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Abstract Parkinson’s disease (PD) is a progressive neuro-

logical disorder characterized by motor symptoms as well as

severe deficits in olfactory function and microstructural

changes in olfactory brain regions. Because of the evidence

of asymmetric neuropathological features in early-stage PD,

we examined whether lateralized microstructural changes

occur in olfactory brain regions and the substantia nigra in a

group of early-stage PD patients. Using diffusion tensor

imaging (DTI) and the University of Pennsylvania Smell

Identification Test (UPSIT), we assessed 24 early-stage PD

patients (Hoehn and Yahr stage 1 or 2) and 26 healthy con-

trols (HC). We used DTI and a region of interest (ROI)

approach to study the microstructure of the left and right

anterior olfactory structures (AOS; comprising the olfactory

bulbs and anterior end of the olfactory tracts) and the sub-

stantia nigra (SN). PD patients had reduced UPSIT scores

relative to HC and showed increased mean diffusivity (MD)

in the SN, with no lateralized differences. Significant group

differences in fractional anisotropy (FA) and MD were seen

in the AOS, but these differences were restricted to the right

side and were not associated with the primary side of motor

symptoms amongst PD patients. No associations were

observed between lateralized motor impairment and later-

alized microstructural changes in AOS. Impaired olfaction

and microstructural changes in AOS are useful for early

identification of PD but asymmetries in AOS microstructure

seem unrelated to the laterality of PD motor symptoms.

Keywords Parkinson’s � Olfaction � Diffusion tensor

imaging � Anterior olfactory structures � Substantia nigra

Introduction

Parkinson’s disease (PD) is a progressive neurological

disorder that typically develops over decades. PD usually

follows a defined clinical progression beginning with non-

motor symptoms reflecting neuropathological changes in

anterior olfactory structures and in the dorsal motor
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nucleus of the vagus (DMV [8]). This stage begins, on

average, 2–5 years or more before motor symptoms of PD

appear and is characterized by a loss of olfactory function

in up to 90–95% of patients [17] and by accumulation of a-

synuclein in neurites and cell bodies of the olfactory bulb

and tract [7–10]. At this early stage (Braak stage 1–2),

there are no changes in a-synuclein accumulation or neu-

rotransmission in the nigrostriatal dopaminergic system

and little or no evidence of motor symptoms.

Years to decades after its appearance in olfactory struc-

tures, a-synuclein accumulations appear in neurons and neu-

rites of the substantia nigra and striatum, coincident with the

appearance of the classical motor symptoms of PD (resting

tremor, bradykinesia, rigidity and postural instability). At

even later stages, a-synucleinopathy is evident in cortical

regions, which coincides with disruption of cognitive func-

tions [7, 9, 10, 31]. Thus, PD is characterized by the sequential

accumulation of a-synuclein first in peripheral brain regions

(olfactory bulb and tract/DMV), followed by the nigrostriatal

system and finally in cortical regions. Although the mecha-

nisms involved in this progression are unknown, there is

support for the involvement of a prion-like propagation

leading to these neuropathological changes [40]. The accu-

mulation of Lewy bodies and Lewy neurites also follows a

distinct chronology beginning with the gut (enteric nervous

system), DMV, and primary olfactory regions (including the

olfactory bulbs, anterior olfactory nucleus and possibly the

olfactory epithelium [9]).

Halting the progression of the disease through early inter-

ventions is a goal of treatment for PD. This approach depends

on identifying specific and reliable biomarkers which are not

yet available for early stages of the disease (reviewed in [45]).

Single-photon emission computed tomography (SPECT) is

useful for imaging changes in dopamine transporter (DAT)

activity in striatal dopaminergic pathways in PD. However,

other neuroimaging methods are needed to identify pathology

in brain regions affected at earlier stages of PD.

The presence of olfactory loss in patients with PD has

now been documented in more than 100 published studies

(e.g., [17, 24, 47]). Reduced olfactory discrimination,

identification and detection threshold [17] has been

observed in as many as 90% of PD patients [29]. In fact, so

pervasive is this deficit that olfactory testing is now

included in the International Parkinson’s and Movement

Disorder Society revised diagnostic criteria for PD [5, 6].

