
Edited by  

Yu Zhang, Maria Carmela Tartaglia, Wang Zhan and Edward Ofori

Neuroimaging in 
parkinson’s disease 
and parkinsonism

Published in  

Frontiers in Neurology

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/research-topics/10786/neuroimaging-in-parkinsons-disease-and-parkinsonism
https://www.frontiersin.org/research-topics/10786/neuroimaging-in-parkinsons-disease-and-parkinsonism
https://www.frontiersin.org/research-topics/10786/neuroimaging-in-parkinsons-disease-and-parkinsonism


March 2023

Frontiers in Neurology frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-851-9 
DOI 10.3389/978-2-83251-851-9

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


March 2023

Frontiers in Neurology 2 frontiersin.org

Neuroimaging in parkinson’s 
disease and parkinsonism

Topic editors

Yu Zhang — VA Palo Alto Health Care System, Veterans Health Administration, 

United States Department of Veterans Affairs, United States

Maria Carmela Tartaglia — University of Toronto, Canada

Wang Zhan — University of Maryland, College Park, United States

Edward Ofori — Arizona State University, United States

Citation

Zhang, Y., Tartaglia, M. C., Zhan, W., Ofori, E., eds. (2023). Neuroimaging in 

parkinson’s disease and parkinsonism. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-83251-851-9

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-851-9


March 2023

Frontiers in Neurology frontiersin.org3

06 Editorial: Neuroimaging in Parkinson’s disease and 
Parkinsonism
Yu Zhang, Maria Carmela Tartaglia, Wang Zhan and Edward Ofori

10 Low Pulvinar Intensity in Susceptibility-Weighted Imaging 
May Suggest Cognitive Worsening After Deep Brain 
Stimulation Therapy in Patients With Parkinson’s Disease
Keita Matsuura, Masayuki Maeda, Masayuki Satoh, Ken-ichi Tabei, 
Tomohiro Araki, Maki Umino, Hiroyuki Kajikawa, Naoko Nakamura 
and Hidekazu Tomimoto

18 Blood Flow and Glucose Metabolism Dissociation in the 
Putamen Is Predictive of Levodopa Induced Dyskinesia in 
Parkinson’s Disease Patients
Maram Aljuaid, Samuel Booth, Douglas E. Hobson, Andrew Borys, 
Kelly Williams, Audrey Katako, Lawrence Ryner, Andrew L. Goertzen 
and Ji Hyun Ko

28 Diffusion Kurtosis Imaging for Detection of Early Brain 
Changes in Parkinson’s Disease
Jitian Guan, Xilun Ma, Yiqun Geng, Dan Qi, Yuanyu Shen, 
Zhiwei Shen, Yanzi Chen, Erxi Wu and Renhua Wu

34 Brain MRI Reveals Ascending Atrophy in Parkinson’s Disease 
Across Severity
Jamie C. Blair, Matthew J. Barrett, James Patrie, Joseph L. Flanigan, 
Scott A. Sperling, W. Jeffrey Elias and T. Jason Druzgal

49 Imaging Mild Cognitive Impairment and Dementia in 
Parkinson’s Disease
Sanskriti Sasikumar and Antonio P. Strafella

57 Changed Resting-State Brain Signal in Parkinson’s Patients 
With Mild Depression
Min Wang, Haiyan Liao, Qin Shen, Sainan Cai, Hongchun Zhang, 
Yijuan Xiang, Siyu Liu, Tianyu Wang, Yuheng Zi, Zhenni Mao and 
Changlian Tan

63 Diffusion Kurtosis Imaging of Microstructural Changes in 
Gray Matter Nucleus in Parkinson Disease
Gao Bingbing, Zhou Yujing, Miao Yanwei, Dong Chunbo, 
Wang Weiwei, Tian Shiyun, Liu Yangyingqiu, Shang Jin, 
Song Qingwei, Liu Ailian and Xie Lizhi

70 Dopamine Buffering Capacity Imaging: A Pharmacodynamic 
fMRI Method for Staging Parkinson Disease
Kevin J. Black, Haley K. Acevedo and Jonathan M. Koller

79 Assessing White Matter Pathology in Early-Stage Parkinson 
Disease Using Diffusion MRI: A Systematic Review
Maurizio Bergamino, Elizabeth G. Keeling, Virendra R. Mishra, 
Ashley M. Stokes and Ryan R. Walsh

Table of
contents

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/


March 2023

Frontiers in Neurology 4 frontiersin.org

100 Iron Imaging as a Diagnostic Tool for Parkinson’s Disease: A 
Systematic Review and Meta-Analysis
Nadya Pyatigorskaya, Clara B. Sanz-Morère, Rahul Gaurav, 
Emma Biondetti, Romain Valabregue, Mathieu Santin, 
Lydia Yahia-Cherif and Stéphane Lehéricy

116 PET Tau Imaging and Motor Impairments Differ Between 
Corticobasal Syndrome and Progressive Supranuclear Palsy 
With and Without Alzheimer’s Disease Biomarkers
Anna Vasilevskaya, Foad Taghdiri, Namita Multani, Cassandra Anor, 
Karen Misquitta, Sylvain Houle, Charles Burke, David Tang-Wai, 
Anthony E. Lang, Susan Fox, Elizabeth Slow, Pablo Rusjan and 
Maria C. Tartaglia

130 The Role of Magnetic Resonance Imaging for the Diagnosis 
of Atypical Parkinsonism
Lydia Chougar, Nadya Pyatigorskaya, Bertrand Degos, David Grabli 
and Stéphane Lehéricy

147 Abnormal Spontaneous Brain Activity in Left-Onset Parkinson 
Disease: A Resting-State Functional MRI Study
Kai Li, Wen Su, Min Chen, Chun-Mei Li, Xin-Xin Ma, Rui Wang, 
Bao-Hui Lou, Hong Zhao, Hai-Bo Chen and Chuan-Zhu Yan

155 Modern Brainstem MRI Techniques for the Diagnosis of 
Parkinson’s Disease and Parkinsonisms
Germain Arribarat, Amaury De Barros and Patrice Péran

162 Usefulness of PET With [18F]LBT-999 for the Evaluation of 
Presynaptic Dopaminergic Neuronal Loss in a Clinical 
Environment
Maria-Joao Ribeiro, Johnny Vercouillie, Nicolas Arlicot, 
Clovis Tauber, Valérie Gissot, Karl Mondon, Laurent Barantin, 
Jean-Philippe Cottier, Serge Maia, Jean-Bernard Deloye, 
Patrick Emond and Denis Guilloteau

169 Efficacy of Olfactory and Pareidolia Tests Compared With 
That of Indicative Biomarkers in Diagnosis of Dementia With 
Lewy Bodies
Yuta Inagawa, Hidekazu Kanetaka, Akito Tsugawa, Shu Sakurai, 
Shuntaro Serisawa, Soichiro Shimizu, Hirofumi Sakurai and 
Haruo Hanyu

175 Diffusion Tensor Imaging in Parkinson’s Disease and 
Parkinsonian Syndrome: A Systematic Review
Yu Zhang and Marc A. Burock

200 Corrigendum: Diffusion Tensor Imaging in Parkinson’s 
Disease and Parkinsonian Syndrome: A Systematic Review
Yu Zhang and Marc A. Burock

201 Neuroimaging Advances in Parkinson’s Disease and Atypical 
Parkinsonian Syndromes
Usman Saeed, Anthony E. Lang and Mario Masellis

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/


March 2023

Frontiers in Neurology frontiersin.org5

235 Association of MRI Measures With Disease Severity and 
Progression in Progressive Supranuclear Palsy
Marina Picillo, Filomena Abate, Sara Ponticorvo, 
Maria Francesca Tepedino, Roberto Erro, Daniela Frosini, 
Eleonora Del Prete, Paolo Cecchi, Mirco Cosottini, Roberto Ceravolo, 
Gianfranco Di Salle, Francesco Di Salle, Fabrizio Esposito, 
Maria Teresa Pellecchia, Renzo Manara and Paolo Barone

244 Differentiating Mild Cognitive Impairment, Alzheimer’s 
Disease, and Dementia With Lewy Bodies Using Cingulate 
Island Sign on Perfusion IMP-SPECT
Hidekazu Kanetaka, Soichiro Shimizu, Yuta Inagawa, Daisuke Hirose, 
Naoto Takenoshita, Hirofumi Sakurai and Haruo Hanyu

250 Changes in Prefrontal Cortical Activity During Walking and 
Cognitive Functions Among Patients With Parkinson’s 
Disease
Maud Ranchet, Isabelle Hoang, Maxime Cheminon, 
Romain Derollepot, Hannes Devos, Stephane Perrey, Jacques Luauté, 
Teodor Danaila and Laurence Paire-Ficout

263 Utility of Multi-Modal MRI for Differentiating of Parkinson’s 
Disease and Progressive Supranuclear Palsy Using Machine 
Learning
Aron S. Talai, Jan Sedlacik, Kai Boelmans and Nils D. Forkert

274 Integrating Structural and Functional Interhemispheric Brain 
Connectivity of Gait Freezing in Parkinson’s Disease
Chaoyang Jin, Shouliang Qi, Yueyang Teng, Chen Li, Yudong Yao, 
Xiuhang Ruan and Xinhua Wei

287 A Multimodal Imaging Approach Demonstrates Reduced 
Midbrain Functional Network Connectivity Is Associated With 
Freezing of Gait in Parkinson’s Disease
Amgad Droby, Elisa Pelosin, Martina Putzolu, Giulia Bommarito, 
Roberta Marchese, Luca Mazzella, Laura Avanzino and 
Matilde Inglese

296 Proton Magnetic Resonance Spectroscopy for Diagnosis of 
Non-Motor Symptoms in Parkinson’s Disease
Ji-tian Guan, Xin Zheng, Lingfeng Lai, Shuyi Sun, Yiqun Geng, 
Xiaolei Zhang, Teng Zhou, Huan-ze Wu, Jia-qing Chen, 
Zhong-xian Yang, Xiao-hong zheng, Jia-xu Wang, Wei Chen and 
You-qiao Zhang

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/


TYPE Editorial

PUBLISHED 22 February 2023

DOI 10.3389/fneur.2023.1153682

OPEN ACCESS

EDITED AND REVIEWED BY

Alberto Albanese,

Catholic University of the Sacred Heart, Italy

*CORRESPONDENCE

Yu Zhang

yuzhangucsfedu@gmail.com

SPECIALTY SECTION

This article was submitted to

Movement Disorders,

a section of the journal

Frontiers in Neurology

RECEIVED 29 January 2023

ACCEPTED 08 February 2023

PUBLISHED 22 February 2023

CITATION

Zhang Y, Tartaglia MC, Zhan W and Ofori E

(2023) Editorial: Neuroimaging in Parkinson’s

disease and Parkinsonism.

Front. Neurol. 14:1153682.

doi: 10.3389/fneur.2023.1153682

COPYRIGHT

© 2023 Zhang, Tartaglia, Zhan and Ofori. This is

an open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Editorial: Neuroimaging in
Parkinson’s disease and
Parkinsonism

Yu Zhang1*, Maria Carmela Tartaglia2, Wang Zhan3 and

Edward Ofori4

1War Related Illness and Injury Study Center, VA Palo Alto Health Care System, Palo Alto, CA,

United States, 2Tanz Centre for Research in Neurodegenerative Diseases, University of Toronto, Toronto,

ON, Canada, 3Maryland Neuroimaging Center, University of Maryland, College Park, MD, United States,
4Pathomechanics & Neuroimaging Laboratory, College of Health Solutions, Arizona State University,

Phoenix, AZ, United States

KEYWORDS

Parkinson’s disease, Parkinsonism, neuroimaging, movement disorder, dopamine

Editorial on the Research Topic

Neuroimaging in Parkinson’s disease and Parkinsonism

As new pharmacological and surgical treatments developed, neuroimaging became

one of the most promising biomarkers for diagnosis of Parkinson’s Disease (PD) and

Parkinsonism and monitoring disease progression and treatment. This Research Topic

collected 25 articles (seven reviews, 15 original research articles, two brief research

articles, and one hypothesis theory) that applied neuroimaging in PD and Parkinsonism.

Imaging types included diffusion-MRI, proton-MRI, susceptibility-weighted imaging (SWI),

structural and functional MRI (fMRI), glucose- and tau- positron emission tomography

(PET), single photon emission computed tomography (SPECT), dopamine buffering

capacity imaging, and as well as combinations of these approaches. We classified these

articles into the following categories.

1. Meta-analysis and review articles addressing
neuroimaging advantages in PD and Parkinsonism

These review articles have indicated that neuroimaging techniques are useful markers in

detecting early changes in PD and parkinsonian syndromes. The brainstem and substantia

nigra (SN) have been identified as vulnerable structures in PD and Parkinsonism, and

neuromelanin-sensitive imaging has been shown to detect dorsolateral nigral hyperintensity,

which implies SN neurodegeneration in Parkinsonism. Additionally, cognitive dysfunction

is a significant non-motor feature of PD, and functional and anatomical imaging

characteristics have been identified as potential predictors of cognitive impairment in PD.

However, further research is required to fully understand the underlying mechanisms of

cognitive impairment in PD and to develop more effective diagnostic and treatment options.

In a meta-analysis of 46 SN iron imaging studies in PD, Pyatigorskaya et al. found

a notable size effect in the SN in PD for R2∗ increase (effect size = 0.84), for SWI

measurements (effect size = 1.14), and for quantitative susceptibility mapping (QSM)

increase (effect size = 1.13). Correlations between imaging measurements and motor
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severity were mostly observed for QSM. These studies yielded

consistently increased iron content in PD using R2, SWI, or

QSM techniques, suggesting that these MRI measurements provide

reliable markers of iron deposition in PD. Further, QSM appeared

more robust and reproducible than R2∗ and more suitable to

multicenter samples.

Bergamino et al. reviewed diffusion MRI studies in early-stage

PD, with a focus on recent advances in the diffusion tensor imaging

(DTI) methodology, such as the advantages and disadvantages of

different diffusion MRI techniques, analysis methods, and software

employed. These advanced methods have been shown to detect

diffuse white matter changes in early-stage PD.

Arribarat et al. proposed that the brainstem is the earliest

vulnerable structure in multiple system atrophy (MSA) or

PD. In a brief overview on recent advances in brainstem-

related MRI markers in PD and Parkinsonism, the authors

summarized the ability of brainstem imaging, including iron-

sensitive MRI, nigrosome imaging, neuromelanin-sensitive MRI,

DTI, and advanced diffusion imaging, to discriminate patients with

PD from controls or to discriminate patients with PD from patients

with atypical parkinsonism. A standardizedmultimodal brainstem-

dedicatedMRI approach is promising for detecting early changes in

PD and parkinsonian syndromes.

Based on predominant protein aggregates observed

within the brain, Parkinsonian disorders are categorized as

a-synucleinopathies and tauopathies. Saeed et al. reviewed studies

that use neuroimaging biomarkers, including structural MRI,

diffusion MRI, functional MRI, proton magnetic resonance

spectroscopy, and transcranial B-mode sonography, for measuring

SN and lentiform nucleus echogenicity, as well as SPECT and PET

that are used to improve diagnostic certainty and ensure more

informed diagnostic decisions.

By reviewing multimodal MRI in Parkinsonian syndromes,

Chougar et al. reported the development of several imaging

signs/measurements, some of which have shown individual-

level diagnostic utility. Specifically, neuromelanin-sensitive

imaging detecting dorsolateral nigral hyperintensity implies SNc

neurodegeneration in Parkinsonism; neuromelanin signal loss in

coeruleus is associated with rapid eye movement sleep behavior

disorder (RBD), and is an early sign of PD and MSA. The midbrain

to pons ratio and the MR Parkinsonism Index (MRPI) are robust

clinical biomarkers of progressive supranuclear palsy (PSP), while

abnormalities in the putamen, pons, and cerebellum strongly

support the diagnosis of MSA.

Cognitive dysfunction is a significant non-motor feature of

PD; however, the pathophysiology of cognitive impairment in PD

cannot be explained by dopaminergic loss alone. A review article

by Sasikumar and Strafella identified functional and anatomical

imaging characteristics that predict cognitive impairment in PD,

the limitations that challenge this process, and the avenues of

potential research.

2. Neuroimaging in early diagnosis of
PD

Neuroimaging techniques, such as DTI, diffusion kurtosis

imaging (DKI), and functional near infrared spectroscopy (fNIRS),

have been found to be useful in the early diagnosis and tracking

of PD. The use of DTI and DKI in particular has shown

promise in identifying changes in the brain’s microstructure,

which may aid in diagnosing early-stage PD. Additionally, the

use of fNIRS has been found to be useful in assessing changes

in cortical activity during tasks such as walking, which may be

indicative of compensation for executive deficits in patients with

PD. Furthermore, the new assessment of dopamine transporter

(DAT) using [18F]LBT-999 and short PET acquisition can be

an alternative to assess dopaminergic presynaptic injury in PD

using a single 10min acquisition. These findings suggest that

neuroimaging may be an important tool in the early diagnosis

of PD.

Zhang and Burock reviewed DTI analyses of PD, focusing

on the utility of DTI as a marker of diagnosing early PD,

correlating motor symptoms, tracking disease progression, and

treatment effects. This review article highlighted a complex

pattern of fractional anisotropic (FA) changes in the first few

years of PD, in which, FA shows compensatory responses

to motor deficits in some motor areas, and these increased

anisotropic findings can be observed in young-onset and early-

stage PD.

Guan J. et al. evaluated mean kurtosis (MK) values in the

bilateral red nucleus and SN using DKI in 26 (14 early-stage

and 12 advanced-stage) patients with PD and 15 healthy controls.

The authors found that MK values in the bilateral SN were

significantly lower in all patients than in controls. Advanced-stage

PD had a lower MK in the left SN than that of early-stage PD.

While no significant differences in FA or mean diffusivity (MD)

were detected between groups, the findings suggested that DKI

measurements of the SN may aid the diagnoses of early PD and

PD stages.

Bbingbing et al. also examined DKI and DTI in the basal

ganglia nuclei and found that MD in the globus pallidus

provides the largest area under the Receiver Operating

Characteristic curve for distinguishing PD from healthy

controls. Furthermore, all DKI parameters correlated to

the Mini-Mental State Examination, and these can be a

useful indicator of microstructures in extrapyramidal nuclei

in PD.

Similar to the imaging of functional activity using task-based

fMRI, Ranchet et al. measured cortical activity in the dorsolateral

prefrontal cortex (DLPFC) by analyzing oxy-hemoglobin (1HbO2)

and deoxy-hemoglobin (1HbR) using a functional near infrared

spectroscopy (fNIRS) device, to asses DLPFC activation during

usual walking and dual-task walking conditions in patients with

PD. The authors suggested that the increased DLPFC activity in

patients during usual walking suggests a potential compensation for

executive deficits.

Ribeiro et al. proposed a novel assessment of DAT using

[18F]LBT-999 and a short PET acquisition. The authors reported

that the striatal uptake of DAT was lower than in controls, which

was confirmed by binding potential, distribution volume ratios, and

ratios calculated for both the striatal nuclei and SN, which were

significantly lower in patients with PD compared with controls. The

study demonstrated that [18F]LBT-999 PET could be an alternative

to assess dopaminergic presynaptic injury in PD using a single 10

min acquisition.
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3. Neuroimaging in monitoring PD
progression and treatment-induced
syndromes

Neuroimaging has played a vital role in understanding

the progression and treatment-induced syndromes of PD.

Studies have shown that MRI-based gray matter density

can detect an organized pattern of atrophy across disease

progression and that a novel pharmacological fMRI (phMRI)

method can objectively quantify disease severity in PD.

Additionally, pulvinar thalamic hypointensity and the

putamen-to-thalamus Hyper-Perfusion/Hypo-Metabolism

Index (PHI) have been proposed as potential biomarkers

for cognitive worsening and Levodopa-induced dyskinesia

(LID), respectively.

Blair et al. retrospectively used MRI-based gray matter

density in regions of interest (ROIs) in PD studies of 228

patients with early PD, 136 patients with advanced PD, and

103 control subjects to assess the caudal-rostral pattern of

the progression of Lewy body pathology in PD. The study

found that patients with advanced PD had a lower gray

matter density in the basal forebrain, amygdala, and entorhinal

cortex than patients with early PD and controls. Across

all patients with PD, the gray matter density in nearly all

subcortical regions significantly decreased with disease duration.

These findings suggest an organized pattern of atrophy across

disease progression.

Black et al. proposed a novel phMRI method for objectively

quantifying disease severity in PD. Specifically, the authors

proposed a method to measure the effect site rate constant

and the predicted time using phMRI, based on the timing

of the known response of several brain regions to exogenous

levodopa. This new method will enable measurement

of the severity of dopamine denervation objectively and

will simultaneously provide a robust imaging response to

exogenous levodopa.

Matsuura et al. examined pulvinar thalamic hypointensity

in 21 patients with PD who underwent deep brain stimulation

(DBS) at baseline and 1 year after using SWI. Pulvinar

hypointensity was identified in 11 of the 21 patients at

baseline. One year after DBS, pulvinar hypointensity was

found in five of the six patients who had worsened cognitive

performance, and in all six patients who had hallucinations.

These findings, i.e., pulvinar hypointensity in patients after DBS,

are helpful for detecting cognitive worsening and the emergence

of hallucinations.

Patients with PD and LID often present increased cerebral

blood flow and decreased putaminal metabolism. Aljuaid

et al. studied the effects of anti-parkinsonian medications

in 10 patients with PD (5 with LID and 5 without LID),

using FDG-PET and perfusion MRI in their ON and OFF

states. The study found a significant interactive effect in

putamen, in which glucose metabolism was consistently

decreased by anti-parkinsonian medication, while mixed

effects were observed in CBF perfusion. Furthermore, the

putamen-to-thalamus PHI may be a potential biomarker

for LID.

4. Neuroimaging in PD-associated
motor and non-motor symptoms

Neuroimaging studies have provided new insights

into the distinct characteristics of brain activity, midbrain

atrophy, dysconnectivity, and metabolic alterations associated

with PD. These studies have highlighted the potential of

neuroimaging in detecting PD-associated motor and non-motor

symptoms such as freezing of gait (FOG), depression, and

cognitive dysfunction.

Li et al. evaluated motor asymmetry in PD using amplitude

of low-frequency fluctuation (ALFF), assessed with resting

state fMRI (rs-fMRI). The study found altered ALFF in

patients with left-onset PD (LPD) compared with a control

group. ALFF of the left inferior temporal gyrus correlated

with motor function, and ALFF of the thalamus correlated

with cognition. These findings provide new insights into

the distinct characteristics of spontaneous brain activity

in LPD.

Using multi-modal analyses with voxel-based

morphometry and functional connectivity (FC), Droby et

al. reported midbrain atrophy in patients with PD and

FOG compared with those without FOG. Furthermore,

decreased midbrain-cortical FC was found to be associated

with FOG occurrence and the severity scores of patients

with PD.

To reveal the dysconnectivity mechanism underlying PD

with and without freezing of gait, Jin et al. analyzed structural

and functional connectivity using FA and MD measurements

from DTI and voxel-mirrored homotopic connectivity (VMHC),

calculated from rs-fMRI images of 24 patients with PD and

FOG+, 37 patients with PD and FOG–, and 24 healthy controls.

Patients with PD and FOG+ had impaired interhemispheric

brain connectivity, measured by FA, MD, and VMHC, which

was related to clinical FOG severity. These results demonstrate

that integrating structural and functional MRI analyses can

provide information on the pathophysiological mechanisms of

FOG in PD.

Wang et al. studied brain blood-oxygen-level-dependent

(BOLD) activities using Regional Homogeneity (ReHo),

calculated from rs-fMRI. The authors reported that mildly-

moderately depressed PD had a lower ReHo in the anterior

cingulate cortex than that for non-depressed PD. Severely

depressed PD had a higher ReHo in the frontal area than

that for mildly-moderately depressed PD. Severely depressed

PD had a higher ReHo in the supplementary motor area

than that for non-depressed PD. ReHo measurement

may provide evidence for the prediction of PD with

subclinical depression.

Guan J-t. et al. used 1H-MRS to investigate the alteration

of metabolites in patients with PD at different stages of

the disease. The results revealed that altered metabolites

are associated with non-motor symptoms, including

sleep and gastrointestinal and cognitive dysfunction in

patients with PD at late stages, suggesting that these

metabolic markers may be able to track disease progression

in PD.
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5. Neuroimaging in di�erentiating
among atypical Parkinsonism

Atypical Parkinsonism shares typical motor symptoms

with sporadic PD, and misdiagnosis is frequent. Measuring

neuromelanin-sensitive signals as well as structural indices of the

brainstem, cerebellum, midbrain, and basal ganglia nuclei help

differentiate corticobasal syndrome (CBS), PSP, and MSA from

PD. Tau-PET and DAT imaging have shown strong effects in

differentiating dementia with Lewy bodies (DLB) from Alzheimer’s

disease (AD).

Picillo et al. performed midbrain-based MRI morphometric

assessments in 67 patients with PSP. The study reported that

reduced midbrain size is significantly associated with greater ocular

motor dysfunction at baseline MRI as well as more rapid disease

progression upon follow up.

Vasilevskaya et al. compared parkinsonian syndromes

(CBS/PSP) without AD biomarkers (CBS/PSP-non-AD, n = 17)

to parkinsonian syndromes with AD biomarkers (CBS/PSP-AD,

n = 7), using MRI and PET imaging with a tau ligand [18F]-

AV1451 tracer. The AD biomarker–positive group had increased

Tau-uptake and lower volumes in AD-specific areas. These results

suggested that CBS and PSP syndromes are strongly affected by the

presence of AD biomarkers.

Talai et al. compared the accuracy of using multi-modal

MRI datasets for automatic differentiation of patients with

PD, patients with progressive supranuclear palsy Richardson’s

syndrome (PSP-RS), and healthy controls. Machine learning

models showed that regional DTI metrics performed excellently,

with a 95.1% classifying accuracy, similar to the optimal multi-

modal machine learning model. These uni-modal DTI and

multi-modal (morphometric T1WI, iron-sensitive T2WI, and

DTI) datasets may provide useful markers in differentiating PD

and PSP-RS.

The cingulate island sign (CIS), which is a preserved pattern

in the posterior cingulate gyrus on FDG-PET, is an important sign

to distinguish DLB from AD. Kanetaka et al. studied CIS using

IMP-SPECT in patients with mild cognitive impairment (MCI),

AD, or DLB. The CIS score in the AD group was significantly

higher than that in the DLB or MCI groups. The results suggest

that the diagnostic power of IMP-SPECT is not inferior to that of

ECD-SPECT in differentiating DLB from AD.

Inagawa et al. investigated the efficacy of olfactory

and hallucination tests in differentiating AD from DLB,

in comparison with the known biomarkers for DLB,

including DAT-SPECT and meta-iodobenzylguanidine

(MIBG) in myocardial scintigraphy. Their results suggest

that the hallucination and olfactory tests may be considered

before resorting to nuclear neuroimaging in the diagnosis

of DLB.

In conclusion, this Research Topic provided articles on

well-established and emerging neuroimaging biomarkers to

improve diagnostic certainty and to ensure more precise

treatment strategies. A remarkable advantage is the integrative

multimodal neuroimaging approach, which proved superior

to single modality-based methods. We hope that readers will

find this Research Topic a useful reference for state-of-the-art

neuroimaging developments and applications in Parkinson’s

Disease and Parkinsonism.
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Purpose: Deep brain stimulation (DBS) is an established therapy for Parkinson’s disease

(PD). However, deteriorating cognitive function after DBS is a considerable problem for

affected patients. This study was undertaken to assess whether pulvinar findings in

susceptibility-weighted imaging (SWI) can suggest cognitive worsening.

Methods: We examined 21 patients with PD who underwent DBS along with SWI and

neuromelanin-sensitive MR imaging (NMI). We further assessed pulvinar hypointensity

based on the SWI findings and also the area of the substantia nigra (SN) pars compacta

in NMI. We then examined associations among cognitive changes, pulvinar hypointensity,

and SN area. The cognitive function of the patient immediately before surgery was

compared with function at 1 year postoperatively.

Results: Pulvinar hypointensity in SWI was found in 11 of 21 patients with PD at

baseline. One year postoperatively, six of the 21 patients demonstrated a Mini-Mental

State Examination score that was ≥3 points lower than the baseline score. We observed

pulvinar hypointensity in SWI before DBS surgery in five of these six patients (p = 0.072).

During the first postoperative year, six of 21 patients reported both transient or permanent

hallucinations; we observed pulvinar hypointensity in these six patients, while 10 patients

without pulvinar hypointensity had no hallucinations.

Conclusion: Pulvinar hypointensity in SWI in patients with PD may provide information

that is useful for suggesting cognitive deterioration after DBS treatment.

Keywords: pulvinar nuclei, susceptibility-weighted imaging, diffusion-weighted imaging, Parkinson’s disease,

deep brain stimulation, cognitive function

INTRODUCTION

Deep brain stimulation (DBS) is an established therapy for Parkinson’s disease (PD) (1). However,
patients who undergo DBS may experience side effects such as headaches, seizures, recall difficulty,
and postoperative deterioration of cognitive function (2). Frontal 18-fluorodeoxyglucose positron
emission tomography (PET) activity is reportedly related to cognitive outcome after DBS of the
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subthalamic nucleus (STN) in patients with advanced PD disease
(3). In daily practice, however, it is difficult to use PET scans.

Recently, hypointensity of the pulvinar nucleus on fluid-
attenuated inversion recovery (FLAIR) images has been found in
patients with Alzheimer’s disease; this is suspected to represent
abnormal iron accumulation (4). We have shown that a low
signal from the pulvinar nucleus on diffusion-weighted imaging
(DWI) is associated with hallucinations in dementia patients
(5). Furthermore, some reports have indicated a relationship
between pulvinar change and Lewy body dementia (DLB) (6–
8). In particular, Erskine et al. reported that α-synuclein was
present throughout the pulvinar in DLB (6). Notably, α-synuclein
can bind Fe(II) and Fe(III) (9–12), and susceptibility-weighted
imaging (SWI) exploits the tissues’ magnetic properties, such
as blood or iron content (13). Hence, we hypothesized that
hypointensity of the pulvinar nucleus in SWI will suggest
cognitive worsening after DBS during prodromal cognitive
impairment in patients with PD because it may represent α-
synuclein pathology.

