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Abstract

Many nonmotor symptoms (e.g., hyposmia) appear years before the cardinal motor features of Parkinson’s dis-
ease (PD). It is thus desirable to be able to use noninvasive brain imaging methods, such as magnetic resonance
imaging (MRI), to detect brain abnormalities in early PD stages. Among the MRI modalities, diffusion-tensor
imaging (DTI) is suitable for detecting changes in brain tissue structure due to neurological diseases. The
main purpose of this study was to investigate whether DTI signals measured from brain regions involved in
early stages of PD differ from those of healthy controls. To answer this question, we analyzed whole-brain
DTI data of 30 early-stage PD patients and 30 controls using improved region of interest-based analysis methods.
Results showed that (i) the fractional anisotropy (FA) values in the olfactory tract (connected with the olfactory
bulb: one of the first structures affected by PD) are lower in PD patients than healthy controls; (ii) FA values are
higher in PD patients than healthy controls in the following brain regions: corticospinal tract, cingulum (near
hippocampus), and superior longitudinal fasciculus (temporal part). Experimental results suggest that the tissue
property, measured by FA, in olfactory regions is structurally modulated by PD with a mechanism that is differ-
ent from other brain regions.
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Introduction

Parkinson’s Disease (PD) is the second most common
neurodegenerative disorder. Diagnosis of PD is often

delayed far into the disease course, and current treatments
fail to modify disease progression. At the time of clinical di-
agnosis, 60–70% of dopaminergic neurons may already be
damaged. This may have hampered the successful translation
to clinical trials of many neuroprotective treatments that ap-
pear effective in animal models. Thus, early diagnosis and
objective measures of disease progression are of utmost im-
portance in developing disease modifying therapies.

Many nonmotor symptoms, such as hyposmia, pain sensa-
tion, rapid eye movement sleep behavior disorder, and con-
stipation, appear years before the cardinal motor features
of PD, making them attractive early biomarkers particularly
if there were objective and quantifiable measures available.
As discussed by Braak and colleagues (2004), PD in Braak’s
stages 1 and 2 mainly affects olfactory bulb, olfactory
nucleus, dorsal motor nucleus of the vagus in the medulla
oblongata, and pontine tegmentum (Braak et al., 2004; Del
Tredici and Braak, 2016; Goedert et al., 2013). Identification
of prodromal abnormalities in these brain regions for individ-
ual patients would greatly facilitate the development of novel
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diagnostic and interventional approaches that could be ap-
plied at the earliest stages of neurodegeneration.

Diffusion-tensor imaging (DTI), a magnetic resonance im-
aging (MRI) method designed to characterize water diffu-
sion properties, is suitable for detecting changes in brain
tissue structure due to neurological diseases (Basser et al.,
1994; Pierpaoli et al., 1996). Brain tissue pathology may
be reflected in one or more of the following DTI-derived
measures: (i) fractional anisotropy (FA: the degree of aniso-
tropy of water diffusion), (ii) axial diffusivity (AD: the water
diffusivity along the primary eigenvector direction, along the
axis of the axon in white matter), (iii) radial diffusivity (RD:
the water diffusivity perpendicular to the primary eigenvec-
tor direction, perpendicular to the axis of the axon in white
matter), and (iv) mean diffusivity (MD: the mean water dif-
fusivity along all directions).

Recently, DTI has been successfully applied to detect PD-
induced brain tissue abnormalities in multiple gray- and
white-matter regions. Three meta-analyses of DTI studies
on PD have been published to date (Atkinson-Clement
et al., 2017; Cochrane and Ebmeier, 2013; Schwarz et al.,
2013). Two of the studies focused on the substantia nigra,
a hallmark structure whose degradation is linked to motor
symptoms of PD (Cochrane and Ebmeier, 2013; Schwarz
et al., 2013). A third meta-analysis assessed subcortical, cor-
tical, white-matter, and cerebellar regions, and observed sig-
nificant alterations in PD in many regions, including the
substantia nigra, caudate, putamen, globus pallidus, olfactory
cortex, and white matter of the corpus callosum and cortico-
spinal tracts (Atkinson-Clement et al., 2017). In most exist-
ing studies, DTI measures were obtained from PD patients
in Braak’s stage 3 or higher. As a result, the reported find-
ings, which might reflect the combination of PD pathology,
medication effects, and neural compensatory mechanisms
at later PD stages, are not highly consistent. For example,
(i) DTI measures of the substantia nigra have been variable
with respect to whether significant differences exist between
PD patients and healthy controls (Atkinson-Clement et al.,
2017; Schwarz et al., 2013; Wen et al., 2016), and (ii)
Mole and associates (2016) observed FA increase in some
brain regions (e.g., corticospinal tract) and FA decrease in
other regions (e.g., uncinate fasiculus) in PD patients, sug-
gesting that tissue in different brain regions may be structur-
ally modulated by PD with distinct pathological (or
compensatory) mechanisms.