However, olfactory deficits are not specific to PD and are

also seen in other common neurodegenerative disorders,

including those without features of PD such as Alzheimer’s

disease (AD; reviewed in [2]) and those with PD features

such as Lewy Body Disease (LBD; reviewed in [16]), and

thus are not a specific biomarker for PD.

Few studies of PD have used MRI to examine the

structure of the olfactory bulbs (e.g. [28]) or tracts (e.g.

[14, 47, 50]). PD patients have shown decreased left and

right olfactory bulb volumes, although results have been

variable across studies [34]. Diffusion tensor imaging

(DTI), implemented using magnetic resonance imaging

(MRI), can be used to gauge morphological changes by

detecting altered diffusion patterns of water molecules in

brain tissue [36]. DTI analysis of early PD pathology has

been performed for the substantia nigra and other parts of

the basal ganglia [32, 33, 42].

The microstructure of the substantia nigra (SN) has been

investigated frequently in PD patients using DTI (e.g.,

[32, 42, 47, 49, 53]). For example, one study observed

abnormalities in diffusion within the entire SN in PD

patients. SN mean diffusivity (MD) was also correlated with

disease severity (as estimated by the Unified Parkinson’s

Disease Rating Scale; UPDRS) and the extent of [18F] DOPA

uptake in the putamen [49]. These results demonstrate that

SN microstructural changes can be detected in PD patients,

suggesting that they could help to distinguish PD at early

disease stages and help to track disease progression.

A defining characteristic of early PD is the emergence of

any two of the three cardinal motor symptoms on one side of

the body [21] and this initial asymmetry represents stage 1 of

the Hoehn and Yahr [26] scale. Early asymmetry of motor

symptoms distinguishes PD from other symptomatically

similar, but pathologically distinct conditions, such as multi-

system atrophy and essential tremor [12]. Although bilateral

motor symptoms emerge with disease progression, their

relative severity remains asymmetric [19]. The underlying

pathological loss of dopamine neurons in the SN pars com-

pacta is also thought to be asymmetric [30].

In a previous study involving olfactory testing and DTI

of the SN and AOS, we found that these measures distin-

guish early-stage PD patients from HC [47]. However, we

did not examine the possibility of asymmetries in the DTI

measures for these structures, and to our knowledge, there

is no published information regarding potential lateralized

differences in DTI measures of anterior olfactory structures

in PD. The goal of this study was to reexamine olfactory

functioning in patients with Parkinson’s disease, using DTI

measures to examine structural and microstructural chan-

ges in anterior olfactory regions and the substantia nigra,

with a focus on potential asymmetries.

Methods

Participants

This study was approved by the Nova Scotia Health

Authority Research Ethics Board and was performed in

accordance with the ethical standards laid down in the 1964

Declaration of Helsinki and its later amendments. Patients
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were recruited from the Movement Disorders Clinic of the

Nova Scotia Health Authority, in Halifax, NS, Canada by

board-certified neurologists (KS, JRM, GP). Healthy con-

trol participants were recruited from the general population

through advertisements on websites along with local print

and electronic media. Exclusion criteria for PD patients

were: signs of dementia, autonomic dysfunction, vertical

gaze palsy and cerebellar signs on clinical examination (see

[47]). HCs with an UPSIT score (see below) of lower than

30 were excluded. Given that age can affect DTI parame-

ters [4], all possible efforts were made to ensure that the

two subject groups were similar in age. All participants

received an honorarium for participation. This study was

approved by the Nova Scotia Health Authority Research

Ethics Board and all participants signed informed consent

prior to beginning any study procedures.

Twenty-six (12/14, M/F) HC [58.8 ± 6.2 years of age

(mean ± SD)] and 24 (15/9, M/F) PD (61.9 ± 4.9 years)

participants were recruited. Relevant demographic and

related information is provided in Table 1. Twenty-two of

the PD subjects were taking PD medications.

Demographic and disease-related information

Prior to olfactory testing and MRI scanning, participants

completed a questionnaire regarding demographic infor-

mation. Patients’ neurologists provided disease-related

information, including Hoehn and Yahr [26] and UPDRS

scores [20].

Olfactory testing: University of Pennsylvania Smell

Identification Test (UPSIT)

All participants were administered the UPSIT, which

consists of 40 microencapsulated odorants that are acti-

vated by scratching. For each test item, participants scratch

the scent-impregnated strip to release the odorant, and

select, from the four-choice array of answers, the smell that

it most closely matches. Each correct answer carries a

score of one point, with higher scores reflecting better

performance.