Furthermore, neuromelanin-sensitive MR imaging (NMI) is a
useful tool for the diagnosis and follow-up of patients with PD
(14–19). Hatano et al. reported that patients with PD with motor
complications (MC) had markedly smaller substantia nigra (SN)
pars compacta areas in NMI compared with patients with PD
without MC (20). Several papers have reported a correlation
between motor symptom severity and NMI signal changes in
patients with PD (16–19). However, there have been no reports of
correlations between cognitive function and NMI signal changes
in patients with PD. In this study, we aimed to evaluate the
relationships between cognitive worsening in patients with PD
after DBS, the hypointensity of the pulvinar nucleus in SWI, and
the SN area in NMI.

MATERIALS AND METHODS

This study was conducted retrospectively. Inclusion criteria were
as follows: patients with PD who fulfilled the United Kingdom
Brain Bank criteria (21) and underwent DBS therapy at our
institution between November 2010 and April 2016. Twenty-one
patients (16 women, five men; mean age: 62.1 years) matched
these criteria. This study was approved by the Institutional
Review Boards of our institutions, and informed consent was
provided by all patients before enrollment in the study.

All patients underwent MRI at a 3T MRI unit (Verio; Siemens
AG, Erlangen, Germany) with a 32-channel head coil. MR
sequences consisted of SWI, DWI, three-dimensional (3D)-
FLAIR, NMI, and 3D-T1-weighted imaging. The SWI parameters
were as follows: repetition time (TR), 25ms; echo time (TE),
20ms; flip angle, 16◦; field of view (FOV), 210mm; matrix
size, 510 × 512; section thickness, 1.2mm; acquisition time,
3min 42 s. The DWI parameters were as follows: TR, 5,900ms;
TE, 85ms; FOV, 230 × 230mm; matrix size, 114 × 114;
slice thickness, 3.0mm; acquisition time, 1min 17 s. The 3D-
FLAIR parameters were as follows: TR, 10,000ms; TE, 617ms;
flip angle, T2 var; FOV, 267 × 267mm; matrix size, 256 ×

256; slice thickness, 1.1mm; acquisition time, 6min 20 s. The

pulse sequence used for NMI was a T1-weighted fast spin-echo
technique; TR, 550ms; TE, 11ms; echo train length, 4; FOV,
200mm; matrix size, 448× 311 (pixel size: 0.45× 0.64mm); slice
thickness, 2.5mm (gapless, 6-averaged, 12 slices); acquisition
time, 9min (14, 16, 18). For voxel-based morphometry (VBM),
the parameters used for 3D-T1-weighted imaging were as follows:
TR, shortest; TE, 15ms; flip angle, 90◦; FOV, 230 × 230mm;
matrix size, 256 × 256; slice thickness, 1.1mm; acquisition time,
6min 20 s.

All patients underwent bilateral electrode placement for
STN (17 patients) or pallidal (four patients) DBS. Electrodes
(Medtronic DBS lead models 3389 and 3387, Medtronic,
Minneapolis, MN, USA; and the Vercise R© DBS lead,
Boston Scientific, Natick, MA, USA) were implanted under
local anesthesia using a Leksell stereotactic frame (Elekta
Instruments AB, Stockholm, Sweden) and anatomical (MRI and
computed tomography) and physiological targeting. Based on
microelectrode recordings, electrodes were considered correctly
located in the target region. Impulse generators (Activa SC/RC,
Medtronic; Vercise R© system, Boston Scientific) were implanted
and connected during a second surgical procedure on the
same day.

The levodopa equivalent daily dose (LEDD) for each patient
was calculated as follows: 100mg L-dopa/decarboxylase inhibitor
= 1mg pramipexole = 5mg ropinirole = 3.3 mg/day rotigotine
= 4mg cabergoline = 70mg L-dopa/decarboxylase inhibitor
with entacapone (22–24).

By performing SWI, FLAIR, and DWI at the level of 2mm
above the anterior to posterior commissure (AC–PC) line, signal
intensities for the pulvinar nucleus were evaluated for normal
intensity or hypointensity by two reviewers in a blinded manner
(Figure 1). The SN area was measured at the section through the
inferior edge of the inferior colliculus using ImageJ (National
Institutes of Health, Bethesda, MD, USA). Briefly, image files
containing neuromelanin-related contrast (NRC) at the section
through the inferior edge of the inferior colliculus were imported
to ImageJ, converted into 8-bit files, and smoothed. Next, the SN
threshold was adjusted to a level that eliminated noise contrast,
leaving NRC in the SN and additional contrast in two small areas
lateral to the aqueduct. The areas filled with white were originally
shown in red on the computer color display. The number of
pixels in each area was calculated automatically (16, 18, 19).

FIGURE 1 | Pulvinar hypointensity MRI of a 61-year-old man in DWI (A), FLAIR

(B), and SWI (C).
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We also performed N-isopropyl-p-[123I]-iodoamphetamine
([123I]-IMP) single-photon emission computerized tomography
(SPECT) scans for all patients. All subjects were injected with
167 MBq of [123I]-IMP while in a supine resting state with
their eyes closed. After 5min, brain SPECT scanning was
performed for 25–30min using an E.CAM system, an LMEGP
collimator, and a GMS-5000 WorkStation (Toshiba, Tokyo,
Japan). Axial images were obtained by filtered back-projection
methods. Cerebral blood flow (CBF) wasmeasured by Graph Plot
Analysis (25).

MRI data for VBM were analyzed using SPM12 (Wellcome
Institute of Neurology, University College London, London,
UK) running on MATLAB R2012a (MathWorks, Natick,
MA, USA). In the pre-processing phase, images were set to
match the AC-PC line using an automated MATLAB script.
The images were then visually inspected to detect possible
scan issues such as field distortion and movement artifacts.
Reoriented images were corrected for intensity inhomogeneity
and segmented into gray matter (GM), white matter (WM),
cerebrospinal fluid, and other tissues outside of the brain by
SPM12 tissue probability maps. The images were registered
with the East Asian Brains International Consortium for
Brain Mapping space template through affine regularization.
We created a population-specific template using the SPM12
DARTEL template procedure to compare groups directly, with or
without pulvinar hypointensity in SWI, cognitive worsening, and

TABLE 1 | Patient profile.

Pre-operation After 1 year

Age 62.1 ± 8.6

Sex (M:F) 5:16

Disease duration (years) 11.3 ± 6.3

DBS target STN17 GPi4

Hoehn-Yahr stage (on state) 2.4 ± 0.8 2.1 ± 0.9*

Hoehn-Yahr stage (off state) 3.7 ± 0.8 2.7 ± 0.8**

UPDRS Part I 3.0 ± 2.6 0.95 ± 1.28**

UPDRS Part II 9.5 ± 6.2 8.0 ± 5.9

UPDRS Part III 18.3 ± 12.3 11.4 ± 8.5**

UPDRS Part IV 7.4 ± 2.9 3.3 ± 2.7**

LEDD (mg) 694 ± 294 427 ± 219**

L-Dopa (mg) 376 ± 161 208 ± 121**

DA (use rate; %) 86% 81%

Entacapone (use rate; %) 71% 52%

Selegiline (use rate; %) 24% 24%

Zonisamide (use rate; %) 33% 38%

MMSE 26.24 ± 3.38 25.86 ± 5.14

FAB 13.76 ± 3.08 14.75 ± 2.40

TMT-A (s) 200 ± 149 153 ± 81

CES-D 16.4 ± 13.0 13.2 ± 13.3

*p < 0.05, **p < 0.01. DBS, deep brain stimulation; STN, subthalamic nucleus; GPi,

internal segment of globus pallidus; UPDRS, the Unified Parkinson’s disease rating scale;

LEDD, levodopa equivalent daily dose; DA, dopamine agonist; MMSE, Mini-Mental State

Examination; FAB, Frontal Assessment Battery; TMT, Trail Making Test; CES-D, the Center

for Epidemiologic Studies Depression Scale.

hallucination; thus, we investigated whole-brain GM differences
between groups. GM and WM segments were inputted into
high-dimensional DARTEL to create non-linear, modulated-
normalized, GM images that were smoothed using a Gaussian
kernel of 8mm full width at half maximum. No participants were
excluded from analysis after these steps.

For the region of interest of pulvinar nucleus analyses, we
assessed the statistical significance at a voxel threshold of p <

0.005 (uncorrected); contiguous clusters of at least 10 voxels were
reported. We obtained both Montreal Neurological Institute
(MNI) and Talairach coordinates to detect the anatomical regions
of the clusters. We used a transformation from Matthew Brett
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach)
to convert MNI coordinates to Talairach coordinates, and
Talairach Client 2.4.3 was used to identify the anatomical
regions corresponding to Talairach coordinates (26). We
performed assessments including the Unified Parkinson’s
Disease Rating Scale (UPDRS), LEDD, Mini-Mental State
Examination (MMSE), Frontal Assessment Battery (FAB), the
Trail Making Test (TMT), and the Center for Epidemiologic
Studies Depression Scale (CES-D) for all patients before DBS
(i.e., baseline) and at 1 year postoperatively (27–31). We also
checked for the presence or absence of hallucinations based on
medical records.

All statistical analyses were performed using SPSS software
(version 23, IBM Corp., Armonk, NY, USA). To compare the
Hoehn-Yahr stage, UPDRS, use of dopamine agonist, entacapone,
selegiline and zonisamide, MMSE, FAB, and CES-D between
baseline and 1 year postoperatively, we used Wilcoxon signed-
rank tests. To compare the LEDD, L-dopa dosage, and TMT-
A between baseline and 1 year postoperatively, we used paired
t-tests. To compare the MMSE score change, MMSE score
at baseline, and Hoehn-Yahr stage between the groups with
a worsened and with a stationary or better MMSE score, we
used Mann–Whitney’s U-test. To compare age, disease duration,
and LEDD between the groups with a worsened and with a
stationary or better MMSE score, we used unpaired t-tests. To
compare the change in TMT-A and FAB scores between the
groups with pulvinar isointensity and pulvinar hypointensity in
SWI, we used Mann-Whitney’s U-test. Fisher’s exact test was
used to analyze pulvinar hypointensity or isointensity in the
SWI, DWI, and FLAIR groups and to compare between groups
with SN areas ≥12 and <12 for changes in MMSE scores.
Correlations between changes in the MMSE score and SN area,
as well as between UPDRS and SN area, were analyzed using
Spearman’s rank correlation coefficient. We used a Student’s t-
test to compare CBF between groups. An α level of 0.05 was
considered statistically significant.

RESULTS

At the time of the DBS operation, the patients’ average age
(mean ± standard deviation) was 62.1 ± 8.6 years. Immediately
after DBS, the average motor performance (Hoehn-Yahr
stage, UPDRS) significantly improved, and LEDD and L-dopa
dosage significantly decreased (Table 1). Cognitive performance
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TABLE 2 | Relationship between cognitive function and pulvinar hypointensity in SWI.

MMSE score 1 year after

DBS operation

MMSE score worsened over

3 points from baseline

Hallucination occurred

during follow-up period

Pulvinar in SWI Normal Under 24 Stationary or

better

Worsened Nothing Occurred

Hypointensity 5 6 6 5 5 6

Isointensity 10 0 9 1 10 0

p = 0.0057 p = 0.072 p = 0.0057

(MMSE, FAB, and TMT-A) and the depression scale remained
unchanged (Table 1). One year postoperatively, the average
Hoehn-Yahr stages in on and off states, respectively, improved
compared with baseline (p = 0.031 and p < 0.001, respectively)
(Table 1). All patients had no hallucinations at the baseline.

In this series, pulvinar hypointensity, as assessed by visual
inspection by performing SWI, DWI, and FLAIR, was present
in 11, 9, and 7 patients, respectively (Figure 1). One year
postoperatively, six of 21 patients had MMSE scores < 24.
Four of these six cases showed a reduction of ≥3 points in the
MMSE score from baseline, and five of the six cases experienced
transient or permanent hallucinations. The type of hallucination
was both visual and auditory in three cases and only visual in
three cases. We observed pulvinar hypointensity in SWI in all
six patients (Table 2, p = 0.0057). Six of 21 patients showed
a reduction of ≥3 points in the MMSE score from baseline;
five of these six patients showed pulvinar hypointensity in SWI
(Table 2, p = 0.072). During the observation period, six of 21
patients reported both transient and permanent hallucinations;
all six patients showed hypointensity in SWI. In contrast, 10
patients without pulvinar nucleus hypointensity in SWI reported
no hallucinations (Table 2, p = 0.0057). We compared age,
disease duration, LEDD, and MMSE score at baseline between
the groups with a worsened and with a stationary or better
MMSE score 1 year postoperatively. A difference was observed
between age at the operation and pulvinar hypointensity in SWI
(p = 0.100 and 0.072, respectively; Table 3). Nine cases showed
pulvinar hypointensity in DWI and no association with the
MMSE score, deterioration of cognitive function, or occurrence
of hallucinations 1 year postoperatively (p = 0.48, 0.93, and
0.79, respectively). Seven cases showed pulvinar hypointensity by
FLAIR and no association with the MMSE score, deterioration
of cognitive function, or occurrence of hallucinations 1 year
postoperatively (p = 0.15, 0.66, and 0.30, respectively). No
significant differences were observed in the change in TMT
A time between the groups with pulvinar isointensity (−42.8
± 41.3) and hypointensity (2.2 ± 114.7, p = 0.0642) in SWI.
There was no significant difference in the change in FAB score
between the groups with pulvinar isointensity (0.3 ± 1.8) and
hypointensity (1.1± 3.1, p= 0.133) in SWI (Figure 2). The group
with pulvinar hypointensity in SWI was divided into two. One
was a group with anMMSE score reduction of≥3 points, and the
other was a group with an MMSE score reduction of <3 points.
Age, disease duration, LEDD, and severity (Hoehn-Yahr stage)

TABLE 3 | Comparison between the worsened and stationary or better MMSE

score groups.

MMSE score worsened over 3

points from baseline

Worsened (6 cases) Stationary or better

(15 cases)

p-value

MMSE score

pre-operation

26.3 ± 2.4 26.2 ± 3.8 0.937

Change in

MMSE score

−6.0 ± 3.9 1.9 ± 2.3 0.00110

Age (years) 67.0 ± 6.5 60.1 ± 8.8 0.100

Disease duration

(years)

10.3 ± 6.3 11.7 ± 6.7 0.666

LEDD (mg) 631 ± 410 719 ± 258 0.559

Hoehn-Yahr stage

(On/Off)

3.0 ± 0.6/3.7 ± 0.8 2.2 ± 0.8/3.7 ± 0.9 0.075/0.577

Pulvinar

hypointensity

in SWI

83% (5/6) 40% (6/15) 0.072

MMSE, Mini-Mental State Examination; LEDD, levodopa equivalent daily dose; SWI,

susceptibility-weighted imaging.

at the baseline were not significantly different between the two
groups. The intraclass correlation coefficient of visual inspection
of the iso- or hypointensity of the pulvinar nucleus in SWI was
0.931, indicating excellent correlation.

No correlation was found between the SN area calculated
by NMI and the MMSE score change (rs = −0.22, p = 0.32)
(Figure 3A). However, in the group with ≥12 pixels of the SN
area (13 patients), only one patient showed an MMSE score
reduction of 3 points between baseline and 1 year postoperatively
(p= 0.0046) (Table 4). Moreover, the SN area in 21 patients with
PD by NMI was correlated with UPDRS parts II and III, when
assessed in the on state 1 year postoperatively (rs = −0.46 and
−0.48, p= 0.042 and 0.031) (Figure 3B).

In the baseline SPECT evaluation, the average occipital
CBF in the group with hallucinations (30.66 ± 3.27 ml/100
g/min) was significantly lower than that of the group without
hallucinations (38.90 ± 6.30 ml/100 g/min, p = 0.0036). In
the VBM analysis, the volume of the left pulvinar nucleus with
isointensity in SWI was greater than that of the pulvinar nucleus
with hypointensity in SWI (Figure 4). On the other hand, there
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FIGURE 2 | Change in TMT-A (A) and FAB (B) before DBS therapy and 1 year

after DBS therapy. The white circle represents the average.

was no difference between these two groups in other areas,
including the caudate nucleus, periventricular white matter area,
and centrum semiovale white matter area.

DISCUSSION

In the present study, we found that pulvinar hypointensity in
SWI helps suggest cognitive worsening and the emergence of
hallucinations. The SN area seen on NMI suggests the score of
UPDRS part II and III 1 year after DBS surgery. In general,
the cognitive impairment of patients with PD is strongly related
to their quality of life (32). Therefore, patients with PD need
to avoid deterioration of cognitive function and hallucinations
induced by DBS surgery. STN-DBS therapy is beneficial for some
elderly patients with PD aged ≥70 years; however, their clinical
benefits are inferior to those of younger patients (33). Indeed,
elderly patients with PD aged ≥70 years are frequently excluded
from DBS therapy worldwide (34, 35). This study also suggested
MMSE deterioration with age.

The present study suggested a correlation between pulvinar
hypointensity in SWI and MMSE score change after DBS.
Recently, it was reported that the pulvinar nucleus is involved in
visual attention and modulation of behavioral responses through
indirect cortico-cortical connections (36). A neuroimaging study
demonstrated modulation of responses in the pulvinar nucleus
with the usage of selective attention tasks that direct attention
to a particular spatial location, shift attention across the visual
fields, or exclude unwanted information (36). We previously
reported a correlation between pulvinar hypointensity in DWI
and hallucination in dementia patients (5), which is probably due
to functional changes in lateral and inferior pulvinar subnuclei
related to their strong connections with the visual cortex (36,
37). Moon et al. reported that the pulvinar nucleus exhibited a
low signal on FLAIR images in Alzheimer’s disease, describing

FIGURE 3 | No significant correlation was found between SN area and MMSE

score change (A), and a moderate correlation was found between SN area

and UPDRS score 1 year postoperatively (B).

potential iron accumulation on T2-weighted images (4). Based
on these reports, pulvinar hypointensity in SWI may reflect
iron deposition in the pulvinar nucleus. However, we did not
observe significant correlations between pulvinar hypointensity
on DWI or FLAIR and the MMSE score. Pulvinar hypointensity
was detected by FLAIR, DWI, and SWI in 7, 9, and 11 cases,
respectively. One possible explanation of the lack of correlation
with MMSE score in DWI and FLAIR is that the detectability
for pulvinar hypointensity was lower in these methods than in
SWI. In this regard, further studies including a larger number
of cases will be needed. There was no significant difference in
age, disease duration, LEDD, and severity between the worsened-
cognition group and the stationary or better group. We do not
know why these differences occur, and further investigations
are needed.

Recently, a relationship was reported between changes in the
pulvinar nucleus and the presence of DLB, supported by MRI
and pathological findings (8, 9). Accumulation of α-synuclein
in the pulvinar nucleus has been demonstrated in pathological
analysis of DLB patients (8). Furthermore, cultured neurons
over-expressing α-synuclein exhibited iron accumulation when
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TABLE 4 | Relationship between cognitive function and the SN area in NMI.

SN area (pixels) MMSE score

Stationary or better Worsened

≥12 12 1

<12 4 4

p = 0.0018

FIGURE 4 | VBM analysis showing the difference between groups with and

without pulvinar hypointensity in SWI. Left pulvinar volumes of the group with

pulvinar hypointensity in SWI were smaller than those of the group without

pulvinar hypointensity in SWI.

exposed to excess iron (38). Based on these findings, the low
signal in SWI may reflect the spread of α-synuclein, leading
to cognitive impairment and hallucination. In prior findings
and the present results, pulvinar hypointensity in SWI may
be compatible with stages 5 and 6 of the Braak hypothesis of
Lewy body pathology in patients with PD (39). The smaller
left pulvinar nucleus in the group with pulvinar hypointensity
observed during VBM analysis may reflect the change in pulvinar
nuclei and support this hypothesis (Figure 4). Moreover, Watson
et al. reported that the region of the left pulvinar and ventral
lateral nucleus was associated with impaired attentional function
in DLB (7). In a comparison between pulvinar hypointensity and
isointensity in SWI, the TMT A of isointensity group showed
improvement after surgery, whereas no change was observed in
the hypointensity group. The result of TMT-A did not reach a
significant level because of an outlier in the hypointensity group,
which showed remarkable improvement (Figure 2). Therefore,
TMT-A might improve after surgery in the pulvinar isointensity
group and worsen in the hypointensity group. The fact that
there was atrophy of the left pulvinar nuclei of the hypointensity
group in the significant hemisphere is congruent with the fact
that pulvinar nuclei are related to visual attention (36, 37).
It was suggested that, because of visual attention deficit, the
result of TMT-A in the hypointensity group tended to worsen

after surgery. Regarding the result of FAB, there was also no
difference between the pulvinar isointensity and hypointensity
groups. Though FAB is regarded as one of the tests for frontal
function, it includes various tasks such as similarities, motor
series, and Go–No Go, not necessarily just attention (29). It can
reasonably be concluded that diversity of FAB can occur with no
tendency in the hypointensity group.

Conversely, there was no direct association between the
SN area in NMI and the MMSE score, and only one patient
showed considerable deterioration (≥12 pixels). Moreover, 1 year
postoperatively, there was a correlation between the SN area in
NMI and UPDRS parts II and III. Thus, a larger SN area in
NMI indicated possible motor function improvement. Cognitive
function is suggested not to worsen when the SN area maintains
a specific level of positive pixels. However, a direct association
between the SN area and cognitive function remains unclear.
Therefore, this should be examined in a prospective study with
a larger number of patients.

The present study had several limitations. First, pulvinar
hypointensity was assessed based on visual inspection. Future
studies should confirm and extend our findings using a
quantitative method, such as quantitative susceptibility mapping
(QSM). We are currently conducting the study using QSM.
Second, in this study, we could not distinguish and analyze
changes in specific pulvinar subnuclei. The pulvinar nucleus has
several connections, and there are differences among subnuclei. If
pulvinar subnucleus changes can be elucidated, such information
may be more useful for clarifying the pathophysiological
significance of this phenomenon.

Pulvinar hypointensity observed in SWI in patients with PD
before DBS treatment reflects the cognitive function after DBS,
and the SN area on NMI reflects the UPDRS parts II and III at 1
year after DBS, which may provide useful information regarding
the prognosis of cognitive and motor functions after DBS.
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Background: The forefront treatment of Parkinson’s disease (PD) is Levodopa.

When patients are treated with Levodopa cerebral blood flow is increased while

cerebral metabolic rate is decreased in key subcortical regions including the putamen.

This phenomenon is especially pronounced in patients with Levodopa-induced

dyskinesia (LID).

Method: To study the effect of clinically-determined anti-parkinsonian medications, 10

PD patients (5 with LID and 5 without LID) have been scanned with FDG-PET (a probe

for glucose metabolism) and perfusion MRI (a probe for cerebral blood flow) both when

they are ON and OFF medications. Patients additionally underwent resting state fMRI to

detect changes in dopamine-mediated cortico-striatal connectivity. The degree of blood

flow-glucose metabolism dissociation was quantified by comparing the FDG-PET and

perfusion MRI data.

Results: A significant interaction effect (imaging modality × medication; blood

flow-glucose metabolism dissociation) has been found in the putamen (p = 0.023).

Post-hoc analysis revealed that anti-parkinsonian medication consistently normalized the

pathologically hyper-metabolic state of the putamen while mixed effects were observed

in cerebral blood flow changes. This dissociation was especially predominant in patients

with LID compared to those without. Unlike the prior study, this differentiation was not

observed when cortico-striatal functional connectivity was assessed.

Conclusion: We confirmed striatal neurovascular dissociation between FDG-PET

and perfusion MRI in response to clinically determined anti-parkinsonian medication.

We further proposed a novel analytical method to quantify the degree of dissociation
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in the putamen using only the ON condition scans, Putamen-to-thalamus

Hyper-perfusion/hypo-metabolism Index (PHI), which may have the potential to be

used as a biomarker for LID (correctly classifying 8 out 10 patients). For wider use of

PHI, a larger validation study is warranted.

Keywords: cerebral blood flow, glucose metabolism, magnetic resonance imaging, neurovascular coupling

hypothesis, positron emission tomography

BACKGROUND

Levodopa (LD) has been the first line of treatment of Parkinson’s
disease (PD) since its introduction. More than 50% of patients
develop Levodopa induced dyskinesia (LID) after 5–10 years of
treatment (1). While the exact cause of LID is still unknown,
epidemiological studies suggest disease duration, symptom
severity, young age at the time of onset, duration of Levodopa
treatment and overall dose are the major risk factors of these
side effects (2). LID can be a very disabling and hard to treat
side effect once it is established. It not only interferes with the
patient’s quality of life but also places a significant burden on the
health care system. Knowledge of how to prevent the onset of
dyskinesia and the optimum way of managing it once it occurs
is an unmet need. Amantadine is, to date, the only US Food and
Drug Administration approved anti-dyskinetic medication that
does not compromise antiparkinsonian medication’s benefit (1),
but it typically loses its efficacy in an average of 8 months (3).

The degree of LID fluctuates throughout the day, so its
documentation is often highly dependent on subjective opinions
of patients, which makes it difficult to conduct a clinical trial
targeting LID. An objective and quantifiable biomarker for LID
is highly desired to monitor the effects of treatment as well as to
identify those individuals at higher risk of developing LID.

In vivo functional brain imaging techniques such as PET
and fMRI have great clinical utility in monitoring disease
progression and response to treatment in patients. Previously,
functional imaging has shown that therapeutic levels of
levodopa normalizes aberrant regional brain metabolism in
Parkinson’s disease patients, in a manner which correlates with
clinical improvement of motor symptoms (4, 5). Radiological
studies in LID patients have revealed that LID is acutely
triggered by large, transient increases in striatal dopamine
release following Levodopa administration (6). Patients who do
not have motor complications show stable levels of synaptic
dopamine concentration after Levodopa administration (7–
9). In comparison, at 4 h post Levodopa administration PD

Abbreviations: AIMs, abnormal involuntary movement scale; BDI-II, beck

depression inventory; BBB, blood-brain-barrier; CBF, cerebral blood flow; CMR,

cerebral metabolic rate; FDG, fluorodeoxyglucose; fMRI, functional magnetic

resonance imaging; LID, levodopa induced dyskinesia; MoCA, montreal cognitive

assessment; MDS-UPDRS, movement disorder society—unified Parkinson’s

disease rating scale; PD, Parkinson’s disease; pMRI, perfusion MRI; PET, positron

emission tomography; M1, primary motor cortex; pCASL, pseudo-continuous

arterial spin labeling; PHI, putamen hyper-perfusion/hypo-metabolism index;

ROI, regions of interest; rIFG, right inferior frontal gyrus; STN, subthalamic

nucleus; SMA, supplementary motor area; VEGF, vascular endothelial growth

factor; LD, Levodopa.

patients with motor complications have significant synaptic
dopamine level reduction in the putamen, whereas in the stable
group synaptic dopamine level remains constant (8, 9). These
findings suggest that rapid swing and turnover of Levodopa
levels at striatal synapses may contribute to the development of
Levodopa—induced motor complications (9).

This acute overshoot of dopaminergic input after Levodopa
administration can be partly explained by both the serotonergic
reserve hypothesis and the neurovascular de-coupling hypothesis
(10). The former suggests that Levodopa is converted to
dopamine by reserved serotonergic neurons in the putamen then
released in an uncontrolled manner due to lack of auto-receptors
feedback mechanisms (11). The latter suggests that sustained D1
receptor stimulation resulting from the down-regulated reuptake
(as part of a compensatory mechanism) may induce angiogenesis
in the putamen (12–14). As dopamine also acts as a vasodilator
(15), acute Levodopa challenge can increase cerebral blood flow
while it normalizes pathologically high neuronal activity in the
putamen, resulting in excessive levodopa delivery and dopamine
release (16). This dissociation is a violation of the neurovascular
coupling hypothesis, which is attributed to the potent vasoactive
effects of levodopa on cerebral microvasculature through D1-
like receptors on astrocytes and vascular smooth muscle (17–20).
The neurovascular coupling hypothesis suggests that an increase
neuronal activity is followed by increased cerebral metabolic rate
(CMR) and cerebral blood flow (CBF) (21). The neurovascular
“de-coupling” phenomenon is especially predominant in PD
patients with LID (22, 23), suggesting that chronic Levodopa
exposure induces angiogenesis and that it may be involved with
LID (16). A previous study investigated the effect of constant
Levodopa infusion (intravenous Levodopa infusion titrated to
achieve maximal improvement in PD motor symptoms without
inducing dyskinesia) and its related motor complications in
PD (22). They used [15-O]-H2O PET to measure CBF and
fluorodeoxyglucose (FDG)-PET to measure CMR, finding that
CBF was increased while CMR was decreased by Levodopa in the
putamen, thalamus, pons, and subthalamic nucleus (STN). Based
on the hypothesis that the changes in FDG PET signal represents
synaptic activity (24), the dissociation between CMR and CBF
violates the neurovascular coupling hypothesis. This dissociation
was especially predominant in PD patients with LID compared to
those without.

Previous fMRI studies have indicated that cortical regions
such as the supplementary motor area (SMA), primary motor
cortex (M1), and right inferior frontal gyrus (rIFG) also
play a key role in the development and severity of LID in
PD patients (25–28). Dopaminergic modulation of cortico-
striatal networks could therefore be used to classify LID
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and non-LID patients. A recent analysis using 6 LID and 6
non-LID subjects found that levodopa-induced reduction in
resting state functional connectivity between the putamen and
M1 predicted LID with 91% sensitivity and 100% specificity
(29). Additionally, dopaminergic modulation of putamen-SMA
connectivity was shown to negatively correlate with dyskinesia
severity (30).

In the current study, we investigate if clinically determined
anti-parkinsonian medications also dissociate the CBF and
glucose metabolic activity using perfusion MRI (pMRI) and
FDG-PET, respectively. Additionally, we investigate the proposed
effect of anti-parkinsonian medications on cortico-striatal
functional connectivity in LID and non-LID patients. We further
propose an analytic method to quantify the degree of dissociation
in the putamen which may have the potential to be used as a
biomarker for LID.

