations were found
between RD and age for the separate groups (HA-
PD r = 0.538, p = 0.015; N-PD r = 0.157, p = 0.210;
N-HC r = 0.270, p = 0.111).

In the PD group, a significant positive corre-
lation was found between MDS-UPDRSIII (ON-
medication) and FA (r = 0.304, p = 0.005). When
PD groups were compared separately, no signifi-
cant correlations were found for both the HA-PD
(r = 0.359, p = 0.120) and the N-PD group (r = 0.302,
p = 0.015). No significant correlations were found
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Fig. 3. Fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity values of the olfactory tract of hyposmic/anosmic
Parkinson’s disease patients (HA-PD), normosmic Parkinson’s disease patients (N-PD), and normosmic healthy controls (N-HC). Dashed
lines represent the quartiles of the distribution.

Table 2
Diffusion measures of the olfactory tract

HA-PD (n = 20) N-PD (n = 65) N-HC (n = 36) p

FA 0.1212 (0.0600) 0.1087 (0.0577) 0.0911 (0.0350) 0.313
MD (mm2/s) 0.0010 (0.0003) 0.0010 (0.0002) 0.0010 (0.0002) 0.750
RD (mm2/s) 0.0010 (0.0003) 0.0010 (0.0002) 0.0010 (0.0002) 0.825
AD (mm2/s) 0.0011 (0.0003) 0.0012 (0.0003) 0.0011 (0.0002) 0.509

Data are presented as mean (std). HA-PD, hyposmic/anosmic Parkinson’s disease patients; N-PD, normosmic
Parkinson’s disease patients; N-HC, normosmic healthy controls; FA, fractional anisotropy; MD, mean diffusivity;
RD, radial diffusivity; AD, axial diffusivity.
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Fig. 4. Correlation between mean diffusivity and age per group,
and correlation between axial diffusivity and age per group.
For the hyposmic/anosmic Parkinson’s disease patients (HA-PD)
significant correlations were found between age and mean diffu-
sivity (r = 0.576, p = 0.008) and between age and axial diffusivity
(r = 0.667, p = 0.001).

for PD duration and OT diffusion measures (FA
r = –0.056, p = 0.608; MD r = 0.091, p = 0.407; RD
r = 0.097, p = 0.377; AD r = 0.076, p = 0.489).

DISCUSSION

This is the first study which shows feasible and
reliable fiber tracking of the OT in both early stage
PD and HC using 7T DWI data. We showed that dif-
fusion measures of the OT did not differ between PD
and HC and between HA-PD, N-PD, and N-HC. A
positive correlation was found for age with MD, RD,
and AD. More specific, a correlation was found for
age with MD and AD within the HA-PD group, but
not within the N-PD and N-HC group. A significant
positive correlation between MDS-UPDRSIII (ON-
medication state) and FA was found, but not for the
other diffusion measures. No significant correlations
were found between disease duration and diffusion
measures of the OT.

The positive correlation found in this study
between MDS-UPDRSIII (ON-medication) and FA
of the OT paradoxically suggests that OT integrity
increases with PD severity. However, due to the pres-
ence of many crossing fibers in the white matter,
FA can also increase as a result of disproportionate
degradation of one or more of these fiber bundles,
even despite an actual decrease in local fiber den-

sity and myelination [10, 37]. This would indicate
that the white matter fibers in the OT are less com-
plex as PD severity increases, while myelin and
axons are preserved. FA results should therefore
be interpreted carefully. Recent work also empha-
sizes that MD measures are far more robust and
interpretable compared to FA, AD, and RD [37]. A
previous study found a positive correlation between
MD and MDS-UPDRSIII (OFF-medication), which
is in the expected direction [14]. These previous
results should, however, be interpreted with caution,
since the sample size in this study was small (n = 16).
The question therefore remains in which direction
diffusion measures change in relation to neurodegen-
erative processes in different brain regions.

The positive correlation found in this study
between age and MD supports the idea that aging
plays an important role in OT alternations [38, 39].
Since the positive correlation of MD with age was
found only within the HA-PD subgroup, and an
increase in MD can be related to higher axonal degen-
eration [9, 10], we suggest that aging is accelerated
within the HA-PD group compared to the normosmic
group. Another recent tractography study showed a
negative correlation between FA values of the OT
and age for only the HC group and not for the hypos-
mic PD group [16]. It was suggested that hyposmic
PD patients show a more constant and already early
degenerated OT, while the OT degenerates with age in
the HC group [16]. This would infer that when com-
paring hyposmic PD with HC of a relatively low mean
age, differences in OT degeneration should already be
present. Future work comparing PD and HC groups
of varying ages should be performed to replicate find-
ings and to unravel how these correlations between
FA and MD of the OT and age should be interpreted.