MRI data collection

A GE Signa HDxt 1.5 T whole body magnet with an

8HRBrain coil located in the IWK Health Center, Halifax,

NS, Canada, was used to obtain MRI images. The details of

sequences used in our protocol are presented in Supple-

mentary Table 1. The total scan time (including sequences

not reported in this manuscript) was approximately 50 min.

Parallel imaging was used while acquiring the scans

(ASSET). An experienced MRI technologist visually

inspected all MRI images for the presence of artifacts, both

during the scan and immediately after scanning.

MRI data analysis

Data analysis was performed using FSL version 5.0.8

software [52]. The following preprocessing steps were

carried out on all MRI scans prior to region of interest

(ROI) analysis: brain data extraction (BET), eddy current

correction, and motion artifact calculation. DTIFit was

used to calculate tensor fractional anisotropy (FA), and

radial (RD) and axial diffusivities (AD). RD and AD were

averaged to calculate mean diffusivity (MD). ROI tracing

was completed by NJ (and confirmed by TR and NK) who

were blinded with respect to the participants’ group iden-

tity and olfactory test score.

The SN was identified by first locating the red nucleus

(RN), which was clearly visible on the T2 coronal images.

The RN was traced on approximately 3–4 coronal slices

(separate masks traced for the left and for the right halves;

Supplementary Fig. 1). The SN was traced in the region

inferior and slightly lateral to the RN (on the T2 coronal

images), while avoiding the cerebral peduncles (also iden-

tifiable in the T2 coronal images). Identical coronal slices of

the brain were used to trace both the RN and the SN.

The AOS was identified on coronal images; these dark

regions were surrounded by cerebrospinal fluid (appearing

bright on T2 images). The AOS identification protocol was

similar to that used previously [1, 41]. The olfactory

bulbs/tracts were identified on T2 coronal slices, with the

AOS being traced on 2–4 consecutive T2 coronal slices on

average; left and right halves were traced on separate

masks (Supplementary Fig. 1).

Once completed, tracings for both structures were reg-

istered onto the DTI image, visually checked, and DTI

measures were generated. Separate DTI measures (FA,

MD, RD, AD) were generated for the left and right halves

of each structure; the most commonly derived metrics used

in previous studies (FA and MD) are discussed in this

manuscript.

Motor impairment and lateralized microstructural

changes

For each patient, the side of predominant motor symptoms

was recorded as part of the Hoehn and Yahr assessment.

From this, patients were subgrouped into ‘left’ or ‘right’

motor impairment groups. These two groups were com-

pared across all DTI measures (T2 volume, FA and MD of

the AOS and SN) using a two way, mixed design ANOVA

(with side of predominant motor symptoms as between

group factor and hemisphere; left vs right).
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Statistical analysis

All statistical analyses were performed using SPSS (ver-

sion 20.0, SPSS Inc., Chicago, IL). Two-way, mixed design

ANOVAs were run for all lateralized measures with side

(left, right) as the within-subject factor and group (PD, HC)

as the between-group factor. Degrees of freedom were

adjusted if the assumption of homogeneity of variance was

violated (using Levene’s test). Significance for all analyses

was set at 0.05. Post-hoc analyses, when performed, did not

involve correcting for multiple comparisons, given the

exploratory nature of the study [43, 48].

Results

Demographics and UPSIT scores

HC and PD patients did not differ significantly in age (F(1,

48) = 3.8, p = ns) nor on the proportion of males and

females between the two groups (X(1)
2 = 1.3, p = ns).

However, the two groups differed significantly on UPSIT

scores (HC[PD; F(1, 48) = 85.1, p\ 0.001) (see

Table 1; Fig. 1).

Anterior olfactory structure (AOS): T2 volume

and DTI measures

T2 volume, FA, and MD of the AOS were examined on the

left and right sides using a two-way ANOVA with side

(left, right) as the within-subject factor and group (PD, HC)

as the between-group factor. For T2 volume, there was no

significant difference between groups [F(1, 48) = 1.1,

p = ns] or sides [F(1, 48) = 1.0, p = ns], but the inter-

action between side and group was significant [F(1,

48) = 5.72, p\ 0.05]. Nonetheless, post hoc tests failed to

differentiate the two groups [Left t(48) = 1.7, p = ns;

Right t(48) = 0.243, p = ns].