MATERIALS AND METHODS

Subjects
In order to investigate the potential effects of anti-parkinsonian
medications, 10 PD patients (age: 67± 7.71, 8 males, 5 with LID,
disease duration: 9.22 ± 4.54 years) have been recruited from a
local movement disorder clinic in Winnipeg, Manitoba, Canada.
All patients were on clinically determined anti-parkinsonian
medications. Only patients who had been taking Levodopa for
the last 3 months without any changes in dosage were recruited.
Each patient was scanned by FDG-PET and functionalMRI when
she/he was on anti-parkinsonian medications (ON) vs. while all
anti-parkinsonianmedications were withdrawn for>12 h (OFF).
For PET scans in the ON condition, patients took their regular
morning dose of anti-parkinsonian medications before FDG
injection, which was followed by PET scans 30–45min later. For
MRI, patients took their medications 30–45min before the scan.
The severity of clinical symptoms was evaluated immediately

after the FDG-PET scans by the Movement Disorder Society—
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) (31)
and LID severity was evaluated with the Abnormal Involuntary
Movement Scale (AIMs) (32). Patients were also assessed using
the Beck Depression Inventory (BDI-II) (33) and Montreal
Cognitive Assessment (MoCA) (34). The study was approved
by the Biomedical Research Ethics Board at the University of
Manitoba, and written informed consent was obtained from
each subject. Summary of demographic information of the study
group is presented in Table 1.

Image Acquisition
Magnetic Resonance Imaging

All patients underwent MRI using a 3T Siemens/IMRIS MR
System equipped with an 18 channel head coil located at the
Kleysen Institute for Advanced Medicine at the Bannatyne
campus of the University of Manitoba. The structural T1-
weighted image utilized the MP-RAGE pulse sequence with
an acquisition time of 8min. The CBF acquisition utilized
the pseudo-continuous arterial spin labeling (pCASL) pulse
sequence with an acquisition time of 5min (35). Acquisition
parameters were TR = 4.0 s, TE = 12ms, FOV = 240 ×

240 mm2, matrix = 64 × 64 × 20, slice thickness = 5mm,
inter-slice space = 1mm, labeling time = 2 s, post label delay
time = 1.2 s, bandwidth = 3 kHz/pixel, flip angle = 90◦. Forty
five label/control image pairs were acquired for each subject.

Each fMRI session was comprised of 300 T2∗ weighted
echo planar images (FOV 220mm, slice thickness 4.0mm, TR
2,000ms, TE 28ms, Flip Angle 77◦, with 37 total slices covering
the whole brain volume). All subjects underwent metabolic
imaging with FDG PET after fasting for at least 6 h before
scanning. Patients were injected i.v. with 185 MBq of FDG and a
15min static image was acquired starting 40min post-injection.
A head CT scan was acquired for attenuation correction
purposes. All PET imaging data for this project were acquired

TABLE 1 | Summary of PD patients’ demographic information in the current study.

Group ID Age Sex PD duration

(years)

MoCA LID duration

(years)

BDI MDS-UPDRS-III AIMS Anti-PD

medications

OFF ON

LID PD02 76 M 6 22 2.5 12 31 19 2 LD. Amantadine

PD03 66 M 11 23 1.25 6 20 10 1 LD. DA

PD05 73 M 18 21 6 9 52 43 3 LD. Amantadine

PD09 55 M 5 24 1.5 6 37 30 2 LD.

PD10 65 F 14 29 8 10 37 21 3 LD. Amantadine

Non-LID PD01 55 M 5 30 0 19 9 0 LD. Amantadine

PD04 71 M 7 29 4 31 30 0 LD. DA.MOA-B.

PD06 64 M 4 23 5 53 14 0 LD.

PD07 68 M 8 27 8 22 16 0 LD.

PD08 77 F 10 29 4 24 23 0 LD.MOA-B

P-value 1.0 0.22 0.07 0.13 0.32 0.49 0.004

PD, Parkinson’s disease; MoCA, Montreal cognitive assessment test; MDS-UPDRS, movement disorder society—unified Parkinson’s disease rating scale; AIMS, abnormal involuntary

movement scale; LD, Levodopa; DA, dopamine agonist; MOA-B, Monoamine oxidase B inhibitors; M, male; F, female.
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on a Siemens Biograph 16 HiRez PET/CT (Siemens Medical
Solutions, Knoxville, TN) scanner located in the John Buhler
Research Centre at the Bannatyne campus of the University
of Manitoba.

Image Pre-processing
Resting-state fMRI images were realigned to the first image
in the set and head movement parameters were extracted and
used as regressors of no interest in first level analysis. CBF
images were derived from the pCASL images using the Arterial
Spin Labeled Perfusion MRI data processing toolbox (35), then
pre-processed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm12/). For both resting-state fMRI and CBF, the
standard procedures, i.e., co-registration with structural T1-MRI,
normalization to ICBM template, segmentation, and smoothing
with 8 × 8 × 8mm Gaussian kernel were performed with the
default parameters. The same SPM pre-processing steps were
performed on all FDG PET images with their corresponding
structural T1-MRI using SPM12. Voxel values were divided by
the mean value of white matter to account for non-specific
inter-individual differences (36, 37).

Neurovascular Uncoupling Analysis
Based on the previous study that demonstrated dissociation
between CBF and CMR (22), multiple key subcortical brain
regions of interest (ROI) were defined including: putamen,
caudate, thalamus, M1, and STN as delineated in automated
anatomical labeling (38). The mean CBF and FDG uptake values
were extracted for each region under different conditions (ON
and OFF scans).

Putamen
Hyper-Perfusion/Hypo-Metabolism Index
(PHI)
While the medication-induced flow-metabolism dissociation can
be readily estimated by comparing the two conditions (ON vs.
OFF), it may not be a practically desirable method that can
be easily implemented in clinical or research trial settings. We
developed a novel brain imaging-based method that quantifies
the spatial extent of putamen hyper-perfusion/hypo-metabolism
in which only the ON condition scans are used. The thalamus was
selected as a reference region for following the reasons: (1) the
neurovascular coupling hypothesis is not violated in the thalamus
when estimated with FDG PET and pCASL MRI (Figure 2B);

FIGURE 1 | A novel method for quantifying dissociation of metabolic-blood flow with only ON-scans. A representative subject’s (A) FDG-PET, (B) CBF-MRI, and (C)

mask labeling are displayed. (D) Regression between FDG-PET and CBF-MRI was performed for the voxels in the thalamus (green dots). A voxel-to-voxel plot of

FDG-PET (x-axis) and CBF-MRI (y-axis) and regression line (black solid line) and 95% confidence interval (CI; dotted line) for the thalamus are displayed for a sample

patient without LID (left) and a patient with LID (right). The proportion of voxels in the putamen (red dots) falling above the 95% CI estimated from the thalamus was

quantified and named the Putamen Hyper-perfusion/hypo-metabolism Index (PHI). The PHI score represents the spatial extent of voxels that are hyper-perfused

compared to the thalamus.
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(2) the D1 receptor, i.e., the main pathway of Levodopa-induced
vasodilation, is reported to be the least available in the thalamus
(39), and (3) it is located in close proximity and has a similar
size to the putamen, thus the image quality and spatial resolution
is similar for the thalamus and the putamen. The Putamen
Hyper-perfusion/Hypo-metabolism Index (PHI) was defined as
the proportion of voxels in the putamen that lie above 95% CI
of the regression line of the thalamus between FDG uptake vs.
pCASL perfusion (Figure 1). Therefore, the null hypothesis is
that the relationship between perfusion and glucose metabolism
is linear and it should be identical between the putamen and
the thalamus in the “normal” condition. If the degree of relative
hyper-perfusion and hypo-metabolism in the putamen is beyond
the 95% CI of the thalamus, it may be pathological. Thus, the PHI
score represents the spatial extent of abnormally hyper-perfused
and/or hypo-metabolic voxels in the putamen.

Functional Connectivity Analysis
The first eigenvariate of all voxels for the left and right putamen
for the timeseries of each subject was extracted and used
as a regressor for a general linear model for each subject.
This produced a statistical parametric map for each subject in
which the beta weights represent the coefficient of covariance
between that particular voxel and the putamen in that subject,
representing a measure of functional connectivity. The regional
coefficient of covariance was extracted from each ROI using the
unthresholded first eigenvariate of that anatomical region. From
this we generated the coefficient of connectivity between the seed
region (bilateral putamen) and each ROI in our analysis in both
the OFF state and ON state from each patient. The measures
for each region were converted to z-scores by subtracting each
connectivity coefficient from the group mean (including both
LID and non-LID patients in the OFF state) and dividing by

FIGURE 2 | Cerebral blood flow-metabolism dissociation in different brain regions. (A) A significant Cerebral Blood Flow-Metabolism dissociation in the putamen

using FDG-PET and pCASL-MRI [Interaction effects, F (1,8) = 7.491, p = 0.023]. In the putamen, the FDG uptake was consistently decreased by anti-parkinsonian

medication (p = 0.001, post-hoc Bonferroni) while mixed effects were observed in CBF changes (p = 0.214, post-hoc Bonferroni). When different groups are

separately analyzed, trend-level of interaction effects were only observed in LID group [medication × modality: F (1,4) = 5.648, p = 0.076] but not in non-LID group

[medication × modality: F (1,4) = 2.334, p = 0.201]. However, no significant dissociation was observed in other regions including (B) thalamus [F (1,8) = 0.678,

p = 0.432], (C) primary motor area (M1) [F (1,8) = 0.618, p = 0.452], (D) caudate [F (1,8) = 0.033, p = 0.86], and (E) subthalamic nucleus (STN) [F (1,8) = 0.002,

p = 0.962].
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the standard deviation. Dopaminergicmodulation of resting state
connectivity was calculated as the difference in z-scores between
the OFF and ON state for each patient.

Statistical Analysis
The Student t-test was performed to investigate group differences
in age, disease duration, PD motor symptoms severity, cognition
impairment, and depression between LID vs. non-LID subjects.
The neurovascular uncoupling results were analyzed by the 2
× 2 repeated measures ANOVA to investigate the main effect
of imaging modality (PET vs. MRI) and medication (ON vs.
OFF) and their interaction effects. When applicable, a post-
hoc Bonferroni test was performed. The functional connectivity
results (comparing LID vs. non-LID) were assessed via t-test. The
applicability of PHI (ON) score for differentiating LID vs. non-
LID was examined by observing how many patients were above
the “normal” level of PHI score determined in the OFF condition
(mean+ 2SD).

RESULTS

Clinical Effects of Anti-parkinsonian
Treatment
Patients were not significantly different between the groups
(LID vs. non-LID) in overall motor symptoms [MDS-UPDRS-
III: (ON) t(8) = 0.755, p = 0.492, (OFF) t(8) = 1.116,
p = 0.327], age [t(8) = 0, p = 1.0], cognitive symptom severity
[MoCA: t(8) = 2.031, p = 0.077], depression level [BDI-II:
t(8) = 1.901, p = 0.130], and disease duration since the first
diagnosis [t(8) = 1.423, p = 0.228]. In 2 × 2 repeated measures
ANOVA, all patient’s motor symptoms were ameliorated by anti-
parkinsonian medication [Effect of medication: F(1,8) = 9.334,
p = 0.016] and no significant group difference was noted in
changes in MDS-UPDRS-III (interaction effect of medication
× group: F(1,8) = 0.007, p = 0.936]. As expected, non-LID
patients do not show any signs of dyskinesia when assessed by
AIMs. In LID patients, the severity of dyskinesia varied across
patients (Table 1).

Cerebral Blood Flow—FDG Uptake
Dissociation Response to
Anti-parkinsonian Treatment in Parkinson
Patients
In the 2× 2 repeatedmeasures ANOVA, there were no significant
main effects of different imagingmodality (FDG-PET vs. pCASL-
MRI: p > 0.075) or anti-parkinsonian medications (OFF vs. ON:
p > 0.099) in any regions investigated. Significant interaction
effect (medication × modality) has been only found in the
putamen [F(1, 8) = 7.491, p = 0.023], but not in the thalamus
[F(1, 8) = 0.678, p = 0.432], caudate [F(1, 8) = 0.033, p = 0.860],
STN [F(1,8) = 0.002, p = 0.962], nor M1 [F(1, 8) = 0.618,
p = 0.452] (Figure 2). In the putamen, the FDG uptake
was consistently decreased by anti-parkinsonian medication
(p = 0.001, post-hoc Bonferroni) while mixed effects were
observed in CBF changes (p = 0.214, post-hoc Bonferroni).
Interestingly, when different groups are separately analyzed, a
trend-level of interaction effect was observed in the LID group
[medication × modality: F(1, 4) = 5.648, p = 0.076] but not
in the non-LID group [medication × modality: F(1, 4) = 2.334,
p= 0.201].

Dopaminergic Modulation of Resting State
Connectivity
No significant interaction effects of resting-state connectivity
(group vs. medication) were noted in any of the ROIs examined,
including between the bilateral putamen and M1 (p = 0.2831)
or between bilateral putamen and SMA (p = 0.8210; Figure 3).
Importantly, these results did not change when using ROIs from
only the most affected hemisphere (ipsilateral to the side with
greatest symptoms measured with UPRDS-III).

Putamen-to-Thalamus
Hyper-Perfusion/Hypo-Metabolism Index
(PHI)
The PHI was introduced to estimate the spatial extent of
relative hyper-perfusion and hypo-metabolism of the putamen
compared to the thalamus, which has similar features (see section

FIGURE 3 | Dopaminergic modulation of resting-state connectivity in LID and non-LID patients. (A) Change in connectivity between bilateral putamen and M1. (B)

Change in connectivity coefficient between putamen and SMA. Dopaminergic modulation was calculated as the difference in z-transformed connectivity coefficients

between all voxels in the seed region (putamen) with the region of interest from the OFF condition to the ON condition.
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FIGURE 4 | PHI comparison between LID and non-LID. The “normal” level of

PHI was determined based on the scores of all patients (n = 10) estimated at

the OFF condition assuming that no dissociation occurs in the OFF condition.

Any PHI scores above mean + 2 × SD (dashed lines) were considered

“abnormal.” In the ON condition, 4 out of 5 LID patients’ PHI scores were

abnormally high, while only 1 out of 5 non-LID patients’ PHI score was higher

than the normal range.

Materials and Methods). Anti-parkinsonian treatment increased
PHI above themean+ 2SD (determined in the OFF condition) in
4 of 5 LID patients and 1 of 5 non-LID patients (Sensitivity= 0.8,
Specificity= 0.8; Figure 4).

DISCUSSION

As expected based on prior studies (22, 23), putamen FDG
uptake was reduced by clinically-determined anti-parkinsonian
medications in all patients, suggesting that the therapy
normalized the pathologically hyper-metabolic state of the
putamen (16). However, its effect on CBF was not uniform,
resulting in significant dissociation between CBF and FDG
uptake. The separate group analysis suggests that the significant
dissociation mainly originated from LID patients rather than
non-LID patients, which is in line with the previous studies
(22, 23).

Unlike in previous studies, dissociation in other brain regions
(i.e., thalamus, STN, caudate, and M1) was not observed (22, 23).
This discrepancy may have originated from the previous studies
only investigating the effects of Levodopa while other anti-
parkinsonian medications (e.g., dopamine agonist, monoamine
oxidase B inhibitor) were also withheld for the OFF condition
in our study. In addition, four patients were on amantadine
[half-life: 9.7–14.5 h (40)] which has been shown to have anti-
dyskinetic and vasoconstrictive effects (41). It should be noted
that the LID patients’ dyskinesia was not completely controlled by
their current anti-parkinsonian/anti-dyskinetic treatment while
in contrast, the previous studies used Levodopa infusion with
dose titrated not to induce dyskinesia during scanning (22, 23).
This signifies the relevance of the putamen’s dissociation with
LID over other brain regions that have been tested, which was
most prominent among the regions that previously showed
dissociation (23).

Different hypotheses lie behind CBF and FDG uptake
dissociation. Experiments with 6-OHDA-lesioned rats have
demonstrated Levodopa-mediated blood flow-metabolism
dissociation in the striatum after both acute and chronic
injection of Levodopa (42, 43). The acute rise in CBF is mediated
by increases in the blood-brain-barrier (BBB) permeability
as well as vasodilation controlled by smooth muscle cells and
endothelium changes in the striatum (16). This dissociation
is specific to the regions of dopaminergic degeneration and
was not reported in the contralateral intact hemisphere of
the 6-OHDA lesioned PD animals (12). Chronic exposure to
Levodopa induced significant growth of immature endothelial
cells, stimulated micro-vessel proliferation and increased
synthesis and expression of vascular endothelial growth factor
(VEGF) in the basal ganglia (14). The degree of VEGF expression
was positively correlated with the total dose of Levodopa
(14). A post-mortem study with PD patients also revealed
significant VEGF transcriptions and subsequent expression
of VEGF mRNA and an increase in nestin stain (a marker of
immature endothelial cells) (43). Interestingly, in rat models
following chronic exposure with Levodopa, VEGF expression,
angiogenesis, and proliferating micro vessels stained by nestin
were more prominent in animals with dyskinesia (14). These
findings were reversed by a VEGF signaling inhibitor, which
reduced dyskinesia in PD-LID model animals (43).

At therapeutic doses of Levodopa, dopamine has a
vasodilation effect and increases regional CBF, which facilitates
the transport of the drug across the BBB (15). The increased
microvasculature discussed above may prime the regional
neurovascular unit to have an exaggerated response to
Levodopa-supplied dopamine transmission and further
stimulate angiogenesis, forming a vicious cycle to further
increase dopamine transmission beyond the optimal level (16).

As an alternative brain-imaging biomarker for LID, we
investigated dopaminergic modulation of resting-state
connectivity in the cortico-striatal axis using M1 and SMA
as our primary ROI. This is based on the theory that abnormal
dopaminergic modulation of the cortico-basal ganglia motor
loops preconfigure the emergence of LID (44). We have not
found a significant difference in dopaminergic modulation of
resting state connectivity between LID and non-LID patients
in either of these ROIs either bilaterally or using the most
affected hemisphere. In a previously reported study dopamine
treatment was shown to significantly decrease connectivity
between putamen and M1 in LID patients compared to non-LID
patients with a very high sensitivity (91%) and specificity (100%)
(30). It is important to note that low sample size or differences
in scanning protocol may have reduced the sensitivity of this
technique in our subjects.

The Use of PET+MRI as a LID Biomarker
Dopamine has a vasodilating effect in the putamen through
stimulation of D1 receptors (17). It has been reported previously
that D1 receptors are found with high density in the striatum,
nucleus accumbens, and substantia nigra pars reticulata (18).
However, the D1 receptor, i.e., the main pathway of Levodopa-
induced vasodilation and angiogenesis (43), is reported to be the
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least available in the thalamus (39). This makes the thalamus
the optimal reference region to estimate the CBF-FDG uptake
dissociation (see section Materials and Methods).

We found that in 4 out of 5 LID patients the PHI score
in the ON condition is above the normal level (mean + 2SD
of the OFF condition), suggesting that it may be used as a
sensitive biomarker for LID (80% sensitivity, albeit with a small
sample size). Patient PD010 is the only LID patient whose PHI is
below the abnormality threshold. It should be noted that multiple
hypotheses exist surrounding the pathophysiology of LID (10,
45). Indeed, this patient’s LID may not be related to Levodopa-
induced angiogenesis/vasodilation but may exclusively involve
other pathways such as serotonergic reserve (46, 47). This finding
can be interpreted as suggesting that those patients who have
low PHI score may not benefit from anti-angiogenic treatment,
a potential preventive medicine against LID (48). Also, this
type of patient (who shows low PHI score) may need to be
precluded from future clinical trials and subsequent clinical
practice targeting angiogenesis.

Interestingly, patient PD010 is also the only patient in the
LID group who had depression and is treated with an atypical
antidepressant, Bupropion, which is a dopamine norepinephrine
reuptake inhibitor. This could interfere with neurotransmitter
balance and inhibit regional CBF. Norepinephrine acts on alpha
1 and alpha 2 receptors in most systemic arteries and veins and
induces vasoconstriction, which eventually raises the systemic
vascular resistance and reduces blood flow (49, 50).

Among non-LID patients, only one patient (PD004) out of
five lies above the abnormality threshold (mean + 2SD of the
OFF condition). The adjusted R2 of the thalamic linear regression
model of FDG uptake vs. CBF can serve as an indicator for
nonspecific noise (e.g., motion artifacts andmis-registration) and
it was the lowest in the PD004 (Adj. R2 = 0.0062; other image
pairs’ Adj. R2 > 0.14), suggesting a possibility of false positive due
to technical issues rather than a physiological outlier. Potential
implications for future research trials include that the patients in
which the brain imaging pairs’ Adj. R2 yields <0.1 may need to
be re-scanned.

Limitations
The power of statistical analysis is mainly defined by the sample
size and noise level of the data. In this regard, the low sample
size is the main limiting factor for this present study, which
warrants a larger-scale longitudinal study to confirm the usability
of the proposed method. Nevertheless, by utilizing the expected
“normal” level of neurovascular coupling from the thalamus
within each patient, the threshold for “abnormality” could be
reliably estimated from the OFF condition, which reduced the
non-specific noise associated with the image quality. PD is a
movement disorder that affects non-medicated patients with
tremor and medicated ones with potential dyskinesia, therefore
it is typically very troublesome to ensure high quality imaging
studies. Since the thalamus is located in a close proximity and has
similar volume and spatial resolution as the putamen, it receives
the same level of non-specific noise effects as the putamen,
e.g., motion artifacts. The thalamic confidence level of the PET-
MRI correspondence serves as an optimal indicator for defining

“abnormality” in the putamen in the given imaging quality, which
enhanced the statistical power of the proposed method.

The most interesting potential implication is whether the
proposed PHI method can predict future emergence of LID from
non-LID state, which can be only addressed with a longitudinal
dataset. Our current study identified a non-LID patient (PD004)
with a high PHI score, which warrants an on-going follow-up
on dyskinesia state of this patient. Anecdotally, this patient has
not developed LID in the 1 year since the PET+MRI scans.
Moreover, we postulated that the high PHI score of this patient
is likely due to a technical origin (Adj. R2 < 0.1), rather than a
pathological origin.

CONCLUSION

The exact pathology of LID in PD is not known. Using
the flow-metabolism dissociation that is specific to LID, we
proposed a novel PET+MRI-based biomarker for LID (i.e., PHI).
Conditional on a larger-scale longitudinal study confirmation,
the proposed method may be useful in identifying patients who
are at risk of developing LID and who will most likely benefit
from anti-angiogenic treatment, and in determining the outcome
responses of a preventive medicine trial for LID.
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6Department of Surgery, Texas A&M University Health Science Center College of Medicine, Temple, TX, United States,
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We aimed to evaluate microscale changes in the bilateral red nucleus and substantia

nigra of patients with Parkinson’s disease (PD) using diffusion kurtosis imaging (DKI).

Twenty-six patients with PD [mean age, 62.5 ± 8.7 years; Hoehn-Yahr stage, 0–4.0;

Unified Parkinson’s Disease Rating Scale (UPDRS) scores, 8–43] and 15 healthy

controls (mean age, 59.5 ± 9.4 years) underwent DKI of the substantia nigra and

red nucleus. Imaging was performed using a General Electric (GE) Signa 3.0-T MRI

system. Patients with PD were divided into two groups consisting of 12 patients with

UPDRS scores ≥ 30 and 14 patients with UPDRS scores < 30. All DKI data processing

operations were performed with commercial workstations (GE, ADW 4.6) using Functool

software to generate color-coded and parametric maps of mean kurtosis (MK), fractional

anisotropy (FA), and mean diffusivity (MD). MK values in the bilateral substantia nigra

were significantly lower in patients with early- and advanced-stage PD than in controls.

Moreover, MK values in the left substantia nigra were significantly lower in patients with

advanced-stage PD than in those with early-stage PD. Patients with advanced-stage PD

also exhibited significant decreases in MK values in the bilateral red nucleus relative to

controls. No significant differences in FA or MD values were observed between the PD

and control groups. There were no significant correlations between MK, FA, or MD values

and UPDRS scores. Our findings suggest that decreased MK values in the substantia

nigra may aid in determining the severity of PD and help provide early diagnoses.

Keywords: diffusion kurtosis imaging, magnetic resonance imaging, Parkinson’s disease, red nucleus, substantia

nigra

INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease caused by the degeneration of
nigrostriatal dopaminergic neurons. The main pathological changes associated with PD include the
loss of dopaminergic neurons in the substantia nigra/striatum and the presence of Lewy neuritis,
which result in movement disorders. However, the initial diagnosis of PD is based on cardinal signs
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such as bradykinesia, resting tremor, postural instability, gait
disorder, and muscular rigidity, all of which become evident only
after an 80% loss of dopaminergic neurons in the striatum (1, 2).
In the recent years, many laboratory tests (e.g., cerebrospinal
fluid analysis, blood tests) have been used to provide excellent
support for the early prediction of PD. However, use of these
biomarkers alone is not sufficient for diagnosis, as PD is not
a disease with a single characteristic; specific biomarkers for
motor and non-motor dysfunction would lead to more precise
and individualized treatment for patients with PD. Combining
findings from different fieldsmay assist in identifying them.More
sensitive diagnostic methods are therefore required to ensure
timely and appropriate treatment.

Diffusion tensor imaging (DTI), a non-invasive MRI
technique based on diffusion-weight imaging (DWI), has been
used for in vivo assessments of white matter integrity. To date,
both DTI and DWI have been applied for the diagnosis of
various diseases (3, 4). Previous studies have allowed for the
evaluation of conventional diffusion tensor metrics such as
mean diffusivity (MD) and fractional anisotropy (FA). Several
studies using DTI revealed microstructural alterations in the
white matter in PD patients with motor impairment (5–7).
DTI is also used to examine gray matter areas. Several studies
measuring DTI parameters such as FA have shown that FA in
the substantia nigra is reduced in patients with PD compared
to healthy controls, which indicates that FA may be a diagnostic
biomarker of PD (8–10). However, the results using FA are not
always consistent. Authors of another study observed that the FA
in the substantia nigra of PD patients did not differ significantly
from that of controls (11). While measuring MD targeting the
substantia nigra, one study showed that increased MD in this
region helped distinguish patients with PD from those with
multiple system atrophy (12). In contrast, other studies found
that nigral MD changes had no significant effect on the disease
(13, 14). Diffusion kurtosis imaging (DKI) can provide other
metrics related to non-Gaussian water diffusion such as mean
kurtosis (MK) (15). In general, MK is related to the complexity
of the microstructure. A previous study demonstrated that MK
was significantly increased in the substantia nigra of PD patients;
MK in the substantia nigra was thought to be a sensitive metric
for early diagnosis of PD (16).

In the present study, we utilized DKI to evaluate microscale
changes in the substantia nigra and red nucleus of patients with
PD and to determine how these regions are altered at different
stages of PD.

RESULTS

General Characteristics of Study
Participants
There were no significant differences in age (F= 0.224, p= 0.303)
or gender (X2

= 0.383, p = 0.536) between the PD and control

Abbreviations: CTL, control; DKI, diffusion kurtosis imaging; DTI, diffusion

tensor imaging; DWI, diffusion-weight imaging; FA, fractional anisotropy; FOV,

field of view; MD, mean diffusivity; MK, mean kurtosis; PD, Parkinson’s

disease; TE, echo time; TR, repetition time; UPDRS, Unified Parkinson’s Disease

Rating Scale.

FIGURE 1 | Mean kurtosis values for the bilateral substantia nigra in the

Parkinson’s disease and control groups. CTL, control; MKLSN, mean kurtosis

of the left substantia nigra; MKRSN, mean kurtosis of the right substantia

nigra; PD, Parkinson’s disease. *p < 0.05.

(CTL) groups. Furthermore, there were no significant differences
in age (F = 0.949, p = 0.625) or gender (X2

= 2.872, p = 0.238)
among the early-stage PD, advanced-stage PD, and CTL groups.

Comparison of MK, FA, and MD Values in
the Substantia Nigra and Red Nucleus
MK values in the substantia nigra were significantly lower in
patients with early- and advanced-stage PD than in controls
(Figure 1, Table 1). In addition, MK values in the left substantia
nigra were significantly lower in patients with advanced-stage
PD than in patients with early-stage PD (Figure 2, Table 2).
MK values in the bilateral red nucleus were significantly lower
in patients with advanced-stage PD than in controls (Figure 3,
Table 2). No significant differences in FA or MD values were
observed between the PD and CTL groups (Figures 2, 3,Table 2).

Correlation Between FA, MD, or MK Values
in the Substantia Nigra and Unified
Parkinson’s Disease Rating Scale Scores
There were no significant correlations between MK, FA, or MD
values and Unified Parkinson’s Disease Rating Scale (UPDRS
III) scores.

DISCUSSION

Early diagnosis of PD using conventional MRI is challenging;
more sensitive brain imaging techniques are needed to facilitate
early diagnosis and assessment of disease severity. In this study,
we used DKI to investigate brain changes in patients with PD.
Importantly, these studies revealed thatMK values in the bilateral
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TABLE 1 | Diffusion kurtosis imaging values in the bilateral red nucleus and

substantia nigra in the Parkinson’s disease and control groups.

DKI values PD (N = 26) CTL (N = 15) p value

Mean ± SD Mean ± SD

Left SN

MK 1.204 ± 0.061 1.500 ± 0.072 0.022*

MD 0.547 ± 0.125 0.551 ± 0.119 0.934

FA 0.454 ± 0.134 0.497 ± 0.109 0.296

Right SN

MK 1.181 ± 0.052 1.486 ± 0.069 0.023*

MD 0.520 ± 0.116 0.538 ± 0.110 0.617

FA 0.477 ± 0.087 0.464 ± 0.144 0.728

Left RN

MK 1.336 ± 0.247 1.451 ± 0.184 0.127

MD 0.517 ± 0.114 0.551 ± 0.159 0.440

FA 0.447 ± 0.112 0.511 ± 0.145 0.125

Right RN

MK 1.407 ± 0.251 1.525 ± 0.188 0.119

MD 0.500 ± 0.137 0.521 ± 0.121 0.622

FA 0.450 ± 0.112 0.501 ± 0.159 0.241

CTL, control; DKI, diffusion kurtosis imaging; FA, fractional anisotropy; MD, mean

diffusivity; MK, mean kurtosis; PD, Parkinson’s disease; RN, red nuclei; SN, substantia

nigra; SD, standard deviation. *p < 0.05, PD vs. CTL.