In 2010, Ibarretxe-Bilbao and colleagues observed FA dif-
ferences in the olfactory tract between early-stage PD pa-
tients and controls based on tract-based spatial statistics
(TBSS) analysis of DTI data (Smith et al., 2006), implying
that DTI signal abnormalities reflecting pathological pro-
cesses in early PD stages may be clinically detectable. A po-
tential concern regarding this study is that the chosen TBSS
method could be overconservative, and thus potentially sus-
ceptible to false negatives due to the nature of voxel-based
analyses or residual image misalignment across the subjects.
For these reasons, in a more recent TBSS-based study, Geor-
giopoulos and colleagues (2017) observed only AD differ-
ence, but no FA difference, in the olfactory tract between
PD and controls. In studies performed by Rolheiser and asso-
ciates (2011) and Joshi and colleagues (2017), the authors
measured DTI signals from two sets of regions of interest
(ROIs; olfactory region and substantia nigra), and found

that the DTI signals of olfactory regions could better differ-
entiate early-stage PD patients from healthy controls when
compared with signals from the substantia nigra. These is-
sues may be better addressed using advanced diffusion
weighted imaging (DWI) processing pipelines, which were
recently developed based on machine learning (Kim and
Park 2016) or tractometry analysis (Cousineau et al., 2017).

The purpose of this study was to use an improved DTI pro-
cessing method to assess group differences between PD pa-
tients and healthy controls in nonmotor brain regions
implicated in early stages of PD according to Braak’s hypoth-
esis. As discussed above, this question may not have been ad-
equately answered in existing studies that were limited in two
ways: First, TBSS-based studies to date were potentially sus-
ceptible to false negatives. Second, other previous ROI-based
studies of the olfactory system included only a small set of
ROIs (Georgiopoulos et al., 2017; Joshi et al., 2017; Rolheiser
et al., 2011). In this study, we analyzed whole-brain DTI data
obtained from 30 PD patients (Hoehn and Yahr scales 1 and 2
in 25 patients) and 30 healthy controls using an improved ROI
analysis procedure. The chosen ROIs were based on Mori’s
Johns Hopkins University white-matter tractography atlas
(Wakana et al., 2007), which was made available through
Oxford Centre for Functional MRI Software Library (FSL;
see https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). Two addi-
tional sets of ROIs, covering substantia nigra and olfactory
tracts (not part of Mori’s atlas), were added to this study.

Methods

Participants

All research involving human participants was approved
by the Institutional Review Board of Duke University
Medical Center. Written and oral informed consents were
obtained from all the participants.

DTI data were obtained from 30 healthy controls (16
females; 28 right-handed) and 30 PD patients (7 females;
26 right-handed). Most PD patients were in early stages
(Hoehn and Yahr scales between 1 and 2 for 25 patients).
Inclusion criteria for subjects were as follows: (i) between
40 and 85 years of age, (ii) male or female, and (iii) healthy
volunteers or subjects diagnosed with PD. Exclusion criteria
were as follows: (i) MRI contraindications and claustropho-
bia; (ii) severe or unstable medical disorders or conditions,
drugs that may cause depression, or any condition that in
the investigators’ opinions made the patient unsuitable for
participating in the study (e.g., clinically significant cirrho-
sis); (iii) any of the following—lifetime history of alcohol
or substance dependence, schizophrenia or other psychotic
disorder, bipolar disorder, psychotic features of depression,
or current (last 6 months) obsessive–compulsive disorder
or panic disorder; in general, subjects with a history of
other Axis I disorders before their depression were excluded;
(iv) active suicidality or current suicidal risk as determined
by the investigator; (v) significant handicaps (e.g., visual or
hearing loss, mental retardation) that would interfere with
neuropsychological testing or the ability to follow study pro-
cedures; (vi) known primary neurological disorders (such as
tumors, multiple sclerosis, and seizure disorder) other than
PD; (vii) Mini Mental State Examination (MMSE) of <25;
and (viii) any other factor that in the investigators’ judgment
may affect patient safety or compliance.
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Among the 30 PD patients, 18 underwent two scan sessions:
on and off medication. The following behavioral and clinical
measures were obtained from the participants: (i) Unified Par-
kinson’s Disease Rating Scale (UPDRS), (ii) Hoehn and Yahr
Stage, (iii) Beck Depression Inventory (BDI-II), and (iv)
MMSE. In this study, we only analyzed MRI data obtained
during ‘‘on medication’’ sessions. Table 1 summarizes the de-
mographic and clinical data of the two groups.