For AOS FA values, there was no significant difference

between the two sides [F(1, 48) = 0.28, p = ns], nor did

the groups differ significantly [F(1, 48) = 2.1, p = ns], but

there was a significant side by group interaction [F(1,

48) = 4.4, p\ 0.042]. In post hoc tests, there was no

significant difference in FA values on the left between PD

and HC [t(48) = 0.27, p = ns], but PD patients had

Table 1 Demographic characteristics of Parkinson’s disease patients and healthy controls

Parkinson’s disease (n = 24) Healthy controls (n = 26)

Sex ratio (female/male) 15 M/9 F 12 M/14 F

Handedness 4 left/19 right (1 unknown) 1 left/25 right

Age (years) (SD) 61.9 (4.9) 58.8 (6.2)

Disease duration (SD) 2.94 (2.93) na

Symptom side 13 left/11 right na

Number of subjects in each Hoehn and Yahr stage HY1 = 9; HY2 = 13; unknown = 2 na

Unified Parkinson’s disease rating scale (UPDRS) score (SD) 22.2 (12.1) na

On PD medication 22 yes/2 no na

Parkinsons medicationsa

L-dopa 19 na

Rasagiline 6

Selegiline 3

Pramipexole 1

Amantadine 2

Significantly different from HC (p\ 0.05)
a Some patients were currently prescribed more than one antiparkinson agent

Fig. 1 University of Pennsylvania Smell Identification Test (UPSIT)

scores (mean ± SEM) for healthy controls (HC) and Parkinson’s

disease patients (PD). PD patients showed significantly reduced

UPSIT scores
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significantly reduced FA values in the right AOS relative to

HC [t(48) = 2.1, p\ 0.043].

For AOS MD, there was no significant difference

between the two sides [F(1, 48) = 0.14, p = ns], but there

was significant difference between groups [F(1, 48) = 5.3,

p\ 0.03] and there was a significant side by group inter-

action [F(1, 48) = 6.1, p\ 0.02]. In post hoc tests, there

was no significant difference between groups in the left

AOS [t(48) = 0.84, p = ns], but there was a significant

difference between groups for the right AOS [PD[HC

t(60) = 3.1, p\ 0.003] (Fig. 2).

Substantia nigra (SN): T2 volume and DTI measures

Similar two-way ANOVAs were computed for T2 volume,

FA, and MD for the SN. For T2 volume, there were no

significant differences for group [F(1, 48) = 0.33, p = ns],

side [F(1, 48) = 2.8, p = ns] or the interaction between

side and group [F(1, 48) = 0.00, p = ns]. There were also

no significant differences for FA values in the SN for side

[F(1, 48) = 2.8, p = ns], group [F(1, 48) = 0.56, p = ns]

or the interaction between side and group [F(1, 48) = 0.45,

p = ns].

For MD values in the SN, there was no significant main

effect for side [F(1, 48) = 1.6, p = ns], nor for the inter-

action between side and group [F(1, 48) = 0.984, p = ns];

however, the MD values did differ significantly between

groups [F(1, 48) = 4.2, p\ 0.046] (PD[HC; Fig. 3).

Relationship between motor asymmetry

and microstructural changes in AOS

PD patients with predominantly left motor symptoms were

compared with those with predominantly right motor

symptoms on the UPSIT. No differences were observed

between these two groups [Left: 21.2(7.3) vs. Right

22.0(8.1); F(1, 22) = 0.72, p = ns]. Moreover, no differ-

ences were noted on any of the AOS DTI measures. For the

SN, the left impairment group had significantly lower FA

than did the right impairment group but this main effect

was the only significant finding and no other differences

were seen between motor impairment groups (see Table 2).