FIGURE 2 | Diffusion kurtosis imaging values in the substantia nigra for the

control, early-stage Parkinson’s disease, and advanced-stage Parkinson’s

disease groups. ASPD, advanced-stage Parkinson’s disease; CTL, control;

ESPD, early-stage Parkinson’s disease; FALSN, fractional anisotropy of the left

substantia nigra; FARSN, fractional anisotropy of the right substantia nigra;

MDLSN, mean diffusivity of the left substantia nigra; MDRSN, mean diffusivity

of the right substantia nigra; MKLSN, mean kurtosis of the left substantia

nigra; MKRSN, mean kurtosis of the right substantia nigra. **p < 0.01, ASPD

vs. CTL; *p < 0.05, early-stage PD vs. CTL or advanced-stage PD vs. CTL or

advanced-stage PD vs. early-stage PD.

substantia nigra were significantly lower in patients with early-
and advanced-stage PD than in controls. Moreover, MK values in
the left substantia nigra were significantly lower in patients with
advanced-stage PD than in those with early-stage PD. Patients
with advanced-stage PD also exhibited significantly decreased

TABLE 2 | Diffusion kurtosis imaging values in the bilateral red nucleus and

substantia nigra in the control, early-stage Parkinson’s disease, and

advanced-stage Parkinson’s disease groups.

DKI values CTL (N = 15) Early-stage PD

(N = 14)

Advanced-stage

PD (N = 12)

Mean ± SD Mean ± SD Mean ± SD

Left SN

MK 1.500 ± 0.072 1.276 ± 0.042* 1.021 ± 0.053**

MD 0.551 ± 0.119 0.552 ± 0.115 0.542 ± 0.140

FA 0.497 ± 0.109 0.445 ± 0.118 0.465 ± 0.155

Right SN

MK 1.486 ± 0.069 1.225 ± 0.074* 1.073 ± 0.065**

MD 0.538 ± 0.110 0.538 ± 0.103 0.499 ± 0.131

FA 0.464 ± 0.144 0.476 ± 0.082 0.478 ± 0.097

Left RN

MK 1.511 ± 0.084 1.391 ± 0.075 1.232 ± 0.096*

MD 0.551 ± 0.159 0.448 ± 0.112 0.453 ± 0.117

FA 0.511 ± 0.145 0.434 ± 0.101 0.463 ± 0.127

Right RN

MK 1.525 ± 0.096 1.419 ± 0.093 1.271 ± 0.085*

MD 0.521 ± 0.121 0.512 ± 0.145 0.485 ± 0.133

FA 0.501 ± 0.159 0.448 ± 0.112 0.453 ± 0.117

CTL, control; DKI, diffusion kurtosis imaging; FA, fractional anisotropy; MD, mean

diffusivity; MK, mean kurtosis; PD, Parkinson’s disease; RN, red nuclei; SN, substantia

nigra; SD, standard deviation. *p < 0.05, early-stage PD vs. CTL or advanced-stage PD

vs. CT or advanced-stage PD vs. early-stage PD. **p< 0.01, advanced-stage PD vs. CTL.

FIGURE 3 | Diffusion kurtosis imaging values in the red nucleus for the control,

early-stage Parkinson’s disease, and advanced-stage Parkinson’s disease

groups. ASPD, advanced-stage Parkinson’s disease; CTL, control; ESPD,

early-stage Parkinson’s disease; MDLRN, mean diffusivity of the left red

nucleus; FALRN, fractional anisotropy of the left red nucleus; FARRN, fractional

anisotropy of the right red nucleus; MDRRN, mean diffusivity of the right red

nucleus; MKLRN, mean kurtosis of the left red nucleus; MKRRN, mean

kurtosis of the right red nucleus. *p < 0.05, ESPD vs. CTL or ASPD vs. CTL or

ASPD vs. ESPD.

MK values in the bilateral red nucleus relative to controls. Hence,
DKI may be a useful imaging technique for the diagnosis of PD
and assessment of disease severity.
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The cardinal motor symptoms of PD include bradykinesia,
resting tremor, rigidity, and postural instability, which
predominantly result from dysfunction of the substantia
nigra pars reticulata and other brain structures (9). The levels
of oxidative stress markers in the substantia nigra are greatly
increased in patients with PD, which may explain damage to
dopaminergic neurons (10). In addition, iron ions, which are
abundant in many brain structures, including the substantia
nigra and red nucleus (11–13), may play an important role in
oxidative stress (14). Thus, pathophysiological changes in the
substantia nigra and red nucleus may influence the development
and progression of PD.

In our study, we divided patients with PD into early- and
advanced-stage PD groups based on UPDRS scores. Our findings
indicate that early- and advanced-stage PD were associated with
significant decreases in MK values in the bilateral substantia
nigra. DKI is a quantitative technique used to reflect non-
Gaussian water diffusion in living tissue (5, 17). MK, which is
related to structural complexity, is the most commonly used
kurtosis index. Thus, as reduced MK values reflect decreases in
structural complexity, our findings may be related to neuronal
loss and gliosis in the bilateral substantia nigra. Alternatively,
iron deposits in the substantia nigra, which aggravate oxidative
stress, may also explain the observed decreases in kurtosis.
We also observed significant decreases in MK values in the
left substantia nigra in patients with advanced-stage PD when
compared to those with early-stage PD. These findings indicate
that, while the initial onset of motor symptoms occurred on the
right side in most patients, the initial lesions occurred in the left
substantia nigra. Therefore, our results suggest that MK values
can be used to evaluate PD progression.

DKI is a relatively new technique, and previous studies have
primarily focused on comparing changes in DKI indices in
different brain regions of patients with PD and controls. Few
DKI studies have compared these indices among different PD
groups. In a study involving 30 PD patients and 30 controls, MK
values were increased in the caudate nucleus, putamen, globus
pallidus, and substantia nigra in patients with PD (18). More
recently, Zhang et al. (19) conducted a large study involving 72
patients with early-stage PD and 72 healthy volunteers. They
also observed increased MK values in the substantia nigra of
patients with PD relative to those observed in healthy volunteers.
In contrast, some studies have reported that MK values are
reduced in the white matter of multiple encephalic regions in
patients with PD (16, 20). Although, the decreases in MK values
observed in the present study differ from those reported in some
prior DKI studies, our results may better explain the damage
to the substantia nigra in patients with PD. Discrepancies in
the levels of MK among these studies may reflect differences
in the severity of PD, as MK in the substantia nigra correlates
with the severity of motor dysfunction in PD patients (19). For
example, Zhang et al. (19) included patients with Hoehn-Yahr
stages 1 and 2, while we included patients with Hoehn-Yahr
stages 1–4. Differences inmethodologymay also underlie the lack
of agreement between the results of these studies. For example, all
image processing operations in a study by Wang et al. (18) were
performed using MATLAB 7.8, whereas we utilized Functool
software for postprocessing of the DKI data. We speculate that

differences in scanning protocols may have contributed to the
inconsistencies in MK values between these studies.

MK values in the red nucleus were significantly lower in
patients with advanced-stage PD compared to those of patients
in the CTL group. However, no such differences were observed
between patients with early-stage PD and those in the CTL group
or with advanced-stage PD, suggesting that the degeneration of
red nucleus neurons arises later during the progression of PD.
The degeneration of dopamine neurons is reported to occur
not only in the substantia nigra but also in other brain regions
ranging from the lower brain stem to the basal ganglia (21).
In addition, the red nucleus exhibits a close relationship with
the cardinal motor symptoms of PD (22). In accordance with
these previous findings, MK values in the red nucleus decreased
as symptom severity increased in our patients with PD. This
suggests a close relationship between pathophysiological changes
in the red nucleus and the cardinal motor symptoms of PD.

As noted in previous studies, we observed no significant
differences in FA orMD values among the PD and control groups
(23, 24). However, in one previous study, the measurement
of diffusion indices in 73 patients with a clinical diagnosis of
idiopathic PD and 78 controls using DTI revealed significant
decreases in FA values in the substantia nigra in patients with
PD (25). Other studies have reported similar results (26–28).
Although we observed no changes in FA or MD values, the
observed reductions in MK values may indicate that DKI is more
sensitive than DTI for the diagnosis of PD.

Consistent with previous findings (18), we observed no
correlation between diffusion indices and UPDRS scores. Others,
however, have reported a positive association between MK values
and UPDRS scores (19). Such discrepancies may be due to the
subjectivity of UPDRS scoring and the inability of older PD
patients to express their symptoms.

Our study had several limitations. First, although loss of
dopamine neurons mainly occurs in the substantia nigra pars
compacta, our region of interest included the whole substantia
nigra, for which the mean diffusion indices were calculated. In
addition, iron deposition may have influenced the measurement
of diffusion indices. Future studies should utilize DKI in
conjunction with other methods to determine the precise
relationship between iron deposition and MK values.

CONCLUSION

MK values may aid clinicians in diagnosing PD early, monitoring
disease severity, and assessing changes in the bilateral substantia
nigra. Changes in the red nucleus are mainly observed in patients
with advanced-stage PD. Therefore, MK in the substantia nigra is
a potential biomarker of PD in imaging studies and may readily
identify patients with Parkinsonism.

MATERIALS AND METHODS

Participants
The present study included 26 patients with PD (mean age,
62.5 ± 8.7 years; Hoehn-Yahr stage, 0–4.0; UPDRS scores, 8–
43) and 15 controls (mean age, 59.5 ± 9.4 years). Twenty-
four patients with PD exhibited right-sided onset of motor
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symptoms, while two patients exhibited left-sided onset. Patients
with PD were recruited from the Department of Neurology at
our hospital, and all CTL participants were recruited from the
Medical Examination Center at our hospital. All participants
underwent DKI, which was performed using a General Electric
(GE) Signa 3.0 T MR Imaging System. PD severity was assessed
using the Hoehn-Yahr scale and the UPDRS III. Fifteen patients
had a history of medication use, but no adverse reactions were
observed among these patients. The PD group was further
divided into an advanced-stage PD group (UPDRS ≥ 30; 8
men, 4 women; mean age, 60.1 ± 8.8 years) and an early-
stage PD group (UPDRS < 30; 5 men, 9 women; mean age,
64.6± 8.290 years).

The present study was approved by the Ethics Committee
of the Medical College of Shantou University (protocol ID:
2016-05), and all participants provided written informed
consent in accordance with the Declaration of Helsinki.
Exclusion criteria were as follows: (1) other neurological
conditions, including cerebral infarction, cerebral hemorrhage,
brain tumor, brain trauma, carbon monoxide poisoning,
demyelization, degeneration injury, and vascular dementia; (2)
alcohol dependence or a history of taking other psychoactive
substances (e.g., antipsychotics or benzodiazepines); (3)
history of diabetes or coma due to diabetic ketoacidosis; (4)
history of serious medical disease (e.g., heart or respiratory
failure, significant liver or kidney dysfunction, anemia, chronic
electrolyte disturbance, or heavy metal poisoning); (5) mental
illness; and (6) metabolic syndrome lasting longer than
5 years.

Image Acquisition and Postprocessing
MRI scans were performed using a 3.0-T GE scanner (Signa;
General Electric Medical Systems) equipped with a standard
eight-channel head coil. We used sponge padding and cotton
balls to limit head motion and reduce scanner noise. Initial
routine MRI and T2-weighted images [repetition time (TR) =
4,420.0ms; echo time (TE)= 112.1ms; 5.0mm thickness; 1.0mm
septation; matrix 512 × 512; field of view (FOV) = 160 ×

160mm] were obtained for all participants. Two experienced
neuroradiologists assisted in the diagnostic process for every
view obtained.

An echo-planar imaging sequence was used to obtain
DKI images with the following scanning parameters: TR,
4,500ms; TE, 84.1ms; diffusion gradient pulse duration (δ),
32.2ms; diffusion gradient separation (1), 38.776ms; FOV,
240 × 240mm; matrix, 128 × 128; number of excitations, 1;
5.0mm thickness with no interslice gap; number of slices,
20. Total scan time was 3min 5 s. Diffusion encoding
was applied in 15 directions with three b values (0, 1,000,
and 2,000 s/mm2). All images were postprocessed on
commercial workstations (GE, ADW 4.6) equipped with
Functool software to generate color-coded and parametric
maps of MK, MD, and FA. Volumes of interest in the
bilateral substantia nigra and red nucleus were independently
drawn three times, with a fixed-in-size (8 mm2) ellipse
(see Figure 4).

FIGURE 4 | Diffusional kurtosis images of volumes of interest in the bilateral

red nucleus and substantia nigra (A–D). (A) Volumes of interest in the bilateral

red nucleus and substantia nigra. We obtained data from maps of the (B)

mean diffusivity, (C) fractional anisotropy, and (D) mean kurtosis.

Statistical Analyses
All data were analyzed using SPSS 20.0 statistical software
(SPSS, Inc., Chicago, IL, USA). A one-way analyses of variance
test and least significant difference tests were used to evaluate
differences inMK, FA, andMD among early-stage PD, advanced-
stage PD, and CTL groups. Independent samples t-tests were
used to compare age and diffusion indices between the PD
and CTL groups. Associations between diffusion indices and
UPDRS scores were assessed using Spearman’s rank correlation
coefficient. Chi-square tests were used to evaluate gender
differences among the groups. A p < 0.05 was considered
statistically significant.
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Models which assess the progression of Lewy pathology in Parkinson’s disease have

proposed ascending spread in a caudal-rostral pattern. In-vivo human evidence for

this theory is limited, in part because there are no biomarkers that allow for direct

assessment of Lewy pathology. Here, we measured neurodegeneration via MRI, an

outcome which may serve as a proxy for a more direct assessment of ascending

models using a combination of (1) MRI-based measures of gray matter density and

(2) regions of interest (ROIs) corresponding to cortical and subcortical loci implicated

in past MRI and stereological studies of Parkinson’s disease. Gray matter density was

measured using brain MRI voxel-based morphometry from three cohorts: (1) early

Parkinson’s disease, (2) more advanced Parkinson’s disease and (3) healthy controls.

Early Parkinson’s disease patients (N = 228, mean age = 61.9 years, mean disease

duration = 0.6 years) were newly diagnosed by the Parkinson’s Progression Markers

Initiative (PPMI). Advanced Parkinson’s disease patients (N = 136, mean age = 63.5

years, mean disease duration = 8.0 years) were collected retrospectively from a local

cohort undergoing evaluation for functional neurosurgery. Control subjects (N = 103,

mean age = 60.2 years) were from PPMI. Comparative analyses focused on gray

matter regions ranging from deep gray subcortical structures to the neocortex. ROIs

were defined with existing probabilistic cytoarchitectonic brain maps. For subcortical

regions of the basal forebrain, amygdala, and entorhinal cortex, advanced Parkinson’s

disease patients had significantly lower gray matter density when compared to both

early Parkinson’s disease and healthy controls. No differences were seen in neocortical

regions that are “higher” in any proposed ascending pattern. Across early and advanced

Parkinson’s disease, gray matter density from nearly all subcortical regions significantly

decreased with disease duration; no neocortical regions showed this effect. These results

demonstrate that atrophy in advanced Parkinson’s patients compared to early patients

and healthy controls is largely confined to subcortical gray matter structures. The degree

of atrophy in subcortical brain regions was linked to overall disease duration, suggesting

an organized pattern of atrophy across severity.

Keywords: Parkinson’s disease, magnetic resonance imaging, gray matter, atrophy, voxel-based morphometry,

braak hypothesis
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INTRODUCTION

Parkinson’s disease, a progressive neurodegenerative disorder,
is characterized by cell death within the substantia nigra and
presence of misfolded α-synuclein aggregates known as Lewy
Bodies throughout the brain parenchyma (1–3). Braak and
colleagues first described the pathological progression of α-
synuclein aggregates in PD as occurring in an organized and
ascending manner, beginning in subcortical brain structures
and ending in the neocortex (4). Braak’s model and others
which propose ascending spread are underpinned by the “prion
hypothesis,” which posits that α-synuclein aggregates are taken
up by neurons, undergo axonal transport, and are transferred to
other neurons as part of a prion-like process (5). Recently, this
model has been challenged (6), and other theories have emerged
which attempt to explain why large subsets of PD patients do not
follow proposed ascending patterns (7).

Important elements of hypotheses proposing ascending
spread in PD enjoy support from ex-vivo (8–10), in-vitro (11–
13) and in-vivo animal (2, 14, 15) studies of Parkinson’s disease.
However, because there is currently no method for the detection
of α-synuclein aggregates in living human patients (16), there is
a general lack of human in-vivo support for ascending spread
models. As a proxy for Lewy pathology, many studies have
utilizedMRImethods to study neurodegeneration in PD. Though
it is important to note that evidence connecting Lewy pathology
and neuronal death is limited and neurodegeneration is an
imperfect proxy for Lewy pathology (16, 17), neurodegeneration
may nevertheless follow an ascending pattern in PD that is
measurable via MRI techniques.

Qualitative evaluation of T1- and T2-weighted “conventional”
structural MRI is generally considered normal in early PD
patients (18, 19). More advanced techniques, which allow for
quantitative evaluation of changes to tissue structure, provide
an opportunity to study neurodegeneration in PD (20). The
literature employing MRI to measure PD neurodegeneration has
utilized techniques such as such as voxel and deformation-based
morphometry (21–24), cortical thickness (25, 26), functional
MRI (27–29), and free-water diffusion (30, 31) amongst
numerous other methods. However, the MRI literature as
a whole has reported inconsistent findings with respect to
neurodegeneration (32, 33), perhaps due to methodological
issues related to the lack of a standardized protocol for measuring
atrophy in brain regions. With respect to PD progression, few
MRI studies have attempted to study the disease process as a
whole, tending instead to focus on individual ROIs or small
subsets of ROIs. Studies in notable exception to the previous
statement have introduced evidence both for and against
ascending spread of neurodegeneration (23, 25), underscoring
the need for further investigation.

A difficulty inherent to any study of progressive PD

neurodegeneration is the disparate methods required to properly

measure the brain regions known to degenerate in PD. For
example, the substantia nigra is difficult to quantify with

conventional MRI sequences due to the disparate magnetic
properties of gray matter and neuromelanin (34). Successful
quantification of substantia nigra degenereation has generally

relied on combinations of T1-, T2, and T2∗-weighted imaging
(35) or attempts to image neuromelanin directly (36, 37).
The small size and complexity of brainstem regions such as
the locus coeruleus require the use of ultrahigh-field MRI
scanners for proper resolution (38). Due to these challenges, no
single MRI method is currently appropriate for measuring the
earliest regions involved in the proposed ascending pattern of
neurodegeneration in PD. However, voxel-based morphometry
(VBM), a technique known to agree with findings from autopsy
studies and other imaging modalities (39–41), allows for the
measurement of many gray matter structures implicated in
PD ranging from basal forebrain to the neocortex. Past VBM
studies of PD have identified neurodegeneration in the basal
forebrain (21, 22), amygdala (24, 42), hippocampus (43, 44), and
neocortex (42, 45).

Here, we aimed to evaluate neurodegeneration in PD patients
through measurements of gray matter density (GMD) obtained
through VBM processing of T1-weighted MRI. This study
focused on a specific subset of gray matter ROIs which were:
(1) implicated by ascending models for PD, (2) demonstrated
consistent findings between past MRI and stereological PD
studies, and (3) could be measured by a combination of VBM
and existing brain maps. Sub-regions of the basal forebrain
(22, 46–48), amygdala (24, 42, 49), hippocampus (44, 50–52),
and neocortex (23, 26, 53) all met the aforementioned criteria.
Whole-brain GMD was obtained from three cohorts delineated
by their disease duration: (1) early Parkinson’s disease patients,
(2) more advanced Parkinson’s disease patients, and (3) healthy
control subjects. Regional GMD was extracted according to
existing MRI maps and compared between the groups to test the
general hypothesis that patients with more advanced Parkinson’s
disease would show decreases in GMD in subcortical regions with
relative sparing of cortical regions.

MATERIALS AND METHODS

Subjects
Healthy Controls
One hundred and three healthy control subjects (males =

67, females = 36, mean age = 60.2 years) were obtained
from the PPMI database. The PPMI study is well-described at
ppmi-info.org. Briefly, PPMI is a comprehensive multi-center
study designed to identify biomarkers of PD with the goal of
improving evaluation of disease modifying therapeutics (54).
Healthy control subjects included in PPMI were above 30 years
of age, had never been diagnosed with any major neurological
disorder, had no first-degree relatives with idiopathic PD, and
were not cognitively impaired based on a score of 26 or above on
the Montreal Cognitive Assessment. Healthy controls included
in this study had a 3DMagnetization Prepared Rapid Acquisition
Gradient Echo (MP-RAGE)MRI sequence acquired on a Siemens
MRI scanner at baseline event. Control subjects were excluded
from analysis in this study if a non-MPRAGE sequence such as
Spoiled Gradient Echo (SPGR) was acquired, or if a non-Siemens
MRI scanner was used. Subjects were also excluded if images did
not meet quality control standards described below.
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Early Parkinson’s Disease
Two hundred and twenty-eight early Parkinson’s disease subjects
(males = 141, females = 87, mean age = 61.9 years) were
obtained from the baseline time point of the longitudinal PPMI
database. The PPMI study is well-described at ppmi-info.org.
Parkinson’s Disease subjects included in PPMI were above 30
years of age, had received a clinical diagnosis of PD within 2
years of screening, had not taken nor were expected to take PD
medication within 6 months of enrollment, had not received
a clinical diagnosis of dementia, and had their PD diagnosis
confirmed by DaTscan, a measurement of dopamine transporter
which is known to have a high degree of specificity for PD (55).
Early PD subjects included in this study had a 3D Magnetization
Prepared Rapid Acquisition Gradient Echo (MP-RAGE) MRI
sequence acquired on a Siemens MRI scanner at the baseline
event. Early PD subjects were excluded from analysis in this
study if a non-MPRAGE sequence such as Spoiled Gradient Echo
(SPGR) was acquired, or if a non-SiemensMRI scanner was used.
Subjects were also excluded if images did not meet quality control
standards described below.

Advanced Parkinson’s Disease
One hundred and thirty-six advanced PD subjects (males =

101, females = 35, mean age = 63.5 years) were obtained
from a cohort of patients who underwent a first neurosurgical
procedure to treat motor symptoms between January 1, 2010 and
July 1, 2016 at the University of Virginia. Patients presenting
for these procedures have generally carried the PD diagnosis
for multiple years and have a motor symptom that is not (or
inconsistently) responsive to oral medication. The procedures
included deep brain stimulation, radiofrequency ablation, and
focused ultrasound. The diagnosis of Parkinson’s disease was
confirmed by a movement disorders neurologist as part of the
pre-surgical evaluation. Subjects with a 3D MP-RAGE MRI
which met quality control standards were included for analysis in
this study. Subjects were excluded if a non-MPRAGE sequence
was acquired, or if imaging data was not acquired as part
of the presurgical procedure. No post-surgically acquired MRI
was included for analysis in this study. The University of
Virginia Institutional Review Board for Health Sciences Research
approved the retrospective collection of MRI images and medical
information from patients for use in this study. On the basis of
having carried the diagnosis longer than the early PD group, we
refer to these patients as “Advanced” throughout the remainder
of the manuscript.

MRI Acquisition and Quality Control
Healthy control and early PD MRI images were acquired with
the MP-RAGE T1 weighted MRI sequence on Siemens MRI
scanners. MRI sequence information can be found in the MRI
technical operations manual (http://www.ppmi-info.org/wp-
content/uploads/2017/06/PPMI-MRI-Operations-Manual-V7.
pdf). PPMI image acquisition guidelines required slice thickness
of 1.5mm or less and no interslice gap, with repetition (TR)
and echo (TE) time varying according to suggested settings at
each site. PPMI images were obtained from the PPMI imaging
database on 1/04/2017. Advanced PD images were also acquired

with an MP-RAGE T1 sequence on Siemens MRI scanners.
MRIs for the advanced PD cohort were obtained as part of
routine clinical care on multiple MRI scanners, resulting in
less standardization of MP-RAGE sequence parameters than
found in PPMI. Voxel size in healthy control and early PD
images measured either 1 × 1 × 1mm or 1 × 1 × 1.2mm while
advanced PD voxel size varied but did not exceed 1× 1× 1.2.

All images analyzed in this study were processed through the
automated quality control function contained within the CAT12
toolbox (http://dbm.neuro.uni-jena.de/cat/) in MATLAB. This
tool considers noise, inhomogeneities, and image resolution to
create a composite score on a scale of A to E. Only images
receiving a composite score of B- or higher, corresponding
to “good” image quality, were included for final analysis in
this study.

Voxel Based Morphometry Processing
Regional gray matter density was calculated from all images
according to previously published methods (56). Processing
took place in two main steps: (1) preprocessing via voxel-
based morphometry and (2) application of cytoarchitectonic
probabilities to processed gray matter density volumes. Voxel-
based morphometry (57, 58) was applied to all images from
the MIRIAD database using the CAT12 toolbox (http://www.
neuro.uni-jena.de/cat/) within SPM12 (WellcomeDepartment of
Imaging Neuroscience Group, London, UK; http://www.fil.ion.
ucl.ac.uk/spm). The VBM analysis pipeline has been described
at length previously (59, 60). Briefly, before processing, the
origin of each image was manually reoriented to the anterior
commissure in SPM12. Within the CAT12 toolbox, images
were denoised according to spatial-adaptive Non-Local Means
(SANLM) denoising (61) and Markov Random Field (62)
approaches. Images were bias-corrected, spatially normalized
to standard stereotactic space with an affine registration, and
a local intensity transformation was performed. Normalized
images were segmented into gray matter, white matter, and
cerebrospinal fluid according to the Adaptive Maximum A
Posterior (AMAP) technique (62). Lorio et al.’s (63) tissue priors
were used for spatial normalization, skull-stripping, and initial
segmentation estimate within the AMAP segmentation. Partial
Volume Estimation (64) estimated partial volume fractions
to account for voxels which may contain more than one
tissue type. The Diffeomorphic Anatomic Registration Through
Exponentiated Lie [DARTEL; (65)] algorithm as well as Geodesic
Shooting (66) were used to register segmented images into
standard MNI space. Finally, segmented images were modulated
by the amount of volume changes from the spatial registration to
preserve the total amount of gray matter.

Regions of Interest
Region specific GMD was measured according to
cytoarchitectonic probabilistic maps for the reference MNI
single subject brain that were derived from 3D reconstruction of
histological sections from post mortem brains. Regional GMD
was calculated using a customMATLAB script, which multiplied
the GMD value for each voxel by the weighting contained within
the probabilistic map. Weighted GMD values were summed

Frontiers in Neurology | www.frontiersin.org 3 December 2019 | Volume 10 | Article 132936

http://www.ppmi-info.org/wp-content/uploads/2017/06/PPMI-MRI-Operations-Manual-V7.pdf
http://www.ppmi-info.org/wp-content/uploads/2017/06/PPMI-MRI-Operations-Manual-V7.pdf
http://www.ppmi-info.org/wp-content/uploads/2017/06/PPMI-MRI-Operations-Manual-V7.pdf
http://dbm.neuro.uni-jena.de/cat/
http://www.neuro.uni-jena.de/cat/
http://www.neuro.uni-jena.de/cat/
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Blair et al. MRI Evidence for Ascending Parkinson’s

bilaterally, and then standardized by dividing each image by
the sum of the weighting contained within each probabilistic
mask. All probabilistic tissue maps were obtained from the
Anatomy Toolbox, contained within SPM12, and moved from
the anatomical space of the single subject MNI template into
standard MNI template space by an affine translation along the y
and z axes of 4 and 5 mm (67).

From the Anatomy Toolbox Version 2.2b, 13 subcortical
cytoarchitechtonically-defined regions of interest were selected:
Ch4 of the basal forebrain [abbr: Ch4; (68)], Ch1-3 of the
basal forebrain [abbr: Ch1-3; (68)], centromedial amygdala [abbr:
CM; (69)], laterobasal amygdala [abbr: LB; (69)] superficial
amygdala [abbr: SF; (69)], hippocampal-amygdala transition
area [abbr: HATA; (69)], amygdala-striatal transition area [abbr:
ASTR; (69)], entorhinal cortex [abbr: EC; (69)], CA1 of the
hippocampus [abbr: CA1, (69)], CA2 of the hippocampus
[abbr: CA2; (69)], CA3 of the hippocampus [abbr: CA3; (69)],
subiculum [abbr: SUBC; (69)], and dentate gyrus [abbr: DG;
(69)]. The Anatomy Toolbox contains a list of more than
50 possible cytoarchitectonically-defined neocortical regions to
consider. To survey a similar number of cortical regions while
limiting the number of statistical comparisons, we chose a
group of 14 neocortical regions: primary motor cortex area
4a [abbr: PMC 4a; (70)], primary motor cortex area 4p [abbr:
PMC 4p; (70)], primary auditory cortex are TE 1.0 [abbr:
TE 1.0; (71)], primary auditory cortex are TE 1.1 [abbr: TE
1.1; (71)], primary auditory cortex are TE 1.2 [abbr: TE 1.2;
(71)], secondary auditory cortex are TE 3 [abbr: TE 3; (71)],
primary somatosensory cortex area 1 [abbr: PSC 1; (72)],
primary somatosensory cortex area 2 [abbr: PSC 2; (72)], primary
somatosensory cortex area 3a [abbr: PSC 3a; (72)], primary
somatosensory cortex area 3b [abbr: PSC 3b; (72)], Broca’s area 44
[abbr: BA 44; (73)], Broca’s area 45 [abbr: BA 45; (73)], occipital
cortex area V1 [abbr: V1; (74)], and occipital cortex area V2
[abbr: V2; (74)]. Table 1 lists each of the brain regions measured
in this study and the reference for how that region was defined.