MRI data acquisition

MRI data were acquired with a 3 T MRI scanner (General
Electric Healthcare, Waukesha), equipped with an eight-
channel radio frequency (RF) coil, at Duke University Med-
ical Center. DTI data were acquired with a single-shot
dual-refocused spin-echo parallel echo-planar imaging pulse
sequence with the following scan parameters: field of
view (FOV) = 23 cm · 23 cm; in-plane matrix size = 128 · 128;
parallel imaging acceleration factor = 2; echo time (TE) = 80
msec; repetition time (TR) = 8 sec; sagittal-plane slice thick-
ness = 1.8 mm; voxel size = 1.8 mm3; number of slices = 78;
b = 1000 sec/mm2; number of diffusion-encoding directions =
25; and number of repetitions = 2. These DTI scan parame-
ters were suitable for imaging major white-matter tracts, in-
cluding the olfactory tract (Skorpil et al., 2011).

DTI data preprocessing

The acquired data were processed with the following steps:
Step 1: the images were effectively denoised using our recently
developed diffusion-matched principal component analysis
based two-channel denoising procedure (Chen et al., 2018).
Step 2: the eddy current-induced distortions and image mis-
alignment due to head motion were corrected with FSL (https://
fsl.fmrib.ox.ac.uk) (Andersson and Sotiropoulos, 2016). Step 3:
FA maps were then reconstructed with FSL. Step 4: FA maps
from all the subjects were registered to a common space using
the skeleton-based normalization provided by FSL-TBSS
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) (Smith et al.,
2006). In this study, the TBSS was only used to align FA maps
to a common space, and the aligned images (without being
skeletonized) were further analyzed with an ROI-based anal-
ysis described in the next section.

DTI-derived measures from ROIs

The following 13 ROIs were included in our analyses: ol-
factory tract, substantia nigra, anterior thalamic radiation,

corticospinal tract, cingulum (cingulate gyrus), cingulum
(hippocampus), forceps major, forceps minor, inferior
fronto-occipital fasciculus, inferior longitudinal fasciculus,
superior longitudinal fasciculus, uncinate fasciculus, and su-
perior longitudinal fasciculus. Eleven of these ROIs were de-
fined by Mori’s Johns Hopkins University white-matter
tractography atlas, and two ROIs (olfactory tract and sub-
stantia nigra) were manually drawn by an author (N.-K.C.).

The mean FA value for an ROI was calculated from each
of the participants bilaterally. That is, the mean FA values
were computed using ROIs from both hemispheres, without
differentiating left versus right hemispheric results or taking
the predominant side of motor symptoms into consideration,
for the following reasons: First, the ultimate goal of this
study is to produce a DTI measure that is capable of detecting
brain signal abnormalities before the onset of unilateral PD
motor symptoms. Therefore, we were more interested in
assessing the detectability of PD-related brain abnormalities
using DTI signals from both hemispheres. Second, Joshi and
associates (2017) reported that the FA differences in olfac-
tory tract between PD and controls were not associated
with the primary side of motor symptoms among PD pa-
tients. Therefore, motor symptom lateralization was not con-
sidered in the current analyses.

Statistical analyses

For each of the ROIs, we performed the unequal variance
t-tests to examine the difference in FA values between PD
patients and healthy controls. Because of potential confound-
ing effects of gender and age, these two variables were
regressed out with linear regression. Multiple comparisons
(from 13 ROIs) were addressed with Bonferroni correction
when examining the significance of group differences (i.e.,
corrected p threshold = 0.05/13 = 0.0038).