Discussion

We used DTI to assess microstructural changes in olfactory

brain regions (AOS) and in the SN in early-stage PD

patients together with assessment of olfactory function. We

found that fractional anisotropy (FA) was decreased in the

AOS of PD patients relative to HC, and this difference was

attributable to the right side of the AOS, while the left side

did not differ between groups. We also observed that mean

diffusivity (MD) was increased in both the AOS and SN of

PD patients relative to HC. As with FA, the group differ-

ence in MD in the AOS was attributable to the right side,
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Fig. 2 Diffusion tensor imaging analysis of the anterior olfactory

structure (AOS) of healthy controls (HC) and early-stage Parkinson’s

disease (PD) patients. a Tissue volume in cubic millimeters from T2-

weighted images. b Fractional anisotropy (FA). c Mean diffusivity

(MD) for the AOS. Data are mean ± SEM

Fig. 3 Diffusion tensor imaging analysis of the substantia nigra (SN)

of healthy controls (HC) and early-stage Parkinson’s disease (PD)

patients. Data are mean ± SEM
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while no lateralized difference was observed in MD of the

SN. MD measures the average water diffusivity perpen-

dicular and parallel to the axons and provides an estimate

of the structural integrity of the neurons and myelin. MD

increases [27] and elevated a-synuclein deposition [37]

have been observed in PD patients in extra-olfactory

regions, including the striatum, pallidum and thalamus,

with greater MD and a-synuclein deposition seen in the

later stages of PD [27, 37], consistent with more wide-

spread pathology.

Structural changes, as estimated by the volumes of AOS

and SN assessed in T2-weighted images did not differ

between PD patients and HC and no left–right asymmetries

were noted. Changes in AOS morphology in PD patients

have been investigated previously. While some reports

have described reduced volumes of olfactory bulbs and/or

tracts [11, 14], others have not observed differences from

controls [23, 28, 38, 41]. A recent meta-analysis of six

studies related to olfactory bulb volume in PD concluded

that there were significant decreases in volumes of both left

and right olfactory structures, although there was a high

degree of heterogeneity among studies [34]. Some differ-

ences among studies may be related to the use of automated

programs to identify ROIs (e.g., [11, 14]) versus manual

segmentation, and to differences in the stages and/or

lengths of illness. The absence of significant volume

differences in our results may be related to the early stage

of disease in the patients studied and/or to the use of

manual segmentation.

Consistent with our findings, previous studies using DTI

have also observed differences in AOS microstructure

between PD patients and controls, including differences in

FA [47], MD [49], and apparent diffusion coefficient (ADC

[50]), although these studies had not examined lateralized

differences in these parameters. Studies of overall

microstructural changes in the SN have reported varying

results, including no differences between PD and HC [25],

decreased FA [13, 42, 53], and increased FA in a subregion

of the SN on the right side [33]. Meta-analyses related to

the microstructural changes in SN have noted inconsistent

findings across studies and found that net differences in FA

are too small to be clinically useful in discriminating PD

patients from controls [25, 51].

A significant difference between PD and HC was

observed in FA and MD only in the right AOS, Olfactory

deficits have been shown to be asymmetric in schizophre-

nia [22, 46], but not in Alzheimer’s disease or MCI [3].

Whether lateralized olfactory deficits occur in PD is still a

matter of debate. While some studies reported greater left

sided olfactory deficits [57], others have not demonstrated

lateralized differences [18]. Unilateral lesions of the ven-

tral striatum (nucleus accumbens and olfactory tubercule)

Table 2 Diffusion tensor imaging measures for the anterior olfactory structure (AOS) and substantia nigra (SN)

Hemisphere Left dominant impairment Right dominant impairment Main effects and interactions

Left Right Left Right

AOS T2 volume 58.7 (26.8) 67.3 (30.0) 79.6 (33.7) 82.1 (34.3) Group: F(1, 22) = 2.2, p = ns

Hemisphere: F(1, 22) = 2.0, p = ns

Interaction: F(1, 22) = 0.63, p = ns

AOS FA 0.23 (0.13) 0.17 (0.09) 0.17 (0.05) 0.18 (0.07) Group: F(1, 22) = 0.62, p = ns

Hem: F(1, 22) = 1.1, p = ns

Interaction: F(1, 22) = 3.4, p = ns

AOS MD 0.0016 (0.0005) 0.0018 (0.0004) 0.0017 (0.0003) 0.0017 (0.0002) Group: F(1, 22) = 0.01, p = ns

Hem: F(1, 22) = 2.0, p = ns

Interaction: F(1, 22) = 0.8, p = ns

SN T2 volume 95.7 (24.3) 101.1 (32.8) 99.6 (26.3) 101.9 (33.5) Group: F(1, 22) = 0.42, p = ns