Statistical Methods
Participant Characteristics
For the early PD, advanced PD, and healthy control groups, sex
distributions were summarized as frequencies and percentages
and ages were summarized as mean, standard deviation (SD),
and range of the empirical distribution. Sex frequencies were
compared using Fisher’s exact-test and ages were compared using
the two-sample Student’s t-test.

Gray Matter Density and Age Associations
Among all Parkinson’s disease cases, ordinary least-squares
(OLS) linear regression was utilized to examine, for each
test-region of the brain, the association between GMD and
chronological age. With regard to the OLS linear regression
model specification, GMD functioned as the dependent variable
and chronological age (yrs.) functioned as the independent
variable. The focus of hypothesis testing was on testing if the
OLS linear regression slope parameter is equal to zero with the
restriction that the hypothesis testing procedure is carried out in
a way in which among all 27 test-regions of the brain, no more

TABLE 1 | Complete list of brain regions included for analysis.

Region of interest References

Ch4 Basal Forebrain (68)

Ch 1-3 Basal Forebrain (68)

Centromedial Amygdala (69)

Laterobasal Amygdala (69)

Superficial Amygdala (69)

Amygdala-Striatal Transition Area (69)

Hippocampal-Amygdala Transition Area (69)

Entorhinal Cortex (69)

CA1 Hippocampus (69)

CA2 Hippocampus (69)

CA3 Hippocampus (69)

Subiculum (69)

Dentate Gyrus (69)

4a Primary Motor Cortex (70)

4p Primary Motor Cortex (70)

TE 1.0 Primary Auditory Cortex (71)

TE 1.1 Primary Auditory Cortex (71)

TE 1.2 Primary Auditory Cortex (71)

TE3 Secondary Auditory Cortex (75)

1 Primary Somatosensory Cortex (72)

2 Primary Somatosensory Cortex (72)

3a Primary Somatosensory Cortex (72)

3b Primary Somatosensory Cortex (72)

V1 Occipital Cortex (74)

V2 Occipital Cortex (74)

44 Broca’s Area (73)

45 Broca’s Area (73)

than 5% of rejected null hypotheses will be in error. With this
focus in mind, for each of the 27 test-regions of the brain, a
p-value was calculated based on the regression slope coefficient
F-statistic and the corresponding F-distribution of the F-statistic
that reflected the chance of observing a F-statistic as large or
larger when the null hypothesis is true: i.e., the underlying
slope of the relationship between GMD and chronological age
is equal to 0. The complete set of 27 p-values were sorted in
ascending order and compared to the corresponding Benjamini
& Hochberg (BH) false positive discovery error rate rejection
threshold (76), which was computed under the restriction that
among all null hypotheses rejected, no more than 5% of the
rejected null hypotheses will be in error. For test-regions of
the brain in which the p-value was less than the BH false
positive discovery error rate threshold, the null hypothesis that
the true value of the regression slope parameter is equal to zero
was rejected.

Between-Group Differences in Gray Matter Density
Per test-region of the brain, the distributions of GMD
were compared between the early PD patients, advanced PD
patients, and healthy controls by way of analysis of covariance
(ANCOVA). Three sets of ANCOVAs were conducted. One set
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of ANCOVAs was focused on comparing the GMD of the early
PD patients and the advanced PD patients, while a second
set of ANCOVAs was focused on comparing the GMD of the
advanced PD patients and the healthy controls, and the third set
of ANCOVAs was focused on comparing the GMD of early PD
patients and healthy controls. All three sets of ANCOVAs were
conducted using the same model specification. The dependent
variable was the test-region loge(GMD) and the independent
factor of interest was a categorical variable that distinguished
the members of one study-group (e.g., advanced PD patients)
from members of the other study-group (e.g., early PD patients).
Chronological age and sex served as covariate adjustments in the
ANCOVA model. Variables which were completely confounded
between the early PD and advanced PD groups (e.g., medication
status) were not included in the model. Per ANCOVA, a
chronological age and sex adjusted linear contrast of least-
squared means was used to test the null hypothesis that the
covariate adjusted mean loge(GMD) is the same irrespective of
the study-group. Since each set of between-group comparisons
required testing a total of 27 null hypotheses (i.e., one per test-
region of the brain), the BH false discovery error rate control
procedure (see above) was used so that no more than 5% of
rejected null hypotheses will be in error.

Gray Matter Density Disease Duration Association
Among all PD cases, OLS linear regression was utilized to
examine, for each test-region of the brain, the association
between GMD and disease duration (yrs.). The analytical
methods and hypothesis testing strategy that were used to
examine the associations between GMD and disease duration
were identical to the analytical methods and hypothesis testing
strategy that were used to examine the associations between
GMD and chronological age.

Differences in GMD Slope Directionality
For each test-region of the brain, the distributions of OLS linear
regression slope directionality were compared between cortical
and subcortical brain regions (as delineated in the experimental
methods) separately for early PD and advanced PD patients by
Fischer’s exact test. Slope directionality was based on sign of
expression and not dependent on the statistical significance.

RESULTS

GMD measurements from, 228 early PD, 136 advanced PD, and
103 control subjects were included for analysis in this study
(Table 2). With respect to sex distribution, males represented the
majority of the subjects of each group. 61.8% of the early PD were
male, 74.3% of the advanced PD were male, and 65.0% of the
healthy controls were male, with males more highly represented
in the advanced PD group than in the early PD group (p= 0.016).
The advanced PD group was older (mean = 63.5 yrs., SD = 8.7
yrs., range = [38.8, 91.1 yrs.]) than the healthy control group
(mean = 60.2 yrs., SD = 11.2 yrs., range = [31.1, 82.1 yrs.]) (p
= 0.01), and trended older than the early PD group (mean =

61.9 yrs., SD = 9.5 yrs., range = [33.7, 82.9 yrs.]) (p = 0.10).
The advanced PD group had longer disease duration (mean =

TABLE 2 | Descriptive statistics for subjects included in the present study.

Early PD Advanced PD Controls

Demographics

n 228 136 103

Female 87 35 36

Male 141 101 67

Age at MRI (years) 61.9 ± 9.5 63.5 ± 8.7 60.2 ± 11.2

Disease duration (years) 0.6 ± 0.6 8.0 ± 4.8 0

UPDRS III total 20.7 ± 8.7 35.1 ± 11.2 0.7 ± 1.3

MoCA 27.1 ± 2.4 24.9 ± 11.2 28.3 ± 1.2

8.0 yrs., SD = 4.8 yrs., range = [<0.5, 27.6 yrs.]) than the early
PD group (mean= 0.6 yrs., SD= 0.6 yrs., range=[<0.5, 3.0 yrs])
(p < 0.001). The advanced PD group had higher mean UPDRS
III score (mean = 35.1, SD = 11.2 yrs, range = [9, 64]) than
the early PD group (mean = 20.7, SD = 8.7, range = [4, 47])
(p < 0.001). The advanced PD group had lower mean Montreal
Cognitive Assessment (MoCA) score (mean = 24.9, SD = 11.2,
range = [11, 30]) than the early PD group (mean = 27.1, SD =

2.4, range= [17, 30]) or the healthy control group (mean= 28.3,
SD= 1.2, range= [26. 30]) (p < 0.001).

Gray Matter Density and Age Associations
Among PD patients as a whole (i.e., non-differentiated by disease
stage), GMD was negatively associated with age for 22 of the
27 test-regions of interest (Supplementary Table 1). Regions in
which GMD was not associated with age were primarily located
in the hippocampus (CA2, HATA, subiculum, entorhinal cortex).
Additionally, laterobasal amygdala GMD was not associated
with age.

Between-Group Differences in GM Density
For subcortical regions, Ch4 GMD was 4.0% less (95% CI: [1.8,
6.1%]) for the advanced PD patients when compared to early PD
patients (p < 0.001) and 4.3% less (95% CI: [2.0, 6.5%]) when
compared to healthy controls (p < 0.001); while Ch4 GMD was
comparable for the early PD patients and the healthy controls.
Ch123 GMDwas 3.7% less (95% CI: [1.4, 6.0%]) for advanced PD
patients when compared to early PD patients (p= 0.002), but was
comparable to the GM of the healthy controls. Early PD patients
and healthy controls also had comparable Ch123GMD (Figure 1,
Supplementary Tables 2–4).

Centromedial-amygdala GMD was 15.9% less (95% CI: [13.1,
18.6%]) for the advanced PD patients when compared to
the early PD patients (p < 0.001) and 16.5% less (95% CI:
[12.3, 20.5%] when compared to the healthy controls (p <

0.001), while centromedial-amygdala GMD was not significantly
different between the early PD patients and the healthy controls.
Superficial-amygdala GMD was 19.5% less (95% CI: [14.5,
24.2%]) for the advanced PD patients when compared to early PD
patients (p< 0.001), and 20.0% less (95% CI: [14.9, 24.7%]) when
compared to the heathy controls (p < 0.001); while superficial-
amygdala GMD was comparable for the early PD patients and
healthy controls. Laterobasal-amygdala GMD was 12.6% less
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FIGURE 1 | Cholinergic Basal Forebrain Regions. Group level gray matter density differences and relationship between disease duration and gray matter density.

(Ch4) Ch4 nucleus of the basal forebrain. (Ch1-3) Ch1-3 nuclei of the basal forebrain. Color legend indicates probabilities contained within the mask from 0% (blue) to

100% (red). *Significant at p < 0.05, FDR corrected for multiple comparisons.

(95% CI: [9.1, 16.0%]) for the advanced PD patients when
compared to the early PD patients (p < 0.001) and 13.2% less
(95% CI: [9.3, 16.9%] when compared to healthy controls (p <

0.001); while laterobasal-amygdala GMD was comparable for the
early PD patients and healthy controls. GMD of the amygdala-
striatal transition area of the advanced PD patients was 6.4% less
(95% CI: [3.5, 9.3%]) than the GMD of the early PD patients (p
< 0.001) and 6.2% less (95% CI: [3.1, 9.2%]) than the GMD of
healthy controls (p < 0.001); while amygdala-striatal transition
area GMD was comparable for the early PD patients and healthy
controls. HATAGMDwas 7.0% less (95%CI: [3.0, 10.8%]) for the
advanced PD patients when compared to the early PD patients (p
< 0.001), and 6.9% less (95% CI: [0.80, 12.7%]) when compared
to the healthy controls—which after false positive discovery
adjustment was not deemed significant—while HATA GMD was
comparable for the early PD patients and the healthy controls
(Figure 2, Supplementary Tables 2–4).

Entorhinal cortex GMD was 10.1% less (95% CI: [6.0, 14.0%])
for the advanced PD patients when compared to the early PD
patients (p < 0.001), and 10.2% less (95% CI: [5.9, 14.4%])
when compared to the healthy controls (p < 0.001); while
entorhinal cortex GMDwas comparable for the early PD patients
and healthy controls. GMD of the CA3 of the hippocampus
of advanced PD patients was 4.3% less (95% CI: [0.70, 7.7%])
than the GMD of the early PD patients (p = 0.018). The
GMD of the CA3 of the hippocampus was comparable for the
advanced PD patients and the healthy controls and comparable
for the early PD patients and healthy controls (Figure 3,
Supplementary Tables 2–4).

For cortical regions, the secondary auditory area TE3 GMD
was 3.5% less (95% CI: [1.8, 5.3%]) for the advanced PD patients
when compared to the early PD patients (p < 0.001), and
3.2% less (95% CI: [1.4, 4.9%]) when compared to the healthy
controls (p= 0.001). The secondary auditory area TE3 GMDwas
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FIGURE 2 | Amygdala Regions. Group level gray matter density differences and relationship between disease duration and gray matter density. (CM) Centromedial

amygdala, (LB) Laterobasal amygdala, (SF) Superficial amygdala, (ASTR) Amygdala-Striatal Transition Area, (HATA) Hippocampal-Amygdala Transition Area. Color

legend indicates probabilities contained within the mask from 0% (blue) to 100% (red). *Significant at p < 0.05, FDR corrected for multiple comparisons.
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FIGURE 3 | Hippocampus Regions. Group level gray matter density differences and relationship between disease duration and gray matter density. (CA1) CA1 of

hippocampus, (CA2) CA2 of hippocampus, (CA3) CA3 of hippocampus, (SUBC) Subiculum, (DG) Dentate Gyrus, (EC) Entorhinal Cortex. Color legend indicates

probabilities contained within the mask from 0% (blue) to 100% (red). *Significant at p < 0.05, FDR corrected for multiple comparisons.
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comparable between early PD patients and the healthy controls.
Between-group comparisons of the GMDs of remaining stage six
regions (i.e., the primary motor cortex, primary somatosensory
cortex, occipital cortex, primary auditory cortex, and Broca’s
area) showed the GMDof the early PD, advanced PD, and healthy
control groups to be not significantly different after false positive
discovery adjustment (Figure 4, Supplementary Figures 1, 2,
Supplementary Tables 2–4).

Gray Matter Density and Disease Duration
Associations
To confirm that group level differences in regional GMD were
related to disease duration, a set of regression analyses that
examined the relationship between GMD and disease duration
controlling for chronological age and sex was performed. The
individual regression analyses were conducted using the data of
both early and advanced PD patients to increase the range of
disease duration present in the sample. For subcortical regions,
Ch4 GMD declined with disease duration (slope = −0.010
units/yr; 95% CI: [−0.015,−0.005], p < 0.001) and Ch123 GMD
declined with disease duration (slope= −0.008 units/yr; 95% CI:
[−0.013,−0.002], p= 0.009) (Figure 1, Supplementary Table 5).
The centromedial amygdala GMD declined with disease duration
(slope = −0.025 units/yr; 95% CI: [−0.033,−0.017], p < 0.001),
superficial amygdala GMD declined with disease duration (slope
= −0.031 units/yr; 95% CI: [−0.040,−0.021], p < 0.001),
laterobasal amygdala GMD declined with disease duration (slope
= −0.023 units/yr; 95% CI: [−0.040,−0.005], p = 0.013),
amygdala-striatal transition area GMD declined with disease
duration (slope= −0.012 units/yr; 95%CI: [−0.017,−0.006], p<

0.001), and HATA GMD declined with disease duration (slope=
−0.011 units/yr; 95%CI: [−0.017,−0.004], p= 0.001) (Figure 2).
Entorhinal cortex GMD declined with disease duration (slope =
−0.014 units/yr; 95%CI: [−0.022,−0.007], p< 0.001) (Figure 3).
For cortical regions, only the GMD of the secondary auditory
association area TE3 declined with disease duration (slope =

−0.011 units/yr; 95% CI: [−0.017,−0.005], p< 0.001) (Figure 4,
Supplementary Table 5).

Regional Differences in GMD Slope
Directionality
To further test differences in disease progression between early
and PD groups, a comparison of the directionality of the early and
PD slope parameters for the age and sex adjusted relationships
between duration of disease and GMD was performed. For
subcortical regions in early PD, one region (7.7%) had a positive
slope, compared to 12 regions (92.3%) which had a negative
slope. For subcortical regions in advanced PD patients, all 13
regions (100%) had a negative slope. For cortical regions in early
PD, 13 regions (92.9%) had a positive slope, compared to one
region (7.1%) which had a negative slope. For cortical regions in
advanced PD patients, all 14 regions (100%) had a negative slope.
The difference in the distribution of positive and negative slopes
for subcortical and cortical regions in early PD is significant (p <

0.001). Additionally, the difference in the distribution of positive

and negative slopes for cortical regions between early PD and
advanced PD is significant (p < 0.001).

DISCUSSION

Loss of gray matter in Parkinson’s disease is pathological, and
additive to the normal aging process (45, 77, 78). This study
found pathological gray matter degeneration in subcortical
regions of the cholinergic basal forebrain and amygdala, but
found general sparing of hippocampal and neo-cortical regions
in a population of advanced Parkinson’s disease patients.
These findings suggest a pattern that could be described
roughly as “ascending” when comparing groups differentiated by
disease duration.

MRI study of Parkinson’s disease is extensive, but results have
not demonstrated a consistent pattern of disease related atrophy
(33). Previous studies have identified gray matter atrophy in
early non-demented Parkinson’s disease subjects (79, 80), while
others have found no differences when compared to healthy
controls (81–83). In advanced Parkinson’s disease subjects,
studies have found gray matter atrophy in the hippocampus
(44, 52), amygdala (44, 84), and caudate (85). The advanced
Parkinson’s disease group evaluated in this study showed
extensive degeneration of the basal forebrain and amygdala
when compared to healthy control and early Parkinson’s disease
groups, but showed limited degeneration in the hippocampus
and neocortex. When compared to previous neuroimaging
studies, results from this study place the advanced Parkinson’s
disease group at the threshold of advanced disease, where
degeneration in meso- or neo-cortical areas has either not
occurred, or not yet resulted in measurable loss of GMD.

This study did not identify regional differences in GMD
between early Parkinson’s disease and healthy control groups.
These findings fit within a literature that has failed to consistently
detect atrophy in MRI studies of early Parkinson’s disease
(86, 87). A notable exception to past negative findings are
deformation based morphometry studies of PPMI Parkinson’s
disease subjects at baseline which identified atrophy in
subcortical regions such as the basal ganglia, basal forebrain,
and hippocampus and predicted pathological spread of PD to
subcortical regions ahead of cortical regions (23, 25). However,
Zeighami et al. also identified extensive cortical atrophy, a
finding not expected from a sample acquired at baseline of
motor diagnosis by PPMI (23). To address the discrepancy
between these studies, we compared the directionality of the
early and advanced Parkinson’s disease slope parameters for
relationships between disease duration and regional GMD. For
early Parkinson’s disease subjects, 92.3% of subcortical regions
displayed the expected negative slope, compared to only 7.1%
of cortical regions. For advanced Parkinson’s disease patients,
100% of cortical and subcortical regions displayed a negative
slope. This ascending pattern of isolated subcortical atrophy in
early PD patients which did not reach the level of traditional
statistical significance may result from the nature of gray
matter density as a downstream proxy for potential mechanisms
of neurodegeneration in Parkinson’s disease. Perhaps a lag
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FIGURE 4 | Neocortical Regions. Group level gray matter density differences and relationship between disease duration and gray matter density. (PMC4a) Primary

motor cortex area 4a (TE1.0) Primary auditory area TE1.0 (PSC1) Primary somatosensory cortex area 1 (TE3) Secondary auditory area (TE3 V1) Area V1 of the

occipital cortex (BA45) Broca’s area defined by Brodmann area 45. Color legend indicates probabilities contained within the mask from 0% (blue) to 100% (red).

*Significant at p < 0.05, FDR corrected for multiple comparisons.
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exists between still unknown neurodegenerative mechanisms
and ability to detect loss of gray matter density via VBM.
MRI methods capable of measuring tissue microstructure (e.g.,
diffusionMRI) or physiology (e.g., functionalMRI) may be better
equipped to detect differences which precede those detectable
by VBM.

A novel finding of this study is the consistency with which
each region of the amygdala was shown to have degenerated in
the advanced Parkinson’s disease group. The amygdala, which is
extensively connected to the cortex, diencephalon, basal ganglia,
and olfactory bulb is associated with a number of functions in
humans including learning and memory, emotion regulation,
and motivation (69, 88). Degeneration of the amygdala in
Parkinson’s disease and other neurodegenerative diseases such
as AD and dementia with Lewy bodies may result in common
behavioral and cognitive deficits (88). Specifically in Parkinson’s
disease, the amygdala is known to undergo severe pathological
change over time (89). Pathological study of the amygdala in
advanced Parkinson’s disease subjects has identified a selective
pattern of degeneration localized to the corticomedial and
basolateral formation and an association between pathological
load in the laterobasal amygdala and visual hallucinations
(49). MRI studies of the amygdala in Parkinson’s disease have
contributed mixed findings to date; reporting no difference
between Parkinson’s disease and control subjects (90) or slightly
reduced volume of the right amygdala in Parkinson’s disease
relative to healthy controls (91, 92). The current study reports
significant atrophy in advanced Parkinson’s disease relative to
early Parkinson’s disease and healthy control subjects, a finding
which has not previously been reported using MRI methodology.
Evidence from the current study most strongly supports prior
histological evaluation that showed significant regional amygdala
pathology (49), perhaps due to our use of histologically defined
brain maps.

Prior MRI studies of Parkinson’s disease, which have not
consistently identified the amygdala as an area of degeneration
in Parkinson’s disease, differ from the current study through
application of deterministic mapping, which allows each voxel
in a brain region to contribute equally to an output measure
(93, 94). This study utilized probabilistic mapping, which allows
voxels to differentially contribute to an output measure and
account for the likelihood that they accurately reflect anatomical
boundaries in an individual (69, 95). The use of histologically
defined probabilistic maps is particularly indicated in the case of
brain regions, such as the amygdala, which can only be properly
delineated by cytoarchitecture, and may have poor or limited
contrast in structural MRI (69). The consistent degeneration
identified in the amygdala in this study possibly reflects this
methodological difference with prior studies. These findings
implicate the amygdala as an area of future MRI investigation in
Parkinson’s disease.

Voxel based morphometry is sensitive to effects of age
(96), which manifest as wide-ranging reductions in cortical
and subcortical gray matter over time (97, 98). This study
attempted to control for these effects by selecting cohorts with
similar mean age, but which differed by PD disease duration.
Though considered a strength of this study, this design choice

may limit our ability to make inferences about the “typical”
pattern of atrophy in advanced PD. Recent study of outcomes
in PD identified age at PD diagnosis as a strong predictor of
progression to disease milestones and death (99). Older age at
PD onset is associated with more severe motor and non-motor
phenotypes and greater dopaminergic impairment (100). Because
the advanced PD group in this study was diagnosed on average
5.8 years earlier than the early PD group, it is possible that
they belong to a PD subtype which progressed to reductions in
subcortical GMD at a different rate than the early PD group, and
that these groups may have different relationships between GMD
and duration of disease.

The major limitation of this study design stems from
retrospective collection of data in the advanced Parkinson’s
disease group. The acquisition of the neuroimaging and
neuropsychological data from the advanced PD patients
took place as part of routine clinical care, and not as
part of a standardized protocol. As a result, MRI images
from advanced PD patients had more variable acquisition
parameters and were acquired on multiple different Siemens
MRI scanners. Conversely, PPMI images were acquired with
relatively standardized acquisition parameters on fewer MRI
scanners from different vendors. Unfortunately, there are no
consensus methods for retrospective data harmonization of brain
MRI structural data, a problem that was noted in a recent
survey of the neuroimaging community (101, 102). Due to a
noted vulnerability of datasets to cross-vendor harmonization
issues (101, 102), we also chose to exclude all PPMI data not
acquired Siemens scanners with an MP-RAGE protocol. Several
elements of our data processing methods attempted to improve
consistency between the groups (e.g., inspection for missing
data, a robust, automated quality control protocol, consistent
application of image registration techniques, and normalization
steps intrinsic to the VBM method). Despite these steps, the
possibility of confounds related to difference in MRI must be
acknowledged; however, two important control findings provide
a measure of confidence in the major findings of this study.
First, negative findings between the advanced Parkinson’s disease
group and both PPMI groups for the majority of hippocampal
and neocortical regions suggest that any potential confounds
attributable to differences in MRI acquisition would need to
be confined to specific subcortical regions. Second, the analysis
examining early vs. advanced differences in regional slope
directionality related to duration of Parkinson’s disease showed
change of slope direction in nearly all of the cortical regions;
here, any potential confounds would need to be confined to a
different set of neocortical regions. So, while it is possible that
MRI acquisition differences alone could account for the specific,
ascending pattern of regional atrophy identified in this study,
such a finding would be highly improbable.

The current study provided in-vivo human evidence
suggesting a pattern of neurodegeneration in Parkinson’s disease
in subcortical regions ahead of cortical regions. Widespread
subcortical degeneration in the basal forebrain and amygdala
of the advanced Parkinson’s disease group compared to early
Parkinson’s disease or healthy controls suggests an organized
degenerative process which effects subcortical structures in
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advance of cortical structures. Ongoing research efforts will
utilize new MRI techniques and longitudinal data to further
evaluate the progression of pathology during the course of
Parkinson’s disease.
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Cognitive dysfunction is a significant non-motor feature of Parkinson’s disease, with the

risk of dementia increasing with prolonged disease duration. Multiple cognitive domains

are affected, and the pathophysiology cannot be explained by dopaminergic loss alone.

Sophisticated neuroimaging techniques can detect the nature and extent of extra-nigral

involvement by targeting neurotransmitters, abnormal protein aggregates and tissue

metabolism. This review identifies the functional and anatomical imaging characteristics

that predict cognitive impairment in PD, the limitations that challenge this process, and

the avenues of potential research.

Keywords: mild cognitive impairment, dementia, Parkinson’s disease, biomarker, imaging

INTRODUCTION

Parkinson’s Disease (PD) is a neurodegenerative disorder that is often characterized by motor
symptoms such as resting tremor, rigidity, bradykinesia, and postural instability. However,
non-motor features such as cognitive impairment play a significant role in this progressive,
multisystem condition, and often precede the onset of motor symptoms. In fact, mild cognitive
impairment (MCI) is present in 42.5% of patients at the time of diagnosis, and progresses to
dementia (PDD) in 70–80% of cases within 15–20 years (1, 2). The prevalence of dementia in
PD is 3 times higher than the general population (3, 4), and leads to caregiver burden, early
institutionalization and death (5).

The clinical syndrome in PD reflects the progressive degeneration of nigrostriatal dopamine
neurons and accumulation of intranuclear misfolded alpha-synuclein, referred to as Lewy bodies.
Executive dysfunction, that is a prominent feature of the cognitive dysfunction in PD, can be
attributed to dopaminergic fronto-striatal impairment. However, other symptoms like alertness and
visuo-perceptual dysfunction, cannot fully be explained by dopaminergic loss, and is suspected to
involve several other neurotransmitter systems such as serotonergic, noradrenergic and cholinergic
circuits. However, the role of extra-dopaminergic pathways in the cognitive symptoms in PD has
not been fully elucidated and remains poorly understood.

The advent of sophisticated neuroimaging techniques has facilitated the detection of disease
beyond the limitations of the clinical examination. Imaging biomarkers can be used as a potential
tool to detect these extra-dopaminergic pathways, by specifically targeting neurotransmitters,
abnormal protein aggregates and tissuemetabolism (Table 1). They can also clarify the pathological
burden that results in cognitive impairment, and can prognosticate the risk factors that determine
the progression to dementia. This review highlights the imaging modalities that facilitate the
detection of cognitive impairment and dementia in PD, and identify prognostic factors and
molecular mechanisms that result in its pathology.
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TABLE 1 | Summary of imaging biomarkers in cognitive impairment and dementia in Parkinson’s Disease, with their respective grades of evidence.

Imaging modality Functional and anatomical biomarkers Summary of evidence Level of evidence

MRI White matter hyperintensities Compared to age-matched controls, white matter hyperintensities

are not predictive of cognitive impairment in PD

Level 2

Cortical thickness Cortical thinning predicts the risk of dementia in PD-MCI Level 2

DTI – In PD, there is increased mean diffusivity and decreased

functional anisotropy in the hippocampus and bilateral frontal and

temporal lobes

– This further corresponds to impaired performance in verbal and

visuospatial memory, semantic fluency and executive function

Level 3

Resting state fMRI – PD-MCI and PDD subjects demonstrate progressive loss of

resting state nuclei in multiple brain regions

– Visuospatial deficits in PD-MCI correlates with impaired

functional connectivity in the parieto-temporal region, and is

predictive of cognitive impairment

Level 2

Task-specific fMRI Impaired nigrostriatal and mesocortical dopaminergic pathways

correspond to cognitive deficits in PD

Level 3

PET 11C-raclopride:

dopamine D2-receptor marker

11C-dihydrotetrabenazine:

D2-receptor and vesicular monoamine

transporter (VMAT2) ligand marker

– Cognitive dysfunction in PD arises from nigrostriatal dopamine

dysfunction and subsequent impairment of cortico-basal ganglia

circuit

– Reduction in D2 receptors in the insular cortex, anterior cingulate

gyrus, and parahippocampal gyrus is seen in PD-MCI, with larger

reduction seen in amnestic MCI subjects

Level 3

Glucose (FDG-PET) – PD cognition-related pattern (metabolic reduction in medial

prefrontal, premotor and parietal association areas) identifies

individuals with PD-MCI whose executive function will improve

with levodopa

– Individuals with PDD have more pronounced impairment of

glucose metabolism in the primary visual cortex, with relative

preservation of the medial temporal region

– Level 2

– Level 3

11C-MP4A :

acetylcholinesterase activity

– Cortical cholinergic activity is reduced by 30% in PDD and 11%

in PD, and is associated with worse attention, memory and

executive dysfunction

Level 3

11C-PIB & 18F-FBB:

bind to amyloid beta

– No difference in amyloid plaque burden between PD-MCI and

healthy age-matched controls

Predicts cognitive decline rather than reflecting

cognitive impairment

Level 3

[18F] AV-1451:

binds to tau

– Conflicting reports about whether tau accumulation varies in

PD-MCI compared to cognitive normal PD and

age-matched controls

– Presence of tau reflects more severe cognitive impairment, and

usually accompanies the presence of amyloid beta

Level 3

11C-PK11195:

traces TSPO, expressed by activated

microglia)

Inconsistent binding to midbrain, frontal and temporal cortices Level 3

SPECT 123 I-FP-CIT & [123I] ioflupane:

in vivo marker of dopamine transporter

binding

– Reduced uptake in striatum in DLB and PDD, and corresponds

to low MMSE scores in PDD

– Executive dysfunction could also be explained by impaired

nigrostriatal function

Level 3

123 I-BVM:

acetylcholine vesicle transport marker

Cholinergic activity is reduced in the parietal and occipital cortex in

PD, with more extensive cortical reduction in PDD

Level 3

(99m)Tc-ethyl cysteinate dimer (ECD):

lipophilic agent used for SPECT perfusion

imaging

– Global cortical hypoperfusion, most prominent in the

temporo-parietal regions in PDD compared to healthy controls

– Hypoperfusion in the posterior parieto-occipital regions in

PD-MCI, with the most difference appreciated when compared to

healthy controls and amnestic MCI than cognitively intact PD

Level 3
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SEARCH STRATEGIES AND SELECTION
CRITERIA

A search strategy was conducted using the PubMed database
(www.ncbi.nlm.nih.gov/pubmed). The search criteria consisted
of all English language articles published until September
23rd 2019, that contained combinations of “Parkinson,”
“cognitive impairment,” “dementia,” “imaging,” “amyloid,” “tau,”
“microglia,” “MRI,” and “PET,” The abstracts were screened for
relevance, and read in their entirety if they were suitable.