Results

The two-tailed t-tests yielded group effects on FA values
for the olfactory tract (uncorrected p = 0.0054; effect size =
0.75; controls > PD), corticospinal tract (uncorrected
p = 0.0041; effect size = 0.77; PD > controls), cingulum:
near hippocampus (uncorrected p = 0.0030; effect size =
0.80; PD > controls), inferior longitudinal fasciculus (uncor-
rected p = 0.0341; effect size = 0.56; PD > controls), uncinate
fasciculus (uncorrected p = 0.0411; effect size = 0.54; PD >
controls), and superior longitudinal fasciculus: temporal

Table 1. Demographic and Behavioral Measures of Participants

PD patients (mean –
standard deviation)

Healthy controls (mean –
standard deviation) p

Age 64.03 – 10.30 58.03 – 9.28 0.022
Gender 7 females 15 females 0.032
Education 17.2 – 2.83 16.77 – 2.19 0.51
MMSE 29.68 – 0.85 29.73 – 0.58 0.82
UPDRS III 17.93 – 9.72 0.33 – 0.96 <0.000001
Hoehn and Yahra 1.74 – 0.85 0 – 0 <0.000001
Months since diagnosis 62.9 – 43.6 (min: 1; max: 162)
Predominant side of motor symptoms 15 left; 15 right

aTwenty-five PD patients had Hoehn and Yahr scales between 1 and 2; one patient had Hoehn and Yahr scale 2.5; two patients had Hoehn
and Yahr scale 3; two patients had Hoehn and Yahr scale 4.

PD, Parkinson’s disease; MMSE, Mini Mental State Examination; UPDRS, Unified Parkinson’s Disease Rating Scale.
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part (uncorrected p = 0.0033; effect size = 0.79; PD > con-
trols). Two of these ROIs, superior longitudinal fasciculus
(temporal part) and cingulum (near hippocampus), demon-
strated significant group difference in FA values with Bon-
ferroni correction ( p < 0.0038). FA values in two other
ROIs, including olfactory tract and corticospinal tract, dem-
onstrated group difference with effect size >0.75 and with
their p-values slightly larger than the Bonferroni-corrected
p-value threshold. Among all of these ROIs, only the olfac-
tory tract demonstrated lower FA values in PD when com-
pared with healthy controls. In agreement with the findings

reported by Mole and colleagues (2016), the FA values in
many ROIs are higher in PD patients than in healthy controls.
The results of t-tests are summarized in Table 2, and the loca-
tions of four ROIs (olfactory tract, corticospinal tract, supe-
rior longitudinal fasciculus: temporal part, and cingulum:
near hippocampus) are shown in Figure 1.

The FA values (in the chosen ROIs) are negatively corre-
lated with the UPDRS III scores across PD patients, as shown
in Table 3, in which signals from the cingulum (cingulate
gyrus) demonstrate one-tailed statistical significance after
multiple comparisons. In contrast, the correlation between

Table 2. Region of Interest-Based Fractional Anisotropy Measures

of Parkinson’s Disease Patients and Healthy Controls

PD patients (mean –
standard deviation)

Healthy controls (mean –
standard deviation)

Two-sided
p-value

Effect
size

Olfactory tract: 4188 voxels 0.118 – 0.012 0.129 – 0.017 0.0054** 0.75
Substantia nigra: 192 voxels 0.385 – 0.027 0.395 – 0.027 0.134 0.38
Anterior thalamic radiation: 16,720 voxels 0.319 – 0.026 0.317 – 0.018 0.789 0.07
Corticospinal tract: 10,739 voxels 0.498 – 0.026 0.475 – 0.033 0.0041** 0.77
Cingulum (cingulate gyrus): 2877 voxels 0.430 – 0.040 0.419 – 0.040 0.240 0.30
Cingulum (hippocampus): 1355 voxels 0.353 – 0.025 0.334 – 0.024 0.0030* 0.80
Forceps major: 6458 voxels 0.478 – 0.029 0.476 – 0.020 0.700 0.09
Forceps minor: 19,407 voxels 0.346 – 0.022 0.342 – 0.018 0.353 0.24
Inferior fronto-occipital fasciculus: 12,751 voxels 0.376 – 0.022 0.370 – 0.020 0.220 0.32
Inferior longitudinal fasciculus: 9551 voxels 0.383 – 0.023 0.371 – 0.019 0.034 0.56
Superior longitudinal fasciculus: 17,657 voxels 0.326 – 0.026 0.321 – 0.018 0.376 0.23
Uncinate fasciculus: 1985 voxels 0.330 – 0.020 0.320 – 0.017 0.041 0.54
Superior longitudinal fasciculus

(temporal part): 374 voxels
0.451 – 0.028 0.424 – 0.038 0.0033* 0.79

Effect size >0.75 in bold.
*Statistically significant after multiple comparison correction ( p < 0.0038: two tailed).
**The corrected p-value is slightly larger than our threshold (0.0038: two tailed).