Hem: F(1, 22) = 0.88, p = ns

Interaction: F(1, 22) = 1.4, p = ns

SN FA 0.43 (0.06) 0.44 (0.06) 0.48 (0.08) 0.49 (0.06) Group: F(1,22) = 6.3, p < 0.03

Hem: F(1, 22) = 0.37, p = ns

Interaction: F(1, 22) = 0.0, p = ns

SN MD 0.0008 (0.00005) 0.0008 (0.00008) 0.0009 (0.0002) 0.0009 (0.0002) Group: F(1, 22) = 0.87, p = ns

Hem: F(1, 22) = 1.3, p = ns

Interaction: F(1, 22) = 0.32, p = ns

Values are means (SD)

Bold text indicates a significant effect
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in animals lead to contralateral olfactory deficits [54]. In

humans, there is also evidence of a strong link between

poor olfactory function and damage to right hemisphere

structures (e.g., orbitofrontal cortex [56]). Whether later-

alized anatomical changes in the AOS are related to

olfactory deficits at later stages of PD remains to be

determined.

Early in the course of PD, motor signs tend to be unilat-

eral. Evidence that this may reflect asymmetric neu-

ropathology comes from a post mortem study where more

neuronal loss was observed in the SN contralateral to the

affected body side [30]. A more recent examination of early

onset PD patients using DTI found no differences in MD or in

FA of the SN, when sides contralateral and ipsilateral to the

side of initial symptom onset were compared [55]. In the

current study, we found that patients with predominantly

right sided motor signs had greater MD in the SN than those

with predominantly left sided motor impairment; but no

lateralized DTI asymmetries were noted.

Unlike prior studies, we also examined the association

between motor asymmetry and structural and microstruc-

tural changes in olfactory brain regions. However, we

found no differences in DTI measures in the AOS between

the groups of PD patients with predominantly left versus

predominantly right sided motor signs. These negative

findings were seen despite the fact that lateralized

microstructural changes were observed in the AOS when

PD patients were compared to healthy controls. Thus, lat-

eralized microstructural abnormalities were not associated

with lateralized motor changes. Previously, Scherfler et al.

[49] reported no correlations between objective olfactory

testing and motor signs as measured by the UPDRS. Such

findings seem consistent with the lack of differences in

UPSIT scores between our PD subgroups as well as the

absence of any apparent association between lateralized

AOS DTI measures and laterality of motor signs in our

sample of early stage PD patients.

Limitations and conclusions

Strengths of our study include our ability to accurately

identify the AOS and SN on MRI in early-stage PD

patients, our adequate number of participants and similar

ages and sex distributions in each study group, and our

analysis of potential lateralized changes in AOS and SN

microstructure in early PD. Our study has limitations that

should be noted. Using DTI imaging to investigate regions

of the brain other than white matter tracts is challenging as

DTI is best suited for examining the microstructural

integrity of large white matter tracts in which the direction

of relative diffusion can be readily observed. However,

DTI has been successfully applied to studies of grey matter

regions including the SN (e.g. [53]). A recently identified

factor that may have contributed to inconsistencies across

studies is the influence of ‘free water’ on diffusion

parameters. Future studies will attempt to estimate DTI

measures for both free water and cellular water to better

resolve currently conflicting findings related to SN

microstructure in PD [35, 39, 44]. One final limitation was

our use of bilateral olfactory testing and it would be

informative to conduct unilateral olfactory testing in future

studies.

In conclusion, the results of the study confirm previous

findings by our group [47] and others [49, 50] that early-

stage PD is associated with both olfactory functioning

deficits and microstructural changes on DTI of both AOS

and SN. However, the current findings are unique in that

they show that although lateralized differences in

microstructural integrity of AOS may be seen in early PD

relative to healthy individuals, these differences are not

associated with the laterality of motor signs of PD. This

finding potentially reflects the fact that structures in the

AOS are among the first to show deposition of a-synuclein

in PD patients, a process which appears to begin years

before motor symptoms emerge [9, 15]. Thus, although

asymmetries in AOS microstructure seem unrelated to the

laterality of PD motor symptoms both DTI measures of

AOS and impaired olfaction are early features of PD and

further prospective studies using these techniques in sub-

clinical, high-risk populations are required to determine

their utility in identifying prodromal PD.
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