MAGNETIC RESONANCE IMAGING (MRI)

White Matter Hyperintensities
White matter hyperintensities (WMH) can be best visualized on
the T2-weighted, fluid-attenuated inversion recovery (FLAIR)
and proton density-weighted sequences, and their presence has
been associated with worse cognition and postural stability in PD
(6). However, previous studies have been inconsistent with the
association of cognitive impairment and WMH.

White matter hyperintensities arise due to ischemic injury
from either hemodynamic compromise, lipohyalinosis, or
arteriosclerosis (7, 8). They are increasingly present with age,
and are distributed in the deep subcortical white matter and
periventricular regions (9, 10). Risk factors for their formation
include hypertension, fluctuations in blood pressure and loss
of cerebral vascular autoregulation (11). Because of their
prevalence, it can be challenging to attribute pathology to their
presence. A recent study by Pozorski et al. used an automated
lesion segmentation tool to compare the WMH burden in
PD to age matched controls over an 18-month period. Their
findings reveal that PD patients do not experience more WMH
than the average population, but the concurrent presence of
WMH can exacerbate the cognitive and motor symptoms in the
condition (12).

Volumetric Assessment of Cortical
Thickness
Atrophy in PDwithmild cognitive impairment (PD-MCI) occurs
predominantly over the frontal, temporal and parietal regions, as
well as the basal forebrain, and it becomesmore pronounced with
progression to dementia (13). MRI analysis of cortical thickness
can also be a means of prognosticating conversion to dementia.
In a study that followed subjects with PD-MCI and healthy
controls, cortical thinning in the frontal, left medial temporal
and insular regions was associated with increased likelihood for
MCI subjects converting to dementia (14). Loss of tissue volume
in these regions is associated with impaired decision-making,
executive function, recognition of facial expressions and visual
memory (14). Voxel-based assessment of gray matter volume
(GMV) corroborates this loss in the frontal-limbic and temporal
regions, and suggests that unilateral-to-bilateral loss of GMV is
a quantitative predictor for the progression from PD-MCI to
PDD (15).

The cortex of PD-MCI converters is thinner than non-
converters, despite the degree of cognitive impairment being
comparable between the two groups (16). More cortical

thinning poses an increased risk of developing dementia
(16). Retrospective analysis of structural MRI imaging in
cognitively intact individuals with PD demonstrated that
cognitive impairment can be predicted based on the region of
atrophy. PD-MCI occurred within 6 months of hippocampal
atrophy (17), 18 months of temporal cortex atrophy (18), and 2
years of prefrontal cortex, insular and caudate atrophy (19, 20).

Diffusion Tensor Imaging (DTI)

DTI is an MRI-based imaging technique that measures
the magnitude (mean diffusivity) and direction (fractional
anisotropy) of water molecule flow along the white matter
tracts. In PD, there is increased mean diffusivity and decreased
fractional anisotropy predominantly in the bilateral frontal and
temporal regions and hippocampus, suggesting damage to the
white matter tracts in these regions (21–25). These manifest
clinically with impaired performance in verbal and visuospatial
memory, semantic fluency and executive function (22).

Resting State Functional MRI (fMRI)

Functional MRI measures the blood-oxygen-level dependent
(BOLD) signal to reflect the functional connectivity (FC) in the
brain. This provides information about the interaction between
different cortical regions that make up resting-state networks
(RSN). These fMRI images are obtained in the absence of
prompted task, and demonstrate the resting connectivity in
the brain.

PD subjects demonstrate a progressive loss of RSN in multiple
brain regions over the course of a 3-year follow-up (26). Despite
controlling for dopaminergic medications, subjects with PD-
MCI and PDD demonstrate impaired FC in the fronto-parietal
network and its associated RSNs (27, 28). In PD-MCI with visuo-
spatial impairment, the FC changes involve the parieto-temporal
regions as well, and is predictive of evolution to dementia
(26, 29). These findings suggest a dual signature of cognitive
impairment: the dopaminergic fronto-striatal pathway and the
parieto-temporal pathway (30, 31).

Task-Based fMRI
In individuals with PD, task-based MRI performed during
attentional set-shifting tasks show reduced fronto-striatal activity
(32–34). PD-MCI off dopaminergic medication further show
diminished activation between the prefrontal cortex and caudate
nucleus when performing set-shifting tasks (34). Some studies
indicate that the medial temporal lobe compensates for this
diminished functioning, and attempts to preserve cognitive
function in PD (34–36). Task-based MRI studies demonstrate
that the nigrostriatal and mesocortical dopaminergic pathways
are involved in the cognitive deficits seen in PD (14).

POSITRON EMISSION TOMOGRAPHY
(PET)

Dopamine
Dopaminergic molecular imaging has been useful in identifying
the subcortical regions of dopamine hypoactivity that contributes
to cognitive impairment in PD. By using a marker for dopamine
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D2-receptor availability and synaptic dopamine function (11C-
raclopride, or RAC), Sawamoto et al. studied subjects with
early symptomatic PD and age-matched controls during a
spatial working memory task and visuomotor task to determine
whether the cognitive impairment in PD results from frontal
lobe or striatal dopaminergic dysfunction (37). They found that
dopamine release in the dorsal caudate was significantly reduced
in PD, but preserved in the medial prefrontal cortex, suggesting
that cognitive deficits in early patients with PD arises from
nigrostriatal dopamine dysfunction and subsequent impairment
of the cortico-basal ganglia circuit (37).

Contrary to prior studies that implicated frontal dopamine
depletion in cognitive impairment, there was relative
preservation of mesocortical dopamine transmission (37).
However, the studies that demonstrated diminished activity in
the mesolimbic and mesocortical regions (38, 39), were done in
PDD instead of early PD with MCI. So, it is possible that with
disease progression, the cortical dopaminergic activity becomes
more impaired.

By using a D2-receptor and vesicular monoamine transporter
(VMAT2) ligands as a marker for dopamine receptor integrity
in the cortex and striatum respectively, Christopher et al.
demonstrated that cognitive impairment in PD is associated with
D2 receptor reduction in the insular cortex, anterior cingulate
gyrus and parahippocampal gyrus compared to cognitively intact
PD controls. This reduction was also larger in amnestic compared
to non-amnestic MCI subjects. This suggests that the medial
temporal lobe contributes to the memory impairment and
executive dysfunction in PD (40).

Glucose
FDG-PET findings in PDD manifest in a similar pattern
to Alzheimer’s Disease, where the regional glucose cerebral
metabolism affects the posterior cingulate gyrus first, then
progresses to the temporal and parietal association cortex, and
finally affects the prefrontal cortex (41, 42). Studies on PD-
MCI also reveal diminished glucose metabolism in the parietal,
temporal, cingulate, and frontal cortices (43, 44).

Despite similar findings in AD and PDD, the degree of
regional cerebral hypometabolism can distinguish between the
two conditions when matched for age, sex, and dementia
severity. Individuals with PDD have pronounced impairment of
glucose metabolism in the primary visual cortex, with relative
preservation of the medial temporal region (45). However, in
AD, there is only mild reduction in glucose metabolism in these
regions (45).

Dementia with Lewy Bodies (DLB) is another
neurodegenerative condition that shares similar PET imaging
features with PDD. Compared to PD, PDD andDLB demonstrate
relatively reduced metabolism in the bilateral inferior and medial
frontal lobes, as well as the right parietal lobe (46). The only
distinguishing feature is that glucose metabolism is more
diminished in the anterior cingulate gyrus in DLB compared to
PDD (46).

Spatial covariance analysis of FDG-PET images in PD reveals
metabolic reductions in the medial prefrontal, premotor and
parietal association areas in a pattern that is referred to as

PD cognition-related pattern (PDCP). PDCP is associated with
severe cognitive impairment, and can identify the population of
patients with MCI whose executive function will improve with
levodopa; those who do not demonstrate this pattern, do not
respond to therapy (47).

Acetylcholinesterase Activity
Cortical cholinergic deficiency plays a critical role in the cognitive
decline seen in PD. Cholinergic denervation occurs early in
PD, and is more pronounced in individuals with cognitive
impairment and dementia (48–50). Lower cortical cholinergic
activity is associated with worse cognitive performance scores
for attention, memory, and executive function, and is sensitive
enough to detect subclinical MCI (51). This justifies the use of
cholinergic inhibitors for the symptomatic treatment of cognitive
impairment in PDD (51).

While cortical cholinergic deficiency does not correlate with
motor symptoms in PD, it appears to be the primary etiology
associated with significant cognitive decline (48–50). Cortical
binding of 11C-MP4A, a marker of acetylcholinesterase activity,
is globally reduced by 30% in PDD, compared to 11% in PD
(42). This pattern of cortical hypometabolism is also seen in DLB
and AD, with AD demonstrating additional involvement of the
thalamus (49, 51). Cholinergic PET also correlates with loss of
forebrain cholinergic neurons seen on post-mortem pathology
(48–50). 18F-dopa studies indicate that diminished dopaminergic
uptake in the frontal and temporo-parietal regions correlates
with cholinergic deficiency, suggesting that both systems reduce
in conjunction in PD and PDD (48).

Amyloid Beta
The role of amyloid beta in the development of cognitive
impairment in PD is debated. Using the 11C-PIBmarker, amyloid
beta plaques can be identified in the cortex (52–54), but the
degree is significantly less in PD compared to cognitively normal
elderly people (55, 56). However, there is a higher plaque burden
observed in the cortex and striatum of individuals with PDD
(15–20%) and DLB (52, 57).

The presence of amyloid beta plaques is not presumed to
be a major player in the pathogenesis of cognitive impairment
in PD. There was no difference in amyloid beta burden
between PD-MCI and healthy age-matched controls, but long-
term follow up indicates that both groups experience cognitive
decline at 2.5 years (58). This suggests that the presence of
plaques might predict cognitive decline rather than reflect
the severity of cognitive impairment (58). Additionally, the
presence of amyloid plaque in the striatum is associated
with worse cognitive decline compared to its presence in the
cortex alone (59).

The in vivo amyloid beta PET imaging studies have several
limitations; particularly, low sample size, low power, lack of
cognitive characterization and no standardization for age (60).
A recently published cross-sectional study by Melzer et al. (60)
looked at 115 subjects divided into PD-CN, PD-MCI and PDD.
Using 18F-Florbetaben (FBB) amyloid PET and structural MRI,
the study determined that while FBB binding was higher in PDD
population, it was not significant when adjusted to findings in

Frontiers in Neurology | www.frontiersin.org 4 January 2020 | Volume 11 | Article 4752

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Sasikumar and Strafella Imaging Cognitive Impairment in Parkinson’s Disease

age-matched controls, and is much lower than the deposition
seen in AD (54, 61–63). This further suggests that amyloid
beta is not the primary pathology that constitutes the cognitive
impairment seen in PD.

Tau
Tau deposits using tracer [18F] AV-1451 show increased binding
in precuneus and inferior temporal gyrus in PDD and DLB,
compared to age-matched controls (64, 65). However, in a recent
cross-sectional study by Winer et al., tau accumulation did not
differ between PD-CN and PD-MCI compared to age-matched
controls (66). This suggests that cortical tau aggregates are
present with more progressive disease only. While it is uncertain
whether they contribute to cognitive dysfunction in PD, their
presence certainly reflects more advanced cognitive impairment
(51). Additionally, tau accumulation increases with amyloid beta,
regardless of cognitive status and age (66).

Microglia
Microglia are resident macrophages of the central nervous
system that are activated during neuronal injury. They have
been implicated in the pathogenesis of PD because post-mortem
studies demonstrate increased microglia in the substantia nigra,
putamen, hippocampus, cingulate and temporal cortex (67). As
such, identifying microglial activity could serve as a biomarker of
inflammation and potentially, PD.

Upon activation, microglia express TSPO (18 kDA
translocator protein) in the outer mitochondrial membrane
(68). However, PET studies using the 11C-PK11195 tracer show
inconsistent binding to TSPO in the midbrain (69), frontal and
temporal cortices (70). This variability might be explained by the
limitations of the tracer itself, as 11C-PK11195 has non-specific
binding, low blood-brain barrier penetration, and high plasma
protein binding. It is also challenging to prepare, and these
demonstrate different affinities because of polymorphisms in
TPSO (71, 72).

Increased cortical microglial activation is associated with
glucose hypometabolism in the posterior cingulate, frontal,
temporal, parietal, and occipital regions in PD-MCI and PDD,
suggesting that neuronal disconnections occur both locally and
remotely (73). The degree of microglial activation also correlates
with the cortical load of amyloid beta, so neuroinflammation
may be an early event in dementia and likely initiates neuronal
dysfunction (73).

SINGLE-PROTON EMISSION COMPUTED
TOMOGRAPHY (SPECT)

Dopamine
Similar to PET imaging, SPECT employs radiotracers to study
the basal ganglia and its synaptic projections. 123I-FP-CIT
SPECT, which is an in vivo marker of dopamine transporter
(DAT) binding, shows reduced striatal uptake in individuals
with DLB and PDD (74). In comparison, cognitively intact
individuals with PD demonstrate more selective DAT binding
to the putamen (75). Moreover, 123I-FP-CIT SPECT binding
corresponds to MMSE scores in PDD patients, suggesting that

striatal dopaminergic loss contributes to cognitive impairment
in PD (74). SPECT studies using [123I] ioflupane suggest that
executive dysfunction in PD could also be explained by impaired
nigrostriatal function (76, 77).

Acetylcholine
123I-BVM is a marker of acetylcholine vesicle transport,
and reflects cholinergic deficiency in PD. Cognitively intact
individuals with PD have reduced 123I-BVM binding in the
parietal and occipital cortex, whereas those with PDD show
extensive reduction in cortical binding (78).

Perfusion
There is limited data on the role of SPECT perfusion imaging
in PD-related cognitive impairment, but the reported literature
suggests its potential in reflecting the severity of underlying
cognitive impairment. A study of 22 patients with PDD using
the SPECT radiotracer (99m)Tc-ethyl cysteinate dimer (ECD)
reveals global cortical hypoperfusion, most prominent in the
temporo-parietal regions, compared to healthy, age-matched
controls (79). In individuals with PD-MCI, the hypoperfusion
pattern is limited to the posterior parieto-occipital regions,
with the most difference seen in comparison to healthy
controls and amnestic MCI than to those with cognitively
intact PD (80).

ALPHA SYNUCLEIN

The pathology of alpha-synuclein’s invasion into the nervous
system is unknown. It is theorized to originate in the enteric or
peripheral nervous system, and enter the central nervous system
through retrograde vagal nerve transport. However, not all PD
subjects demonstrate pathology in the dorsal motor nucleus
of the vagus to support this theory (81). Borghammer et al.
hypothesize that there are two types of disease processes: (i)
peripheral nervous system first, which manifests clinically with
REM sleep behavioral disorder (RSBD) and (ii) central nervous
system first, with nigrostriatal dopamine involvement prior to
autonomic symptoms (81).

They support this theory using in vivo imaging of RSBD
positive (idiopathic RSBD, who eventually develop PD or
DLB) and RSBD negative (de novo H&Y Stage I PD patients)
subjects. This revealed that RSBD positive subjects demonstrate
severely reduced sympathetic cardiac innervation (using 123
I -MIBG scintigraphy) but normal striatal dopamine storage
capacity (using 18 F-DOPA PET). RSBD negative subjects,
who represent de novo PD, show normal cardiac innervation
and reduced striatal dopamine capacity. These findings suggest
that distinguishing RSBD reflects the initial location of the
alpha synuclein pathology (81). Whether the disease starts
in the enteric and peripheral nervous system vs. brainstem
and limbic system might be determined by different patterns
of cellular vulnerability (81). Unfortunately, there is no
nucleotide tracer for alpha-synuclein, so much of its role in
PD remains theoretical, as does its role in the progression of
PD-MCI to PDD.
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DISCUSSION

Emerging imaging techniques have facilitated a broader
understanding of cognitive impairment, where extra-nigral
pathways have been identified to play a key role in the
pathogenesis of neurodegeneration in PD. Several mechanisms
have been identified, including location of cortical atrophy
as means of predicting risk of progression to dementia (17–
20), meso-cortical dopaminergic dysfunction in advanced
dementia, glucose hypometabolism in the posterior cingulate
gyrus and temporo-parietal association cortices, and diffusely
diminished cholinergic activity. Certain features like cortical
deposition of amyloid beta and tau, as well as white matter
burden, are associated with advanced cognitive impairment but
do not participate in the primary pathology of cognitive
impairment in PD. These processes act synergistically,
and have poor prognostic implications for individuals with
the disease (58, 82).

Cognitive impairment in PD starts in the temporo-parietal
cortices before involving the remainder of the cortex and
subcortical gray matter, and predicts the progression to PDD.
There is diminished cholinergic activity in this region, as well as
in the basal nucleus and occipital cortex, which justifies the use
of cholinergic inhibitors for symptomatic treatment of attention
and visuospatial disorientation in PD.

There are several limitations to the value of imaging to detect
cognitive impairment in PD. Co-pathology of synucleinopathy
(Lewy Body inclusions) and proteinopathy (amyloid beta and
tau) is a feature shared with other dementing conditions like

DLB and AD, which makes it challenging to distinguish PD-
related cognitive impairment from these co-pathologies (83). It
also remains unclear whether amyloid beta and tau influence the
onset of cognitive impairment in PD, enhance existing symptoms
or are predictive of its rate of progression. Studies are further
limited by design and sample size, which challenges the ability
to draw conclusions from their results. The average age of the
patient population in the reported studies is over 55 years, with
a disease duration between 8 and 10 years, so the relevance
of these biomarkers to early-onset PD cannot be determined.
There is also a need for new ligands with high affinity and
better selectivity, that not only assess neurotransmission but also
neuroinflammation (84). This will shed light on the series of
events that take place in cognitive impairment, and determine
the risk factors that drive this process. Identifying anatomical
and functional predictors of cognitive impairment can facilitate
early detection and target appropriate interventions to optimize
patient care.
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Background: Depression is reported to occur 5–10 years early than the onset of motor

symptoms in Parkinson (PD) patients. However, markers for early diagnosis of PD in

individuals with sub-clinical depression still remain to be identified.

Purpose: This study utilized Regional Homogeneity (ReHo) to investigate the alterations

in resting state brain activities in Parkinson (PD) patients with different degrees

of depression.

Methods: Twenty non-depressed PD patients, twenty mild to moderately depressed

PD patients, and thirteen severely depressed PD patients were recruited. Hamilton

Depression Scale (HDS) and the Beck Depression Inventory (BDI) were assessed

depression. Resting-state functional magnetic resonance imaging (rs-MRI) was analyzed

with ReHo.

Results: PD patients with mild to moderate depression had decreased ReHo in

the left dorsal anterior cingulate cortex when compared with PD patients without

depression. PD patients with severe depression exhibited increased ReHo in the left

inferior prefrontal gyrus and right orbitofrontal area when compared with PD patients

with mild to moderate depression. ReHo values in the bilateral supplementary motor

area (SMA) in PD patients with severe depression was also increased when compared

with PD patients without depression.

Conclusions: This study suggests that rs-MRI with ReHo analysis can detect early

changes in brain function that associate with depression in PD patients, which could be

biomarkers for early diagnosis and treatment of PD related depression.

Keywords: parkinson’s diseases, mild depression, early treatment, regional homogeneity, resting-states,

functional MRI

INTRODUCTION

Parkinson’s disease (PD) is a common degenerative disease of the central nervous system with an
incidence only secondary to Alzheimer’s disease (1). Approximately 2% of people over 65 years
old and 3% of people over 80 years old suffer from PD (2). It is predicted that the incidence and
prevalence of PD will be twice as high as now by 2030 (3). Clinical symptoms of PD include motor
symptoms and non-motor symptoms, but its treatments mainly focus on the motor symptoms.
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However, more and more studies found that non-motor
symptoms often appeared several years or even decades
before motor symptoms in PD patients (4), suggesting that
these non-motor symptoms may be possible the signs for
predicting PD occurrence. Among those non-motor symptoms,
depression is the most common symptoms with a rate of
30–40% (5). A retrospective study in 32,415 Netherlanders
demonstrated that depressive symptoms occurred 10 years in
average before the motor symptoms in PD (6). A study in
Americans revealed that depression was diagnosed about 5
years before motor symptoms in PD (7). In addition, tricyclic
antidepressants can effectively treat PD-related depression,
which can also subsequently delay the progression of PD
disease (8). Reichmann’s review proposed that it is not the
depression to cause PD, but rather that a common pathology,
such as the impairment and malfunction of dopaminergic,
noradrenergic, and serotonergic systems, leads to depression, and
motor symptoms sequentially (9). A previous study found that
PD patients with mild depressive symptoms were six times more
at risk to develop moderate to severe depressive symptoms than
PD patients without depressive symptoms (10, 11). We therefore,
hypothesize that a comparative study in PD patients with
different degrees of depression may identify markers for the early
detection of PD.

PD is thought to cause depletion of dopamine in the
frontal and limbic systems. However, selective abnormalities in
dopamine and other neurotransmitters in the limbic system
were observed in PD patients with depression relative to PD
patients without depression (12). Abnormalities in functional
connectivity in the prefronto-limbic system (13) and structures
in the prefrontal lobe, limbic system, and temporal lobe (14)
were reported to be associated with depression in PD patients.
Therefore, detecting the brain structural alterations in PD
patients with depression may find markers for early diagnosis
of PD. Functional magnetic resonance imaging (functional MRI,
fMRI) is a non-invasive functional imaging technique that can
detect changes in blood-oxygen-level-dependent (BOLD) signals.
The fMRI includes a task state and a resting state for data
acquisition and analysis. Resting-state functional MRI (R-fMRI)
reflects the spontaneous neuronal activity. The data collected
in the resting state is relatively stable, easy to obtain, and is
therefore widely used in the study of brain function. Regional
homogeneity (ReHo) refers to the similarity of BOLD signal
changes of adjacent voxels in the same time series (15). The
increase in ReHo indicates an increase in the consistency of
neuronal activity in the local brain region (16). Previous studies
with ReHo demonstrated that neural activity in the resting
state is changed in multiple brain regions of PD patients
(17–20). A study compared ReHo between PD patients with
depression and PD patients without depression and found
that PD patients with depression exhibited significant increases
of ReHo in the left middle frontal gyrus and right inferior
frontal gyrus, and decreases of ReHo in the left amygdala and
bilateral lingual gyrus (21). Thus, a specific alteration in rs-
MRI with ReHo analysis in PD patients with mild depression
may be used as a marker for early diagnosis or prediction
of PD.

This study investigated the alterations in resting state brain
activities using ReHo in PD patients with different degrees of
depression and non-depression.

MATERIALS AND METHODS

Subjects
The patients with Parkinson’s disease were recruited from the
Department of Neurology, the Second Xiangya Hospital of
Central South University from December 2015 to October
2018. Patients were diagnosed according to the British Brain
Bank PD diagnostic criteria. PD patients were divided into PD
without depression (ndPD, n = 20, 9 females), PD with mild to
moderate depression (mdPD, n = 20, 8 females), and PD with
severe depression (sdPD, n = 13, 7 females) according to the
Hamilton Depression Scale (version 17) and the Beck Depression
Inventory (BDI). In the ndPD group, the Hamilton score was <7
while BDI was <10; in the mdPD group, the Hamilton score was
between 17 and 24 points while the BDI was between 10 and 25;
and in the sdPD group, the Hamilton score was more than 24
while the BDI was more than 25. The demographic and clinical
data of all participants are shown in Table 1.

This study was approved by the Medical Ethics Committee
of the Second Xiangya Hospital, Central South University. All
subjects enrolled in the study were voluntarily involved in the
study after fully understanding the risks, research purposes, etc.
The signed informed consents were obtained from the subjects or
their guardians.

Inclusion Criteria
Patients were included in the study if (1) they complied with the
diagnosis of PD in the British Brain Bank PD diagnostic criteria;
(2) were right handed; (3) had no dementia; and (4) their clinical
data were available and they can finish MRI examination.

Exclusion Criteria
Patients were excluded from the study if (1) they had
unsuitable or contraindicated MRI examinations; (2) they had
claustrophobia; (3) they felt discomfort duringMRI examination,
and cannot continue to complete the examination; (4) they had
a history of long-term alcohol abuse or other histories of drug
abuse; (5) they had a definite cause for depression, and (6) they
were left handed.

Two experienced neurological physicians collected all
subjects’ age, gender, medical history, and course of the
disease with exact consistency. They also recorded the patient’s
Hoehn-Yahr grading according to the nervous system. A two-
way random model was then used to calculate the intraclass
correlation coefficient of Hoehn-Yahr grading. It was 0.961
(P < 0.001), suggesting an absolute consistency between two
physicians. All patients completed the Parkinson’s disease rating
scale (UPDRS), the BDI, the Hamilton Depression Scale, and the
Mini-mental state examination (MMSE) survey.

Scanning Parameters
The scanning session was performed at the Radiology
Department of Second Xiangya Hospital, Central South
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TABLE 1 | Demographics and clinical details (mean ± SD).

ndPD mdPD sdPD P value

mdPD vs.ndPD sdPD vs.mdPD sdPD vs.ndPD

Gender(male/female) 11/9 12/8 6/7

Age (year) 58.40 ± 6.96 60.55 ± 7.21 63.92 ± 10.57 0.403 0.246 0.060

Duration of disease(month) 28.35 ± 18.98 34.50 ± 33.07 29.00 ± 22.24 0.456 0.554 0.994

UPDRS 43.10 ± 4.94 42.42 ± 7.1 50.46 ± 8.40 0.889 0.002 0.004

H-Y 1.62 ± 0.64 1.62 ± 0.80 1.88 ± 0.68 1.000 0.317 0.317

HAMD 3.15 ± 1.69 18.70 ± 1.45 29.84 ± 3.46 < 0.001 < 0.001 < 0.001

BDI 6.40 ± 2.28 16.95 ± 5.09 33.00 ± 5.88 < 0.001 < 0.001 < 0.001

MMSE 27.30 ± 2.65 25.70 ± 3.93 22.15 ± 4.54 0.175 0.009 < 0.001

PD, Parkinson’s disease; ndPD, PD without depression; mdPD, PD with mild and moderate depression; sdPD, nPD with severe depression; UPDRS, Unified Parkinson’s Disease Rating

Scale; HAMD, the Hamilton Depression Scale; BDI, the Beck Depression Inventory; MMSE, Minimum Mental State Examination; H-Y, Hoehn & Yahr stage.

University, on a SIEMENS 3.0 T scanner. A total of 580
T2- weighted EPI scans were acquired during the entire
functional run (TR = 2,500ms, TE = 25ms, FA = 90◦, FOV
= 240 × 240mm, 39 axial slices, slice thickness 3.50mm,
no gap). Two more dummy scans were acquired before each
run to allow the fMRI signal to reach a steady state. Before
the functional run, an anatomical volume consisting of T2-
weighted MPRAGE scans with the high spatial resolution was
also acquired.

MRI and Data Analysis
RS-fMRI images were preprocessed using the toolboxes
data processing assistant for resting-state functional MR
imaging (DPARSF; http://www.restfmri.net/forum/DPARSF)
through an RS-fMRI data analysis toolkit (REST1.8; http://
www.restfmri.net) running on MATLAB R2010a (Math-
works). The first ten volumes of the functional images
were discarded.

The imaging data were preprocessed by slice timing,
realignment, co-registration to individual structural T1 scan,
segmentation into gray matter (GM), white matter (WM),
and cerebrospinal fluid (CSF), as well as spatial normalization
to Montreal Neurological Institute coordinates (MNI) space
using the normalization parameters estimated in DARTEL,
with a resampling voxel size of 3mm × 3mm × 3mm.
A temporal filter (0.01–0.08Hz) was used to decrease the
effect of low-frequency drifts and physiological high-frequency
noise. The linear trends were then removed. Finally, the
generated images were spatially smoothed with a 6mm full-
width at half- maximum (FWHM) Gaussian kernel after
ReHo analysis.

ReHo analysis was performed in DPARSF software. ReHo
maps of each subject were obtained on a voxel-wise basis by
calculating Kendall’s coefficient of concordance (KCC) between
the time series of a given voxel and those of its nearest
neighboring 26 voxels (15). The greater ReHo value of a
given voxel means the higher degree of localized temporal
synchronization within a neighboring cluster. Then, the voxel
ReHo was divided by the average ReHo value of the entire brain
in each subject for the purpose of standardization.

Statistical Analysis
Statistical analyses were conducted with SPSS 20.0 statistical
analysis software (SPSS Inc. Chicago, IL, USA). The significant
threshold was set to p= 0.05. The one-way analysis of covariance
(ANCOVA) was used to compare the differences between ReHo
values and other demographic data among the three groups. The
significant differences were set at p < 0.05 (with a combined
threshold of p < 0.05 and a minimum cluster size of 26 voxels),
corrected by the AlphaSim program in the REST Software. A two-
sample post hoc t-test was performed between each pair of the
three groups.

RESULTS

There were no significant differences in gender, age, and
duration of disease between the three groups. Additionally,
head motion caused no significant differences between those
patients (p > 0.05). There were significant differences in Unified
Parkinson’s Disease Rating Scale and Minimum Mental State
Examination between sdPD andmdPD groups as well as between
sdPD and ndPD groups. There were significant differences in the
Hamilton Depression scores and BDI scores between any two
groups among the three groups (Table 1).

mdPD patients showed decreased ReHo values in the
left dorsal anterior cingulate cortex when compared with
ndPD patients (Figure 1). sdPD patients showed significant
increased ReHo values in the inferior prefrontal gyrus and
right orbitofrontal area when compared to mdPD patients
(Figure 2). sdPD patients showed increased ReHo in the bilateral
supplementary motor area (SMA) when compared with ndPD
patients (Figure 3 and Table 2).