FIG. 1. (a) The mean frac-
tional anisotropy map (of a
chosen axial slice: left panel)
and the manually drawn ol-
factory tract region of interest
(ROI; in yellow: right panel).
(b) The corticospinal tract
ROI (indicated by arrows)
from Mori’s Johns Hopkins
University white-matter trac-
tography atlas. (c) The cin-
gulum (near hippocampus:
indicated by arrows) ROI
from Mori’s Johns Hopkins
University white-matter trac-
tography atlas. (d) The supe-
rior longitudinal fasciculus
(temporal part) ROI from
Mori’s Johns Hopkins Uni-
versity white-matter tractog-
raphy atlas. Only the right
side of ROI is shown in this
coronal slice in (d). Color
images available online at
www.liebertpub.com/brain
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FA values and disease duration patients is neither as uniform
nor as significant across 13 ROIs (Table 3).

Discussion

This study produced the following knowledge: First, after
examining the DTI-derived measures from 13 ROIs, we
found that FA values are lower in PD patients than in healthy
controls in the olfactory tract, which is connected with the ol-
factory bulb: one of the first structures affected by PD. Sec-
ond, the FA values are higher in PD patients than in controls
in several other brain regions, including corticospinal tract,
in agreement with the findings by Mole and associates (2016);
and superior longitudinal fasciculus (temporal part), and cin-
gulum (near hippocampus). Our data strongly suggest that
the tissue structural properties measured by FA in the olfac-
tory regions (where FA of controls > FA of PD) are modu-
lated by PD with a different mechanism when compared
with other brain regions (where FA of PD > FA of controls),
such as neurodegenerative versus compensatory mecha-
nisms. The results from our study also suggest that the FA
measures obtained from these brain regions may potentially
be used to detect brain signal changes in an early stage of PD,
possibly even before the clinical manifestation of motor
symptoms. This remains to be confirmed by future studies.

In addition to olfactory bulb and olfactory nucleus, brain
regions involved in Braak’s stages 1 and 2 of PD include me-
dulla oblongata and pontine tegmentum (Braak et al., 2004).
In this study, we evaluated the FA measures in the olfactory
area without assessing the values in medulla oblongata and
pontine tegmentum mainly because the data sets reported
here were acquired without cardiac gating, and signals of
medulla and pons were likely contaminated by physiological
noises. It would be important, in future studies, to further ex-
amine the DTI signals in medulla oblongata and pontine teg-
mentum. We would like to further point out that previous

DTI studies have observed brainstem signal abnormalities
related to rapid eye movement sleep behavior disorder,
which may precede parkinsonism by several years and has
a high conversion rate to PD, Lewy body dementia, and mul-
tiple system atrophy (Garcı́a-Lorenzo et al., 2013; Iranzo
et al., 2013; Scherfler et al., 2011).

In this study, we did not observe any correlation between
disease duration and FA signals measured from olfactory
tract (Table 3). This appears to be consistent with findings
from a previous clinical study, indicating that hyposmia is in-
dependent of disease stage and duration (Doty 2007). How-
ever, another study reported that the loss of anterior olfactory
neurons correlated with disease duration (Pearce et al.,
1995). The inconsistency may potentially result from the
possibilities that (i) the tissue damage in the olfactory tracts
occurs mainly in early PD phases, and the subsequent
changes over time in later PD phases may be less pro-
nounced; and (ii) a larger number of patients are needed to
detect the correlation between olfactory FA signal abnormal-
ities and the disease duration of PD, which is heterogeneous
in nature.

As shown in Table 2, the FA values in the olfactory tract
ROI are lower than those in other brain regions. Some rea-
sons for this are the following: First, the manually drawn ol-
factory tract ROI was larger than the olfactory tract, mainly
to account for intersubject variation in the olfactory tract lo-
cation. As a result, the mean FA value calculated from the
entire olfactory tract ROI was lowered by the inclusion of
background voxels. Second, the olfactory tract is small,
and thus it is likely that the measured FA values are affected
by the partial volume effect. DWI protocols capable of pro-
ducing high spatial-resolution images are thus preferred for
imaging the olfactory tract. Third, the susceptibility artifact
near the olfactory region is pronounced, potentially leading
to reduced signal-to-noise ratio and robustness in the FA
quantification.