Results from previous studies [13–16] can be inter-
preted along two axis; hyposmic versus normosmic,
and PD versus HC. By using three subgroups, this
study ruled out this interpretation along two axis. Our
results did, however, not show any differences in dif-
fusion measures between HA-PD, N-PD, and N-HC.
Our methods most resemble the recent study by Nigro
et al. (2020) [16], which also used OT tractography of
DWI images of a recently diagnosed PD group and
a HC group. PD and HC groups were comparable
to the groups in our study regarding age and disease
duration. The main difference between the study per-
formed by Nigro et al. (2020) [16] and our study is
the difference in MRI field strength (3T versus 7T).
The fact that we did not replicate differences in dif-
fusion measures of the OT between groups may be



M. Heijmans et al. / Olfactory Tract MRI in Parkinson’s Disease 2169

caused by the higher field strength used in this study.
Although the use of 7T DWI may result in more pre-
cise targeting of the OT, DWI is one of the techniques
for which the actual gain of using 7T may be limited
[40], especially since the OT is anatomically close to
air-filled sinuses which make this region more prone
to susceptibility artifacts. Current results should be
replicated using another 7T dataset.

There are several limitations of our study. First,
we used a questionnaire, the Self-MOQ, to assess
smell capabilities, while previous work used olfac-
tory testing. The Self-MOQ was previously tested
extensively and has a good internal reliability and
validity [20]. By taking the cut-off score of 3.5 points,
normosmic and hyposmic/anosmic participants were
classified with an area under the curve of 0.85 [20].
Although the Self-MOQ has been shown to be able to
screen olfactory dysfunction, it cannot replace olfac-
tory testing. It should also be taken into account that
the incidence of hyposmic/anosmic PD patients in
this study according to the Self-MOQ was 24%, while
previous work reports percentages of over 60% [41].
Second, we did not have any knowledge about poten-
tial COVID-19 infections at the time the Self-MOQ
questionnaire was completed by the participants. It
might be that a COVID-19 infection was the reason
participants were classified as (temporarily) hypos-
mic/anosmic. Last, we used a fairly standard 7T MRI
sequence in the TRACK-PD study, which was not
optimized to measure the OT, and maybe multi-shell
DWI is more sensitive. Extensive quality control of
the diffusion data was, however, performed and we
were able to reliably trace the OT for all participants.

In conclusion, this study showed that fiber track-
ing of the OT was feasible in both early stage PD and
HC using 7T DWI data. In order to serve as a clin-
ically relevant biomarker, the diffusion measures of
the OT should differ between N-PD and N-HC. We
therefore conclude, based on the presented results,
that 7T diffusion measures of the OT are not useful
as an early clinical biomarker for PD. Future work is
needed to clarify the role of other OT measurements
as a biomarker for PD.
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K (2004) Stages in the development of Parkinson’s disease-
related pathology. Cell Tissue Res 318, 121-134.

[12] Atkinson-Clement C, Pinto S, Eusebio A, Coulon O (2017)
Diffusion tensor imaging in Parkinson’s disease: Review
and meta-analysis. Neuroimage Clin 16, 98-110.

[13] Rolheiser TM, Fulton HG, Good KP, Fisk JD, McKelvey
JR, Scherfler C, Khan NM, Leslie RA, Robertson HA (2011)
Diffusion tensor imaging and olfactory identification testing



2170 M. Heijmans et al. / Olfactory Tract MRI in Parkinson’s Disease

in early-stage Parkinson’s disease. J Neurol 258, 1254-1260.
[14] Scherfler C, Esterhammer R, Nocker M, Mahlknecht P,

Stockner H, Warwitz B, Spielberger S, Pinter B, Donne-
miller E, Decristoforo C, Virgolini I, Schocke M, Poewe
W, Seppi K (2013) Correlation of dopaminergic terminal
dysfunction and microstructural abnormalities of the basal
ganglia and the olfactory tract in Parkinson’s disease. Brain
136, 3028-3037.

[15] Georgiopoulos C, Warntjes M, Dizdar N, Zachrisson H,
Engström M, Haller S, Larsson E-M (2017) Olfactory
impairment in Parkinson’s disease studied with diffusion
tensor and magnetization transfer imaging. J Parkinsons Dis
7, 301-311.

[16] Nigro P, Chiappiniello A, Simoni S, Paolini Paoletti F, Cap-
pelletti G, Chiarini P, Filidei M, Eusebi P, Guercini G,
Santangelo V, Tarducci R, Calabresi P, Parnetti L, Tambasco
N (2021) Changes of olfactory tract in Parkinson’s disease:
A DTI tractography study. Neuroradiology 63, 235-242.

[17] Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau
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