DISCUSSIONS

Depression is thought not only a non-motor symptom of PD,
but also a predictive marker for the occurrence of PD in its early
stage. This study found that PD patients with mild to moderate
depression had a reduced ReHo value in the dorsal anterior
cingulate gyrus of the left cerebral hemisphere compared with
PD patients without depression. Also, PD patients with severe
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FIGURE 1 | Comparison of ReHo between mdPD and ndPD group. There was a decrease in ReHo value in the left dorsal anterior cingulate cortex in PD patients with

mild to moderate depression (P < 0.05).

FIGURE 2 | Comparison of ReHo between sdPD and mdPD group. There was an increase of ReHo value in the left inferior prefrontal gyrus and right orbitofrontal area

in PD patients with severe depression (P < 0.05).

FIGURE 3 | Comparison of ReHo between sdPD and ndPD group. There was an increase of ReHo values in the bilateral supplementary motor area in PD patients

with severe depression (P < 0.05).

depression had an increased ReHo value in the left inferior frontal
gyrus (Brodmann 47) and right temporal gyrus (Brodmann 11)
compared with PD patients with mild to moderate depression, as
well as an increased ReHo value in the bilateral assisted motor

zone (SMA) compared with PD patients without depression.
Thus, this study suggests that rs-MRI with ReHo analysis may
provide imaging marker for early diagnosis and prediction of PD
in patients with sub-clinical depression.
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TABLE 2 | Brain regions showing ReHo differences among groups.

Brodmann

Area

Brain

regions

Cluster

size

(voxles)

Peak T

values

Peak Coordinates in MNI

X Y Z

mdPD-ndPD

32 DPFC-L 41 −4.5075 −9 15 42

sdPD-mdPD

47 IPG-L 39 4.1459 −33 27 15

11 OFA-R 28 4.4753 9 45 −12

sdPD-ndPD

6 SMA-R 38 4.9573 9 6 51

6 SMA-L 30 4.2223 −39 −6 42

PD, Parkinson’s disease; ndPD, PD without depression; mdPD, PD with mild and

moderate depression; sdPD, PD with severe depression; DPFC-L, left dorsolateral

prefrontal cortex; IPG-L, left inferior prefrontal gyrus; OFA-R, right orbitofrontal area,

SMA-R, right supplementary motor area, SMA-L, left supplementary motor area.

The cingulate cortex is not only a vital hub in the
default network, but also a critical hub in the limbic system.
A previous study using resting-state fMRI and seed-based
functional connectivity analysis revealed an increased functional
connectivity between the ventral tegmental area and anterior
cingulate cortex in depressed PD patients relative to healthy
controls and non-depressed PD patients. Also, this aberrant
connectivity correlated with the severity of depression in PD
patients (16). Wang et al. study also observed degree centrality
abnormalities in the anterior cingulate cortices in depressed
PD patients compared to non-depressed PD patients (17).
Skidmore et al. reported that the severity of depression in PD
patients was positively correlated with the ALFF signal of the
cingulate gyrus (22). In this study, we found a decreased ReHo
value in the left dorsal anterior cingulate cortex of Parkinson
patients with mild to moderate depression when compared
with non-depressed PD patients. Thus, our study confirmed
the involvement of the cingulate cortex in the depression
of PD patients.

The prefrontal cortex includes the Brodmann Area 47 and
11. Ameta-analysis revealed that repetitive transcranial magnetic
stimulation over the prefrontal cortex exhibited a significant anti-
depressive effect in PD patients (23). A SPECT study showed
that the perfusion in the right medial orbitofrontal cortex was
reduced in the depressed PD patients as compared with non-
depressed PD patients (24). Sheng et al. study with ReHo and FC
methods found that PD patients with depression had increased
regional activity in the left frontal and medial frontal gyrus
when compared with non-depressed PD patients. Brain network
connectivity analysis demonstrated that the function of the
prefrontal-limbic systemwas significantly weakened in depressed
PD patients (21). Hu et al. study found that the connection
of the left cingulate band back to the posterior cingulate
gyrus, the anterior frontal lobes, the prefrontal lobes, and the
inferior frontal gyrus was significantly enhanced in depressed
PD patients compared to non-depressed PD patients (25). Our
study also found that PD patients with severe depression had

increased ReHo values in the left inferior prefrontal gyrus and
right orbitofrontal area compared with patients with mild to
moderate depression.

The supplementary motor area (SMA), the posterior third
of the medial aspect of superior frontal gyrus, is involved in
self-initiated motor movements, planning, and sequencing the
motor action, response inhibition, and bimanual movements.
A randomized, double-blind, sham-controlled, multi-center
study revealed that the 1-Hz repetitive transcranial magnetic
stimulation over the SMA was effective for improving the motor
symptoms in PD (26). However, whether the SMA is associated
with PD related depression remains to be further studied. In this
study, we found that PD patients with severe depression had
increased ReHo values in the bilateral SMA compared to PD
without depression.

In our study, depressed PD patients had abnormal ReHo
values both in the cingulate cortex and the orbitofrontal area.
Luo et al. study with a resting-state functional MRI demonstrated
that PD with depression showed significantly higher ALFF
value in the left orbitofrontal area, which positively correlates
with the scores of Hamilton Depression Rating Scale (27).
However, Skidmore et al. study explored the relationships
between depression and ALFF in patients with PD, and found
that the severity of depression positively correlates with ALFF
value in the right cingulate cortex (23). Our study suggests that
it may also be associated with abnormal brain regions at different
stages of depression in PD patients.

We acknowledge several limitations of the current study. First,
the sample size in this study is relatively small and further studies
from multiple centers with large sample size may provide more
reliable conclusions. Second, although there was no statistical
difference in the ages between three groups of PD patients,
there was subtle difference. This may implicate that the effects
of age were not completely ruled out. Third, this study used a
combination of two scales to determine the degree of depression
in Parkinson’s patients. Patients with inconsistent grading of the
two scales were not included in the study. This may have a bias.

In conclusion, PD patients with and without depression have
different abnormal brain areas; PD patients with different degrees
of depression have different abnormal brain regions; and rs-MRI
with ReHo analysis may provide imaging evidence as markers
for early diagnosis and prediction of PD in patients with sub-
clinical depression.
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Matter Nucleus in Parkinson Disease
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Objective: To explore the microstructural damage of extrapyramidal system gray matter

nuclei in Parkinson disease (PD) using diffusion kurtosis imaging (DKI).

Materials and Methods: We enrolled 35 clinically confirmed PD patients and 23

healthy volunteers. All patients underwent MR examination with conventional MRI scan

sequences and an additional DKI sequence. We subsequently reconstructed the DKI

raw images and analyzed the data. A radiologist in our hospital collected the Mini-Mental

State Examination (MMSE) score of all subjects.

Results: In the PD group, the mean kurtosis and axial kurtosis level decreased in the

red nucleus (RN) and thalamus; the radial kurtosis increased in the substantia nigra

(SN) and globus pallidus (GP). Fractional anisotropy decreased in the putamen. The

largest area under the ROC curve of mean diffusion in GP was 0.811. Most kurtosis

parameters demonstrated a positive correlation with the MMSE score, while several

diffusion parameters showed a negative correlation with the same.

Conclusion: DKI can qualitatively distinguish PD from healthy controls; furthermore,

DKI-derived parameters can quantitatively evaluate the modifications of microstructures

in extrapyramidal system gray matter nucleus in PD.

Keywords: parkinson disease, diffusion magnetic resonance imaging, gray matter, extrapyramidal tracts,

neurodegenerative diseases

INTRODUCTION

Parkinson disease (PD) is the second most common neurodegenerative disease. Clinical diagnosis
of PD is based on motor symptoms and signs including rest tremor, bradykinesia, rigidity and
postural instability, and several variations of clinical scales. However, these symptoms are not
particularly exclusive to PD, considering the fact that a number of other diseases have similar
symptoms or atypical parkinsonian disorders. Due to this, the early diagnosis of PD is particularly
difficult in clinical settings. This issue can be addressed by radiologists, by exploring the structural
and functional changes in the brain of PD patients via various MR protocols. A previous study
reported that neurons projecting from lateral nigra to posterior dorsal putamen were most severely
affected by Lewy body pathology in PD (1). Volumetric analysis of basal ganglia nuclei and
SN in patients with PD revealed tissue atrophy at the cortical, basal ganglia, and brainstem
(particularly the SN and red nucleus, RN) levels (2); furthermore, the motor nerve conduction
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among these were divided into the pyramidal and extrapyramidal
systems. Pathophysiology and pathology of PD demonstrated
that the diminution of the brainstem is attributed to the neurotic
breakdown and necrosis in SN, which indicated the existence of
microstructural changes inside the nucleus. Pathological studies
also reported the presence of neurotic changes at levels of the
cortex and basal ganglia (2). We hypothesized that there must
be a connection inside the nuclei of the extrapyramidal system.
Diffusion kurtosis imaging (DKI) offers improved sensitivity
to tissue microstructure (3), which may be considered as
an advantage over diffusion tensor imaging (DTI) (4). The
basal ganglia and brainstem can be visualized in the DKI
images (5). We aimed to investigate microstructural changes of
extrapyramidal system nuclei in PD patients and its association
with the disease progression, and to explore the connection
of nuclei exchange between the levels of the basal ganglia
and brainstem.

MATERIALS AND METHODS

Subjects
The prospective study was approved by local ethics committee,
and each participant provided written consent. We enrolled
35 clinical diagnosed PD patients hospitalized in our hospital,
along with 23 sex- and age-matched healthy controls (HC). PD
was diagnosed based on the criteria provided by UK Parkinson
Disease Society Brain Bank. The criteria also included the
absolute exclusion criteria of PD, resulting in the exclusion of
patients with hypertension and diabetes. The exclusion criteria
for those in the HC group were history of surgery, cardiovascular
disease, hypertension, diabetes, and other chronic diseases. The
demographic and clinical data of the two groups are presented
in Table 1. All patients and HC were right-handed. We assessed
the Mini-Mental State Examination (MMSE) of all subjects; the
MMSE score of all HC was above 27. Moreover, subjects with
none or mild T2WI or T2 FLAIR high signal (Fazekas, grade 1)
were considered normal. All subjects had no trauma, tumor, or a
history of surgeries involving the central nervous system.

Images
Each subject underwent a GE Revolution CT scan of whole
brain to exclude physiological or pathological calcification. All

subjects underwent MR examination on a GE Signa HDxT
3.0 T MR scanner with a dedicated eight-channel head coil. The

TABLE 1 | Clinical data of PD and HC groups.

PD HC

n 35 23

Age (years), mean ± SD 67.00 ± 8.76 66.48 ± 5.20

Sex (M/F) 18/17 12/11

MMSE (score), mean ± SD 22.91 ± 4.27 29.91 ± 0.42

Course (years) 3–10 —

All patients had been treated with dopamine agonists.

protocols included routine axial T1-, T2-, and diffusion kurtosis
weighted images. DKI was obtained using an echo-planar
imaging technique with b values of 0, 1,000, and 2,000 s/mm2

in 15 directions. Parameters of each protocol are described in
Table 2. Scan baseline was parallel to the line running through
the anterior commissure and the posterior commissure. Scan area
ranged from the foramen magnum to the cranial vault.

DKI Interpretation
Quantitative Assessment

Initial DKI images of all subjects were reconstructed on
ADW4.4 workstation with Functool 2 software using all b
values. The reconstructive images included mean kurtosis image
(MK), axial kurtosis image (Ka), radial kurtosis image (Kr),
mean diffusivity image (MD), axial diffusivity image (Da),
radial diffusivity image (Dr), and fractional anisotropy image
(FA), and the parameters were recorded as MK, Ka, Kr, MD,
Da, Dr, and FA, respectively (Supplementary Table 2). Small
round region of interest (ROI) was drawn with a diameter of
3mm at the center of the maximum level of target nucleus
(Supplementary Figure 1), which included RN, SN, thalamus
(T), putamen (P), globus pallidus (GP), and the head of
caudate nuclei (HCN). The ROIs were manually drawn by
two neuroradiologists in the same manner. To improve intra-
observer reliability, the neuroradiologists performed the same
measurements for all subjects three times and average the results.
To evaluate interobserver reliability, the intraclass correlation
coefficients (ICCs) were calculated.

Statistical Analysis
Demographic variables and MMSE scores were compared
using two-tailed t tests and chi-squared tests. ICC test was
calculated to evaluate interobserver reliability prior to data
analysis. The consequent analysis would be performed if ICC
test returned a consistent result (i.e., ICC ≥ 0.75). The diffusion
and kurtosis parameters of right and left deep gray matter
structures were compared using two-sided Satterthwaite T test.
Two independent-samplesT tests or two-sampleMann–Whitney
U tests were used to compare the parameters of six nuclei
between two groups. We performed the receiver operating
characteristic (ROC) test to assess the ability of distinguishing
two groups for each DKI parameter of every nucleus. The
correlations between DKI parameters and MMSE score were
tested using Spearman’s correlation test. All measurement data
were presented as mean value and standard deviation. P < 0.05
was set to be statistically significant.

TABLE 2 | MRI protocol parameters.

Protocol TR TE TI Thick

slices

Intersection FOV Matrix size

(ms) (ms) (ms) (mm) (mm) (cm × cm)

T1WI 2,500 25 / 6 1 22.0 × 19.8 320 × 256

T2WI 5,000 118 / 6 1 22.0 × 19.8 320 × 256

T2 Flair 9,000 172 2250 6 1 22.0 × 22.0 256 × 192

DKI 10,000 107 / 4 0 24.0 × 24.0 128 × 128
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FIGURE 1 | Comparison of DKI parameters between PD and HC groups.

TABLE 3 | ROI analysis of DKI parameters of nuclei.

Nucleus Parameter Accuracy Cutoff Sensitivity Specificity

GP MD 0.811 0.979 0.657 0.870

RN Da 0.796 1.285 0.686 0.783

SN MD 0.775 0.900 0.714 0.826

GP Da 0.763 1.450 0.457 1.000

SN Da 0.742 1.560 0.714 0.826

SN Dr 0.724 0.576 0.600 0.913

Putamen MD 0.701 0.890 0.571 0.783

The bold values are statistically significant results.

RESULTS

Clinical Data
There were no observed significant differences between patient’s
age (t = 0.284, P = 0.777) and sex (χ2

= 0.069, P = 0.793)
between the two groups. However, there was a significant
intergroup difference in the MMSE score (t = 7.807, P = 0.000).

DKI Data
The ICC values of all ROIs were >0.75 (shown in
Supplementary Table 1). The results did not show any lateral
difference in any of MK, Ka, Kr, MD, Da, Dr, and FA of each
nucleus for all subjects (P > 0.05). Comparison of all the derived
parameters between groups is presented in Figure 1.

ROC Analysis
The largest area under ROC curve (AUC) value of 0.811 was
observed for MD in GP. MD of GP had a sensitivity, specificity,
and accuracy of 65.7% (23 out of 35), 87% (30 out of 35), and

FIGURE 2 | Sensitivity and specificity of MD of GP.

81.1% (28 out of 35) when using a cutoff of 0.979 (shown in
Table 3 and Figure 2).

MMSE Score
The majority of the diffusion kurtosis parameters (MK, Ka, and
Kr) demonstrated positive correlations with MMSE scores while
the diffusion parameters exhibited several negative correlations
(shown in Tables 4, 5 and Figure 3).
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TABLE 4 | The positive correlation of kurtosis parameters and MMSE scores.

Score Nucleus MK value Ka value Kr value

MMSE Substantia nigra r 0.284 0.389 0.130

P 0.098 0.021 0.456

Globus pallidus r 0.428 0.458 0.340

P 0.010 0.006 0.046

Red nucleus r 0.353 0.337 0.210

P 0.038 0.048 0.226

r refers to the correlation coefficient, P is 95% confidence (two-tailed).

The bold values are statistically significant results.

DISCUSSION

DKI parameters provide a quantitative analysis of PD, and
certain derived parameters offer novel diagnostic perspectives.
A previous report revealed that DKI was highly sensitive
to microstructural changes in tissue, which is not typically
highlighted by the diffusion coefficient value (6). We observed
statistical differences of DKI parameters between PD patients
and HC, among which MD of GP was the best biomarker
for diagnosis. It is well-recognized that DKI is sensitive to
capture the “complexity” of tissue microstructure; thus, it has
already been extensively used to probe microstructural changes
in normal aging. The FA and MK of frontal lobe, temporal lobe,
corpus callosum (knee and splenium), thalamus, posterior limb
of internal capsule, and head of the caudate nucleus decreased
with aging; however, there was an increase in the MD levels
(7, 8). Another study by Latt, which focused on healthy adults
across different age groups, observed that MK of thalamus,
white matter of frontal lobe, knee of corpus callosum, and
centrum semiovale were negatively linearly correlated with aging
(9). Overall, a pattern of increased MD and radial and axial
diffusivity, together with decreased FA, MK, and radial and axial
kurtosis in GM, was found in normal aging (9–12). These age-
related alterations may possibly be driven by mixed effects of
axonal disintegration, cell loss, and iron accumulation. In our
research, MD, Da, and Dr in some deep GM of PD group
appeared to be higher than that of the HC group. However, a
specific pattern of increased Kr in SN and GP was found in PD,
which has the highest iron concentration in the brain in PD (13).
Therefore, one probable interpretation of our result is excessive
deposition of iron, neuronal degeneration, and apoptosis in SN
and GP in PD patients, especially along the “radial” direction.
We speculate that the alterations in diffusion metrics in PD
may reflect both iron-related and age-related microstructure
changes, with a leading factor by the former. This idea is
supported by earlier research about effect of cocaine addiction
and age on the microstructure of striatum and thalamus using
DKI (14). Pathological studies of PD patients suggested that
microstructural changes occur from brainstem at an early stage
and subsequently spread to the limbic system and the cortices
(15, 16). Therefore, the goal of this present study was to assess
the microstructural changes in extrapyramidal system and to
elucidate its associations.

TABLE 5 | The negative correlation of diffusion parameters and MMSE scores.

Scores Nucleus MD value Da value Dr value

MMSE Thalamus r −0.408 −0.384 –0.241

P 0.015 0.023 0.163

Head of caudate nucleus r −0.369 –0.280 −0.340

P 0.029 0.104 0.045

Red nucleus r –0.091 −0.354 –0.043

P 0.602 0.037 0.805

r refers to the correlation coefficient, P is 95% confidence (two-tailed).

The bold values are statistically significant results.

Diffusion and Kurtosis Parameters
Here, three diffusion parameters of the PD group appeared to
be higher than that of the HC group. Studies have reported
the presence of heterogeneous pathological encephalatrophy
of brain in PD patients; additionally, the earliest onset
was demonstrated in the SN and was considered as the
most vulnerable structure (16). It was proposed that the
dilated intercellular space caused by neuronal degeneration
and apoptosis could enhance water molecule movement.
Furthermore, the remaining areas of gray matter in PD patients
may also experience a similar degree of modification. Damage
in the neurons of the brainstem will lead to an accumulation
of the materials in synapses of the nerve fibers transporting
nutrients from cerebrum downward to the brainstem, resulting
in the deficiency of nutritious materials in fibers from
the brainstem downward to the spine. Both consequences
will lead to secondary damage to adjacent structures and
increase membrane permeability to facilitate the diffusion of
water molecules.

Diffusion kurtosis parameters were associated with the
complexity of structures, which varied across the diverse brain
structures in healthy adults. The observed decline in the diffusion
kurtosis parameters and FAmay be due to neuronal degeneration
and apoptosis combined with secondary damage of adjacent
structures. Microglial cells are the most significant immune cells
of brain. They distribute heterogeneously in brain, with their
highest intensity being in the SN. In the resting (physiological)
state, microglial cells provide a certain extent of protection to
the central nervous system. While in the activated (pathological)
state, they may cause damage to central nervous system by
secreting varieties of interleukins and cytokines that are closely
related to inflammatory reactions and neuronal repair (17,
18). The pathological examination of PD demonstrated a large
number of activated microglial cells in the SN, with an even
higher intensity in the areas of neuronal degeneration (19, 20).
In addition to neuronal damage in the brain of PD patients, the
formation of Lewy body, accumulation of microglial cells, and
repair of neurons enhanced the complexity of tissue structures
and resulted in the increase of diffusion kurtosis parameters.
Here, PD patients were not categorized into subtypes according
to an early or late clinical period or in consideration of shorter
or longer disease duration. The decrease observed in MK, Ka,
and FA of deep GM may be attributed to neuronal damage. The
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FIGURE 3 | (A) Positive correlation of Ka of GP and MMSE score. (B) Negative correlation of MD of T and MMSE score.

increase of Kr in SN and GP may be due to the dominating effect
of neuronal repair in the region.

DKI is an extension of DTI, which could reflect
microstructural complexity, particularly in isotropic tissues
such as gray matter (10). Some research focused on gray matter
seemed more concerned with the overall diffusional metrics
of MK, FA, and MD, rather than directional metrics such as
axial diffusivity and radial kurtosis. This is because the GM
microstructure lacks evident directionality that the radial and
axial directions will be random and highly influenced by noise
(21). However, a variety of changed Kr, Dr, Ka, and Kr in
GM continue to be reported in normal aging (9–12, 22), in
Moyamoya Disease (23), in Bipolar Disorders (24), and in
various neurodegenerative processes including Alzheimer’s
disease (25, 26) and Parkinson’s disease (27, 28). In fact, some
of the deep GMs are composed of both gray matter and white
matter (10, 29). The caudate nucleus includes the associative
fibers projecting to the prefrontal cortex. The putamen contains
projecting fibers from the primary motor and premotor cortices.
Different from the caudate nucleus and putamen, the globus
pallidus is rich in long, smooth, and sparsely branched neuronal
dendrites that are well-protected by myelin. The red nucleus
consists of densely packed cells and small myelinated axons
(12, 30). These findings may suggest that varying proportion of
white matter in the deep GM make motion of water restricted
and directional. Actually, anisotropic water diffusion depends
on oriented barriers. The deep GM is composed primarily of
neurons and glia, which also have the highest iron deposits in
the brain (12, 31). The myelinated axons, large cells, and ferritin
protein constitute a complex microstructure that imposed
extensive hindrance to free diffusion of water molecules. Thus,
diffusion metrics in the deep GM appears to be different and
more complicated than that in white matter. The degeneration
of nigrostriatal dopaminergic neurons in the substantia nigra
(SN) is the neuropathologic hallmark of PD (28). One previous
study using the PD mouse model indicates that Dr in the
SN is related with the numbers of SN dopaminergic neurons
(32). As interesting findings in directional diffusion metrics

were observed in deep GM, we speculate that they are of
potential significance in deep GM. However, their underlying
pathophysiological meaning should be examined in further
studies. In our study, all diffusion parameters including the
directional ones were presented to provide a comprehensive view
with potentially intriguing findings.

Diagnostic Efficiency of DKI Parameters
In our study, ROC analysis revealed that the MD for the globus
pallidus had the best diagnostic performance. It is worth noting
that, although the loss of dopaminergic neurons in the SN is
the neuropathological hallmark in PD, the diffusion metric for
the globus pallidus is the best biomarker to differentiate PD
patients from HC. Globus pallidus is the most important relayed
nucleus between striatum and subthalamic nuclei (STN) and
plays an important role in the integration between inhibition
from striatum and excitation from neocortex, thalamus, and
STN (33). Changes in activity of neurotransmitters and related
receptors along with abnormal synchronized oscillatory activity
in the globus pallidus are associated with PD symptoms, such
as bradykinesia, rigidity, and tremor, which reflects that globus
pallidus plays an important role in the process of PD (34,
35). DBS researches have confirmed that stimulation of the
globus pallidus is effective in reducing parkinsonian motor signs
(36, 37). Among all the deep gray matter structures, globus
pallidus has the relatively complex microstructural compositions
and has the highest iron concentration in the brain (31). In
summary, these results suggested that changed MD for the
globus pallidus may reflect distinct pathological changes in PD.
Future studies are needed to shed more light on the mechanisms
underlying the changes in globus pallidus of patients with PD.
Diffusivity parameters of RN and SN were useful; however,
their sensitivity was not sufficiently high for clinical purposes.
Alternatively, the diagnostic confidence was promoted with an
accurate final diagnosis, considering that it is possible to employ
these diagnostic parameters and that they may be applied in the
form of assisted methods.
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MMSE Score
The correlation between DKI parameters and MMSE in our
subjects suggested that the changes in the microstructure
detected by DKI corresponded to the psycho-neural state;
therefore, further investigation of DKI may benefit PD patients
with dementia. As discussed previously, when the neuron
repair dominated a particular region, the damage to the central
neural system was restrained. This indicated that the psycho-
neural state would be better in cases with a higher MMSE
score. Diffusivity parameters represent the severity of damage
that occurs to the brain, with higher levels indicating greater
damage and a lower MMSE score. Therefore, both diffusivity
and kurtosis parameters work as independent biomarkers to
assess the psycho-neural state of PD patients. It was of great
importance to note that the kurtosis parameters correlating with
MMSE was focused on GP, RN, and SN, which had the most
complicated microstructural compositions (12). We speculate
that microstructural “complexity” in GP, RN, and SN may be
the basis of psycho-neural state in PD. Meanwhile, negative
correlations with MMSE score were observed for axial, radial,
and mean diffusivity of the thalamus and HCN in our study.
The caudate nucleus and thalamus had a relatively simple
microstructure, which were mostly constituted by neurons and
glia (12). The diffusion parameters of these regions likely reflect
the distribution of neuron cell bodies, synapses, and dendrites.
This may suggest that the integrity of thalamus and HCN had
potential correlation with the psycho-neural state in PD.

CONCLUSION

DKI can qualitatively distinguish PD from HC; furthermore,
DKI-derived parameters can quantitatively evaluate the
modifications of microstructures in extrapyramidal system gray
matter nucleus in PD.

LIMITATIONS

One limitation of our study is that the spatial resolution is
1.875 × 1.875 × 4 mm3. This may yield imperfect reference
values and is thus biased. Another limitation is that treatment
medication is not taken into account, the impact of which may
lead to distorted brain structure. This needs to be explored in a
future study.
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We propose a novel pharmacological fMRI (phMRI) method for objectively quantifying

disease severity in Parkinson disease (PD). It is based on the clinical observation that the

benefit from a dose of levodopa wears off more quickly as PD progresses. Biologically

this has been thought to represent decreased buffering capacity for dopamine as

nigrostriatal cells die. Buffering capacity has been modeled based on clinical effects,

but clinical measurements are influenced by confounding factors. The new method

proposes to measure the effect objectively based on the timing of the known response

of several brain regions to exogenous levodopa. Such responses are robust and

can be quantified using perfusion MRI. Here we present simulation studies based on

published clinical dose-response data and an intravenous levodopa infusion. Standard

pharmacokinetic-pharmacodynamic methods were used to model the response. Then

the effect site rate constant ke was estimated from simulated response data plus

Gaussian noise. Predicted time – effect curves sampled at times consistent with

phMRI differ substantially based on clinical severity. Estimated ke from noisy input data

was recovered with good accuracy. These simulation results support the feasibility of

levodopa phMRI hysteresis mapping to measure the severity of dopamine denervation

objectively and simultaneously in all brain regions with a robust imaging response to

exogenous levodopa.

Keywords: phMRI, drug discovery and development, pharmacological biomarkers, levodopa, pharmacodynamics,

hysteresis, pharmacokinetic-pharmacodynamic modeling, ASL

INTRODUCTION

The intensity and duration of the effect after injection appear to correlate with

the degree of akinesia, the action of L-DOPA lasting longer the less pronounced

the akinesia. —Hirschmann and Mayer (translated) (1).

Parkinson disease (PD) is characterized by progressive death of cells projecting from the substantia
nigra to the striatum. One of the most important unmet needs in PD is to find objective,
quantitative in vivo biomarkers of disease severity. Biomarkers of nigrostriatal denervation are
sought for several important reasons, including as surrogate markers of disease progression
in treatment trials (2, 3). Putative imaging biomarkers of disease progression include striatal
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[18F]fluorodopa PET or [123I]ioflupane SPECT. Unfortunately,
these techniques do not accurately quantify nigrostriatal cell loss
(4). Presynaptic dopaminergic imaging of the midbrain does (5);
nevertheless, alternative methods would be welcome.

Here we describe a novel potential biomarker, based on
the common clinical observation that the benefit from a dose
of levodopa wears off more quickly as PD progresses. Early
in the course of disease, a small dose of levodopa provides
benefit long after the plasma levodopa concentration has declined
substantially from its peak. The body responds as if the levodopa
in the plasma filled a reservoir and then slowly leaked out
to produce benefit. With disease progression, even though
the same amount of levodopa circulates in the blood, the
benefit wears off much faster, as if the reservoir had become
leakier. Biologically, the reservoir may represent the diminishing
buffering capacity of ascending dopaminergic axons as midbrain
dopamine neurons die off (6). This wearing off of benefit has
been quantified by amathematical model that postulates a central
effect compartment (reservoir) whose concentration of levodopa
directly determines the clinical benefit. The buffering capacity
in this model can be characterized by a single number, the
effect site rate constant ke, which can be computed from serial
measurements of both plasma concentration and clinical status
(7). On average, patients with more severe PD and longer disease
duration have a larger (“leakier”) ke when modeled this way
(Figure 1) (8–13). In fact, ke can be the strongest predictor of
the kinetics of response to levodopa in PD (9, 12). Dopamine
buffering capacity as measured by ke also correlates significantly
with nigrostriatal denervation as measured by DOPA uptake
(14) or dopamine transporter imaging (15). Unfortunately, the
clinical measurements used to determine ke are influenced by
confounding factors such as patient fatigue and motivation,
which likely add variance to the measurement. A direct,
objective brain measure of response to levodopa may reduce this
added variance.