Many clinical measures and criteria exist for the diagno-
sis of PD (Malek et al., 2017; Schrag et al., 2002; Yong
et al., 2013). The findings from our imaging study suggest
that the FA values obtained from olfactory tract, corticospi-
nal tract, superior longitudinal fasciculus (temporal part),
and cingulum (near hippocampus) provide valuable informa-
tion that may be combined with the existing nonimaging
measures to further improve the sensitivity, specificity, and
accuracy of PD diagnosis. In addition, as shown by Menke
and colleagues (2009), DTI data may be combined with
other MRI contrasts to further improve the sensitivity and
specificity in differentiating PD patients from controls. Spe-
cifically, T1-weighted imaging and susceptibility-weighted
imaging provide information that is highly relevant to
PD: (i) A recent study reported a correlation between olfac-
tory loss and basal ganglia volumes measured with T1-
weighted MRI in PD patients (Campabadal et al., 2017);
and (ii) susceptibility-weighted imaging-based measurement
of nigrosome can differentiate PD patients from healthy con-
trols (Schwarz et al., 2014). Furthermore, it has been shown
that brain abnormalities in early PD stages may also be
detected with functional imaging of the dopamine trans-
porter (Postuma et al., 2012; Sommer et al., 2004). There-
fore, it would be worthwhile to consider a protocol that
incorporates DTI and dopamine transporter imaging for
early PD diagnosis.

Table 3. Correlation Between Fractional

Anisotropy Values and Unified Parkinson’s

Disease Rating Scale III and Disease Duration

Across Parkinson’s Disease Patients

UPDRS
III

Disease
duration

Olfactory tract �0.245 0.003
Substantia nigra �0.460** 0.176
Anterior thalamic radiation �0.414** 0.090
Corticospinal tract �0.254 �0.273
Cingulum (cingulate gyrus) �0.480* 0.077
Cingulum (hippocampus) �0.440** 0.026
Forceps major �0.450** 0.018
Forceps minor �0.380** 0.010
Inferior fronto-occipital fasciculus �0.343** 0.051
Inferior longitudinal fasciculus �0.285 �0.037
Superior longitudinal fasciculus �0.371** �0.023
Uncinate fasciculus �0.360** �0.166
Superior longitudinal

fasciculus (temporal part)
�0.282 �0.153

*Statistically significant with multiple comparison correction
( p < 0.0038: one tailed).

**Significant without multiple comparison correction ( p < 0.05:
one tailed).
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There are some limitations in this study: First, we did not as-
sess DTI signals in pons and medulla, which are affected in an
early stage of PD and should be examined with data obtained
from cardiac-gated scans. Second, without comparing with
DTI data obtained from patients of other types of neurological
diseases, we do not know whether the findings are specific to
PD. On one hand, a recent study showed that MRI-based vol-
umetric measures of olfactory bulb could be used to differen-
tiate PD from multiple system atrophy (Chen et al., 2014). On
the other hand, multiple neurological diseases (e.g., Alz-
heimer’s disease, dementia with Lewy bodies, and Hunting-
ton’s disease) are commonly associated with impaired sense
of smell (Doty, 2017; Doty et al., 1987; Hawkes et al.,
1999), and it is possible that the FA signal abnormalities in ol-
factory tract may also be pronounced in neurological diseases
other than PD (Cross et al., 2013; Rey et al., 2018). Third, in
this study we did not measure the smell function with a previ-
ously validated tool such as the University of Pennsylvania
Smell Identification Test (Doty et al., 1984; Ibarretxe-Bilbao
et al., 2010). Fourth, this study combined subjects from PD
several stages and disease durations of PD, although differ-
ences in DTI measures have been observed in different stages
and disease durations, such as in a recent DTI study of PD sub-
jects in Hoehn and Yahr stages 1 versus 2 (Wen et al., 2016).
Future studies on larger cohorts of subjects should allow for
assessments of PD subjects with different stages and disease
durations. Fifth, with the acquired data we were unable to
calculate diffusional kurtosis, which is expected to be more
sensitive than DTI in detecting PD-induced brain tissue abnor-
malities (Kamagata et al., 2014). Sixth, there were age differ-
ences between PD patients and healthy controls. Although a
linear regression procedure was used to minimize the impact
of age difference on the results, it was possible that residual ar-
tifacts (e.g., resulting from a potential nonlinear dependence of
FA value on age) might exist even after regression.
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