The effect of levodopa on the brain can be seen by
measuring movement, but also by measuring regional cerebral
blood flow (rCBF), reflecting regional brain activity (16–19).
Crucially, using quantitative techniques, levodopa has no direct
vascular effects after adequate carbidopa pretreatment (16–18).
Levodopa’s regional CBF effects reflect its regional effects on
glucose metabolism and are prominent in pons and midbrain,
thalamus, middle frontal gyrus, insula, putamen and cingulate
cortex (17, 19). Drug effects on rCBF in PD can be quantified
without ionizing radiation using arterial spin labeling (ASL)
perfusionMRI (20–22). Themidbrain rCBF response to levodopa
is robust whether measured with [15O]water PET (16–19) or with
perfusion MRI (22).

Here we show, using simulated data based on published results
in human PD patients, that quantifying dopamine buffering
capacity ke is likely to be feasible with existing technology.

METHODS

Pharmacokinetics
Measuring ke with levodopa phMRI would be infeasible if one
had to repeatedly image a subject until a dose of levodopa wore

FIGURE 1 | Across groups of PD patients, ke is a surrogate for disease

duration (r = 0.95). Data redrawn from Harder and Baas (8) and Contin

et al. (9).

FIGURE 2 | Plasma levodopa concentrations in PD patients following the “final

dose” intravenous infusion method in Black et al. (26). The 3 lines mark the

mean, 90th and 10th percentile for samples collected in the corresponding

intervals. Redrawn from data reported in Black et al. (26).

off completely, perhaps for several hours in early PD. Fortunately,
with faster wearing-off as PD progresses, there is also faster
“wearing-on” or onset of drug effect (10, 23–25). In fact, with a
completely unrelated drug that also shows equilibration delay,
giving the drug as a rapid intravenous (i.v.) infusion followed
by a slow maintenance infusion allowed estimating the ke just as
precisely from the first 20min of data as from 3½ h of data (7).
Fortunately we have used exactly this approach to dose levodopa
in PD: a fast i.v. loading dose followed by a slow maintenance
infusion (26) (Figure 2). This infusion method allows us to
transiently achieve plasma levodopa concentrations of 1,500–
3,500 ng/mL, so we can measure ke from both the rapid rise and
fall of plasma levels.

For present purposes, likely time – concentration curves Cp(t)
in people with PD were taken from this infusion protocol,
which aims to produce a steady-state levodopa concentration
of 600 ng/ml, and consists of a 10-min loading dose at 0.6426
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FIGURE 3 | Predicted levodopa concentration in the effect compartment at

various disease severity levels. Curves are labeled by t½e = ln 2/ke from more

severe PD (t½e = 5min.) to milder PD (t½e = 277min.).

mg/kg followed by a maintenance infusion at 2.882 × 10−5

mg/kg/min × (140 yr–age)/yr (26). For a 65-year-old 70-
kg person that means 45mg over 10min followed by 0.15
mg/min, for a total dose over 150min of 66mg. That i.v.
dose is bioequivalent to 78mg oral levodopa (27), though
of course i.v. dosing leads to much higher transient peak
plasma concentrations.

Using those data, we aggregated individual data points by
time bins and plotted the mean, to estimate the most likely
Cp(t), and the 10th and 90th percentile, to deal with a range
of metabolic rates in patients (Figure 2); see mpdp1.ipynb
at https://bitbucket.org/kbmd/hysteresis). The NumPy and
matplotlib libraries in Python were used for simulations
and data visualization (Python Programming Language,
RRID:SCR_008394; NumPy, RRID:SCR_008633; MatPlotLib,
RRID:SCR_008624) (28, 29).

Modeling the Effect Compartment
Holford and Sheiner describe the theoretical background for the
effect compartment model (30). A later paper by Sheiner’s group
simplifies the modeling with the assumption that Ce = Cp at
steady state, leading to the definition of the effect compartment
concentration curve by the simpler differential equation Ce

′
=

ke(Cp–Ce) (31).
If we use piecewise linear interpolation to estimate Cp(t)

between blood samples [as did Unadkat et al. (31)], Ce can be
computed in closed form. We can write Cp as Cp(t–ti)= Cp(ti)+
mi(t–ti) on the interval [ti, ti+1], where mi = [Cp(ti+1)–Cp(ti)]/
[ti+1-ti]. We need a value for the effect site concentration before
the infusion starts, Ce(t0). For the purposes of this report, we can
reasonably assume Ce(t0) = Cp(t0), which will be approximately
true if at the time of the first blood draw patients have refrained
from taking oral levodopa for 8–10 h, since t½e is <5 h, and
usually <2.5 h [see Table 4 in Contin et al. (9)].

The solution to this initial value problem is

Ce (t) =

(

Cp (ti)−
mi

ke

)

+mi (t−ti)

+

(

Ce (ti) − Cp (ti) +
mi

ke

)

e−k(t−ti)

defined on the interval (ti, ti+1] (32).

Predicting Effect From Levodopa
Concentrations in PD
To test this method, one needs to estimate a reasonable variety of
time: effect curves in PD. Not only ke but also the concentration–
effect curve changes with disease severity. Contin et al. showed
that a sigmoid Emax model reasonably fit the data from a wide
range of PD severity (9). We adopt their measurements of
EC50, n (the Hill coefficient) and ke for a variety of disease
severity groups; namely, means for Hoehn and Yahr (33) stages
I through IV in addition to the mildest and most severely
affected individual subjects in the Contin et al. report (their
Table 4). These parameters and the sigmoid Emax model are
combined to create time–effect curves that we could expect from
a brain region whose activity changes reliably with increased
dopamine release in the brain with administration of exogenous
levodopa. Note that the dopamine receptor may be “upstream”
(e.g., posterior putamen) to the dopa-responsive region (e.g.,
motor cortex); dopamine receptors are not needed in the dopa-
responsive region itself. The simulated data use a baseline CBF
of 50 ml/hg/min and maximal effect was set at 35 ml/hg/min,
consistent with a ∼70% rCBF increase in midbrain after a
relatively large levodopa-carbidopa dose (22).

Adding Noise
The brain imaging time–effect curves assessed by any real
brain imaging method will not be perfect, noise-free estimates,
but will be contaminated by variability from biological or
instrumentation issues. To test how well we can expect to recover
ke (and the other pharmacodynamic parameters) from a real
experiment, we add noise to the simulated data described in the
previous paragraph. We added Gaussian noise with a coefficient
of variation (CoV) of 12.9%; this value was chosen based on the
CoV in a cortical gray matter region across sixteen 34-s CBF
images in 11 adults with PD scanned with a pCASL sequence
while fixating a crosshair (unpublished data, K. J. Black and
colleagues) (34, 35). For this study, all methods were carried
out in accordance with relevant guidelines. The experimental
protocol was approved by the Washington University Human
Research Protection Office (ID # 201703122). All participants
provided informed consent.

Parameter Estimation
We simultaneously estimated ke, EC50, and n from the data, given
the model, using the lmfit package in Python (ampgo followed by
emcee modules) (36).

Accuracy
The accuracy of the method was tested by comparing the
estimated ke to the input ke. Secondary similar analyses were
done for EC50 and n.
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FIGURE 4 | Predicted time:effect curves at various disease severity levels assuming (A) mean, (B) high, and (C) low Cp(t) in response to the levodopa infusion.

RESULTS

Predicted Levodopa Time: Concentration
Curves in Effect Compartment
Figure 3 shows the expected concentration over time in the
effect compartment, depending on the severity of PD. One can
easily appreciate the faster exchange between plasma and the

effect compartment when ke is high (i.e., when the equilibration
half-life t½e is short).

Time: Effect Curves by Disease Severity
Wemodeled the expected rCBF response inmidbrain to the rapid
i.v. infusion, based on published levodopa pharmacokinetics in
PD (26) and published mean pharmacodynamic parameters for
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Hoehn & Yahr stages I, II, III, and IV (8, 9). The predicted signals
are quite distinct, assuming a typical Cp(t) time:plasma curve
(Figure 4A). If a given subject’s pharmacokinetics produce higher
plasma levels, the distinctions are still fairly clear (Figure 4B). Of
course, if an individual’s plasma levels are low, an effect may not
be evident, especially in more severe PD (Figure 4C).

Accuracy
ke estimated from time: effect curves in the presence of noise was
generally accurate (Figure 5; see also Supplementary Table 1).
More advanced disease led to more distinct predicted time–
activity curves (see Figure 4A), reflected in more accurate results
(Figures 5A–C).

Results were more accurate if the noise was reduced
from a CoV of 12.9 to 5% (Figures 5D–F; see also
Supplementary Table 2). Similar plots for EC50 and n are
provided as Supplementary Figures 1-2.

In an attempt to improve further the accuracy, we examined
the effect of spreading the levodopa infusion over twice the time.
We hypothesized that the limited temporal resolution of the
perfusion MRmethod, combined with the relatively small timing
difference in onset of action in mild vs. very mild PD, limited
discrimination at the milder end of the severity range. Results are
shown in Figure 6. Similar plots for EC50 and n are provided as
Supplementary Figures 3, 4.

DISCUSSION

We present a novel brain imaging method for objectively
quantifying disease severity in Parkinson disease (PD), which
we refer to as dopamine buffering capacity imaging, or more

precisely, levodopa phMRI hysteresis mapping. The temporally
distinct time: effect curves predicted in Figure 4 suggest that even
with some imperfection in the rCBF signal, we can expect to
derive a reasonably accurate ke for a brain region that responds
to exogenous levodopa with a clear dose-response curve.

Demonstrating efficacy for potential disease-modifying
therapies in PD has been difficult. Delayed start designs and
similar approaches that rely on change in clinical severity over
time require years to complete, large patient groups, and even
then have not yet been successful (37). A validated biomarker
would be of great value in improving this situation (2). The
Michael J. Fox Foundation for Parkinson’s Research designates
“the identification, development and use of biomarkers to
diagnose and track Parkinson’s disease” as a priority area,
noting that a successful biomarker “would mean better disease
management for patients” and “improve and speed clinical
development of disease-modifying therapies” (38). In simulated
data based on published results and reasonable assumptions,
levodopa phMRI hysteresis mapping appears likely to fill
that need.

Of course one does not need anMRImachine to tell if a drug is
improving movement in PD, and the present proposal draws on
previous studies using pharmacokinetic-pharmacodynamic (PK-
PD) modeling of tapping speed or UPDRS score response to
levodopa challenge. However, the assessment of drug response
using brain imaging is novel, and provides several potential
advantages. The rCBF response is objective, rater-independent,
and does not require subject movement. Furthermore, buffering
capacity is measured simultaneously in all levodopa-responsive
brain regions rather than just the motor system, potentially
informing pathophysiological research on the increasingly

FIGURE 5 | Estimated ke (vertical axis) across 100 sets of noise added to the time: effect curve computed for the ke, EC50, and n for various severities of PD as

reported in Contin et al. (9) (horizontal axis), assuming (A) mean, (B) high and (C) low Cp(t) in response to the levodopa infusion. Noise CoV = 12.9%. Width of plot is

proportional to frequency of output of the given magnitude. Filled circle: input n. Horizontal lines note the 5, 50, and 95th percentiles. At right, similar results are shown

for noise CoV = 5% for (D) mean, (E) high, and (F) low Cp(t) responses to the LD infusion.
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FIGURE 6 | Estimated ke (vertical axis) across 100 sets of noise added to the time:effect curve computed for the ke, EC50, and n for various severities of PD as

reported in Contin et al. (9) (horizontal axis), with Cp(t) estimated for an levodopa infusion twice as long (at half the rate, so that the total infused dose is equivalent).

(A) noise CoV = 12.9%; (B) noise CoV = 5%.

recognized non-motor symptoms of PD (39). The only
assumption is that regional brain activity somewhere in the brain
corresponds temporally to clinical severity.

Chan, Nutt, and Holford have subsequently extended the PK-
PD model with the aim of better modeling long-term changes
with disease progression in PD (40, 41). Their revised model
includes factors intended to account for clinical observations like
morning benefit and the long-duration response, and in their
data ke (reported as Teqf = ln 2/ke) did not change significantly
over time. However, as they note, other factors could explain
the difference in results, and their more complicated model was
made possible by a very large set of longitudinal data. While
the extended model may be ideal for optimal understanding
of physiology from clinical PK-PD data, it is not essential for
the present purpose of identifying a biomarker of nigrostriatal
denervation in PD. In other words, if ke as derived from the
model we use correlates highly with disease severity, it will serve
its intended purpose just fine.

Every step of this method has been proven individually:
i.v. levodopa has been used safely for over 50 years (42); the
infusion method described for the simulated data has been used
in over 100 subjects [(20, 26) and Black et al. unpublished data];
levodopa concentration can be quantified accurately in plasma
(43); the response to levodopa can be measured by ASL fMRI
(20–22); midbrain has a robust rCBF response to single, clinically
sensible doses of levodopa (16–19, 22), and software exists for
estimating PK-PD parameters from fMRI data on a voxel-by-
voxel or regional level (36, 44). In other words, every part of the

method described here is well proven; it is their combination and
interpretation as a disease severity measure that is novel.

Foreseeable Obstacles and Possible
Solutions
Some potential difficulties in implementing dopamine buffering
capacity imaging are foreseeable, but can be mitigated. These
include a need for high temporal resolution, uncertain optimal
dosing, head movement during MRI, and variable attention and
alertness during the scans.

Temporal Resolution

Prior data showing robust rCBF responses to levodopa averaged
data across a group and over several scans in the pre- and on-
drug conditions, i.e., with a time resolution of about 30min.
Measuring dopamine buffering capacity in individual subjects
pushes the envelope, requiring measuring response to levodopa
in single subjects and at a time resolution of 1–2min or better.
Fortunately, current pCASL methods allow an unbiased whole-
brain measure of blood flow in about 5–35 s. However, these
images are statistically noisy. If estimated ke proves less accurate
with individual subject data than these simulations predict,
additional information contained in the data may strengthen
prediction of disease severity. Specifically, from the plasma
levodopa concentration curve and the MRI response data one
computes not only ke but also EC50 and n, which also change
with disease severity (9). Possibly combining all three parameter
estimates may more accurately measure disease severity.
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Optimal Dosing

Subjects with more advanced disease will show little response
if they also happen to have low plasma levodopa levels.
Solutions could include higher dosing for more severely affected
individuals, though this choice could increase the risk of
dyskinesias in the scanner that could affect comfort or head
movement. Alternatively, if needed, one could estimate the
optimal dose for each subject with, say, a single small test dose
of i.v. levodopa with a pre- and post-drug blood sample, on a day
prior to the scan day.

Head Movement

In our experience, most PD patients do well holding the head
still during an MRI session. However, acquiring a single CBF
image can take 6–34 s (34), an interval long enough that head
movement on the scale of mm may be non-trivial. Participants
with levodopa-induced dyskinesias may have additional head
movement. Within-frame head movement adds to variance and
may bias quantitative estimates. Solutions may include more
rigid head fixation, shorter repetition times (TRs), prospective
motion correction, or removing or underweighting CBF images
compromised by movement (45).

Attention/Alertness

In initial pilot studies, we find that several factors combine to
make continued alertness throughout the scan period difficult:
PD patients often have insomnia, the scans are long and
repetitive, and levodopa contributes to sleepiness. Solutions
may include adding an attention task (though that will change
resting brain activity), study staff repeatedly awakening the
participant, or monitoring for alertness and removing or
accounting statistically for frames during which the participant
appears asleep.

Next Steps
The simplest first step to validating this method is correlative in

nature. Specifically, one would enroll people with a wide variety
of PD severity and compare regional ke values, most likely in

midbrain or posterior putamen, to clinical measures of disease
severity such as off-period UPDRS scores (46). More definitive

validation of dopamine buffering imaging may include longer-
term or autopsy studies in patients, necropsy studies in animals
with graded nigrostriatal lesions, or comparison to the recently
validatedmidbrain [11C]DTBZ PET approach (5). If these studies

are successful, the dopamine buffering capacity imaging method
will beg for further application as a surrogate marker of disease
severity in PD.
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Structural brain white matter (WM) changes such as axonal caliber, density, myelination,

and orientation, along with WM-dependent structural connectivity, may be impacted

early in Parkinson disease (PD). Diffusion magnetic resonance imaging (dMRI) has

been used extensively to understand such pathological WM changes, and the focus

of this systematic review is to understand both the methods utilized and their

corresponding results in the context of early-stage PD. Diffusion tensor imaging

(DTI) is the most commonly utilized method to probe WM pathological changes.

Previous studies have suggested that DTI metrics are sensitive in capturing early

disease-associated WM changes in preclinical symptomatic regions such as olfactory

regions and the substantia nigra, which is considered to be a hallmark of PD pathology

and progression. Postprocessing analytic approaches include region of interest–based

analysis, voxel-based analysis, skeletonized approaches, and connectome analysis,

each with unique advantages and challenges. While DTI has been used extensively

to study WM disorganization in early-stage PD, it has several limitations, including

an inability to resolve multiple fiber orientations within each voxel and sensitivity to

partial volume effects. Given the subtle changes associated with early-stage PD, these

limitations result in inaccuracies that severely impact the reliability of DTI-based metrics

as potential biomarkers. To overcome these limitations, advanced dMRI acquisition and

analysis methods have been employed, including diffusion kurtosis imaging and q-space

diffeomorphic reconstruction. The combination of improved acquisition and analysis in

DTI may yield novel and accurate information related to WM-associated changes in

early-stage PD. In the current article, we present a systematic and critical review of

dMRI studies in early-stage PD, with a focus on recent advances in DTI methodology.

Yielding novel metrics, these advanced methods have been shown to detect diffuse WM

changes in early-stage PD. These findings support the notion of early axonal damage in

PD and suggest that WM pathology may go unrecognized until symptoms appear. Finally,

the advantages and disadvantages of different dMRI techniques, analysis methods, and

software employed are discussed in the context of PD-related pathology.

Keywords: MRI diffusion, early-stage Parkinson disease, diffusion tensor imaging, diffusion kurtosis imaging,

q-space diffeomorphic reconstruction, fractional anisotropy, substantia nigra
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INTRODUCTION

Parkinson disease (PD) is a chronic progressive
neurodegenerative disease that affects more than 10 million
people worldwide (1–3). Parkinson disease pathology is
characterized by Lewy body aggregates and neurites (4, 5), which
play a causative role in degeneration of dopaminergic neurons in
the substantia nigra (SN); motor symptoms associated with PD
have been primarily attributed to this process (6). By the time
PD becomes symptomatic, an estimated 60% of dopaminergic
neurons have degenerated, representing a moderate to severe
state of disease (7). Biomarkers, including fluid and imaging
based, may play a critical role in understanding the natural
history of progression of PD and enable appropriate therapeutic
intervention, thereby optimizing preservation of neural health
(8). However, to date, no definitive biomarker exists for this
purpose, despite the clear need for one.

Imaging-based biomarkers for PD can yield insight into
atrophy, microstructural changes, neuronal activity, and vascular
hemodynamics. Magnetic resonance imaging (MRI) biomarkers,
both structural and functional, are increasingly used in PD
for more comprehensive evaluation of neuropathology. Subtle
brain atrophy has been demonstrated in PD using voxel-
based morphometry (VBM), which is an automated analysis
approach to characterize volumetric brain changes from three-
dimensional structural imaging (9–11). Altered patterns of
neuronal activation, measured via functional MRI (fMRI), have
been observed in multiple regions of the cortex in PD using a
range of motoric tasks (12–14). Resting-state fMRI is measured
in the absence of tasks and can identify abnormalities in
spontaneous neuronal activity (15). In particular, this approach
has revealed changes in the corticosubcortical functional
connectivity in PD compared with healthy controls (HCs) (16).

Diffusion MRI (dMRI) comprises a set of complementary
techniques to non-invasively probe microstructural
characteristics via diffusivity of water molecules in the brain.
As water predominantly diffuses along axons, dMRI can be
used to probe white matter (WM) changes such as axonal
caliber, density, myelination, and orientation. Diffusion tensor

Abbreviations: dMRI, Diffusion MRI; PD, Parkinson disease; SN, substantia

nigra; MRI, Magnetic resonance imaging; VBM, voxel-based morphometry;

fMRI, functional MRI; rs-fMRI, Resting-state-fMRI; HC, healthy controls; DTI,

Diffusion tensor imaging; WM, white matter; FA, fractional anisotropy; MD, mean

diffusivity; AxD, axial diffusivity; RD, radial diffusivity; DKI, diffusion kurtosis

imaging; H&Y, Hoehn & Yahr; PPMI, Parkinson’s Progression Markers Initiative;

NODDI, neurite orientation dispersion and density imaging; QSDR, Q-space

diffeomorphic reconstruction; ROI, region of interest; VBA, voxel-based analysis;

TBSS, Tract-Based Spatial Statistics; CSF, cerebrospinal fluid; ASL, arterial spin

labeling; CBF, cerebral blood flow; GM, gray matter; AP, atypical parkinsonism;

MK, mean kurtosis; RK, radial kurtosis; AK, axial kurtosis; UPDRS-III, Unified

Parkinson’s Disease Rating Scale; ODF, orientation distribution function; HARDI,

high angular resolution diffusion imaging; DSI, diffusion spectrum imaging;

SDF, spin distribution function; GQI, generalized Q-sampling imaging; QA,

quantitative anisotropy; PIGD, postural instability and gait difficulty; NBS,

network-based statistics; LLS, linear least squares; WLLS, weighted linear least

squares; RESTORE, robust estimation of tensors involving the outlier rejection;

TORTOISE, tolerably obsessive registration and tensor optimization indolent

software ensemble; AFNI, Analysis of Functional NeuroImages; Tracula, TRActs

Constrained by UnderLying Anatomy; BCT, Brain Connectivity Toolbox.

imaging (DTI), the most common dMRI model, can provide
measures such as fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AxD), and radial diffusivity (RD) (17)
that are sensitive to subtle WM microstructural organization.
Since the inception of DTI in the mid-1990s (18), significant
improvements have been made in both acquisition and analysis
methods. These advances include the implementation of
multishell and high-angular-resolution dMRI data, such as those
with more diffusion-encoding gradient directions, resulting
in the development of advanced algorithms to improve dMRI
postprocessing and overcome some of the known limitations of
DTI. The availability of standard software has further enabled
quantitative analysis of DTI and DTI-related metrics including
advanced dMRI models. At present, DTI represents one of the
most widely used neuroimaging methods, in both preclinical
animal and human studies, for its versatility and specificity to
WM microstructure (19). We encourage interested readers to
refer to References (9, 20–23) for a more in-depth understanding
of DTI.

White matter changes in PD vs. controls (healthy subjects;
HCs) have previously been evaluated by DTI using various
metrics, acquisitions, analyses, and software tools (24). More
specifically, a recent meta-analysis encompassing wide disease
durationDTI studies in PD found that both FA andMDwere able
to distinguish between PD and HC, with regional DTI changes
observed in the SN, corpus callosum, cingulate, and temporal
cortices. Considering the growing interest in defining the early
phases of PD through the use of neuroimaging biomarkers, the
focus of this systematic review is the current state of dMRI-based
biomarkers for understanding early-stage PD, with an emphasis
on the technical methodologies employed for dMRI. More
specifically, the basic theoretical background for standard DTI
will be provided, along with three more advanced methods that
go beyond standard DTI methods [diffusion kurtosis imaging
(DKI), neurite orientation dispersion and density imaging
(NODDI), and Q-space diffeomorphic reconstruction (QSDR)].
The relevant results in early-stage PD will be discussed for each
of thesemethods. Additionally, the advantages and disadvantages
of different dMRI acquisition techniques, analysis methods, and
software employed will be discussed in the context of early-stage
PD-related pathology. The commonalities and incongruences
in findings in early-stage PD will be contextualized between
the various dMRI methods. Finally, given the current state of
understanding of early-stage PD and known capabilities of dMRI
approaches, the outlook for future opportunities in dMRI to
improve pathophysiological characterization of early-stage PD
will be discussed.

METHODS

Following Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (25), we searched three
databases (Figure 1) for works that included at least one group
of early PD [defined as subjects with Hoehn & Yahr (H&Y)
stage ≤2 and/or disease duration <5 years] and where one
or more dMRI methods were used (see PRISMA diagram in
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FIGURE 1 | Search strategy based on PRISMA flow diagram.

Frontiers in Neurology | www.frontiersin.org 3 May 2020 | Volume 11 | Article 31481

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Bergamino et al. Diffusion MRI in Early-Stage PD

FIGURE 2 | Histograms for the publication years and dMRI techniques

included in this review.

Figure 1). To identify the articles for this systematic review, we
searched for publications on PubMed, Cochrane Library, and
Scopus databases by using the keywords “early Parkinson,” “MRI
diffusion,” and “DTI” without any temporal restriction. In total,
we found 349 records. After excluding duplicates (n = 254),
screening and eligibility further reduced the number to 62 articles
retained for this review.

While most studies used site-specific data, several studies
leveraged the open-access availability of data from the
Parkinson’s Progression Markers Initiative (PPMI) (http://
www.ppmi-info.org). Parkinson’s Progression Markers Initiative
is a multicenter international database of de novo individuals
with early idiopathic PD that includes clinical, imaging, and
biological data. Studies using PPMI and other shared datasets
will be denoted in the text. Histograms are shown in Figure 2 for
the publication years and dMRI techniques used in each article
included in this review. The complete list of the PD studies that
are included in this review is reported in Table 1.

THEORY AND RESULTS

Diffusion Tensor Imaging: Theory,
Acquisition, and Analysis
Diffusion tensor imaging relies on motion-sensitizing gradients
to probe the displacement of water molecules, which is often
simplified using a Gaussian distribution model. The diffusion-
weighted signal intensity for this distribution can be described
by the following equation:

S = S0exp
[

−bD
]

(1)

where S0 is the signal intensity without the diffusion gradient, D
is the diffusion coefficient, and b is the diffusion-weighting factor,
where the b factor is largely dependent on the gradient waveform.
The diffusion can thus be represented by the following equation:

ln

[

S

S0

]

= −bgT D g (2)

where g is a three-element column vector representing a gradient
direction, gT is the transpose of g, and D is the apparent
diffusion tensor (3× 3 symmetric matrix).

Diffusion tensor imaging provides a direct relationship
between the chosen experimental parameters, such as b and g, the
MRmeasurements (S and S0), and the parameters of the diffusion
tensor model D.

Eigendecomposition of the diffusion matrix yields a
symmetric diffusion tensor:

D =
[

ǫ1 ǫ2 ǫ3

]

·





λ1 0 0
0 λ2 0
0 0 λ3



 ·





ǫ1

ǫ2

ǫ3



 (3)

where λ1, λ2, and λ3 are the eigenvalues (with λ1 ≥ λ2 ≥ λ3)
and ǫ1, ǫ2, and ǫ3 are the eigenvectors of D. The diffusion tensor
is completely characterized by these eigenvalues, which describe
the length of the three axes of the diffusion ellipsoid, and their
corresponding eigenvectors, which describe the orientation of
these axes in space. As the eigenvectors provide information
about the direction of water diffusion within a voxel, they form
the basis of brain fiber tracking (88, 89). The geometric shape
associated with the diffusion tensor is assumed to be a three-
dimensional ellipsoid with the length of the three orthogonal
principal axes proportional to the ordered tensor eigenvalues.

The first eigenvalue (λ1) represents water diffusivity along
the principal axis and is termed axial (or longitudinal or
parallel) diffusivity (λ‖ or AxD). The radial (or transverse
or perpendicular) diffusivity (λ⊥ or RD) represents water
diffusion perpendicular to the principal direction and is given
by the average of the remaining eigenvalues ((λ2 + λ3)/2). Axial
diffusivity has been associated with axonal damage, whereas
RD may be associated with myelin integrity, axonal diameter
and density, and fiber coherence (90, 91). Mean diffusivity is a
rotationally invariant metric, obtained from a simple average of
the diffusion eigenvectors ((λ1 + λ2 + λ3)/3), which describes
the overall size of the tensor.

Fractional anisotropy quantifies the degree of anisotropy of
the diffusion tensor and is the most common DTI-related index.
Fractional anisotropy ranges from 0 to 1, where 0 represents
isotropic diffusion and 1 represents completely anisotropic
diffusion. Fractional anisotropy can be calculated in each voxel
using the following equation:

FA =

√

1
2

√
(λ1−λ2)

2
+(λ2−λ3)

2
+(λ3−λ1)

2
√
λ
2
1+λ

2
2+λ

2
3 (4)

While this index has often been interpreted as a quantitative
biomarker of WM disorganization, equating FA with WM
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TABLE 1 | Summary of diffusion studies in early-stage PD.

References Diffusion

method

Analysis method

(for diffusion)

Software PD subjects # Diffusion

directions/# b value(s)

Vriend et al. (26) DTI Connectivity FSL, BCT 23 early-stage PD (H&Y 1–3) 30/2

Arrigo et al. (27) DTI Connectivity SPM8, FSL, MRtrix,

Camino

20 newly diagnosed PD (H&Y = 1) 61/2

Tinaz et al. (28) DTI Connectivity BCT, FATCAT, 3dTrackID,

TORTOISE, AFNI

20 non-demented PD patients (H&Y = 2;

disease duration (year) = 7.1)

70/—

Peña-Nogales et al.

(29)

DTI Connectivity FSL–MRtrix PPMI subjects 64/2

Nigro et al. (30) DTI Connectivity PANDA (Matlab)

–BCT–FSL

H&Y = 1.5 and disease duration = 19.28

months

27/2

Tessa et al. (31) DTI Histogram FSL 27 patients with de novo drug-naive PD

[tremor-dominant type (n = 13), akinetic-rigid

type (n = 11), and mixed type (n = 3)]–H&Y =

1.2 and 1

6/2

Knossalla et al. (32) DTI ROI — 10 early-stage PD (H&Y = 1–2) 20/2

Joshi et al. (33) DTI ROI FSL 24 early-stage PD (disease duration average

2.94 years, SD 2.93 years; nine HY1 patients,

13 HY2, two unknown)

55/—

Wang et al. (34) DTI ROI Siemens Syngo MR

Neuro 3D, SPM8, FSL

27 early-stage PD (H&Y = 1–2; duration of

disease = 1.7 Y)

60/2

Aquino et al. (35) DTI ROI FSL 22 early-stage PD (Duration of disease = 4.0

years) and 20 late PD

64/—

Vaillancourt et al. (36) DTI ROI AFNI 14 with early stage PD (H&Y = 1–2; duration of

disease = <34 months)

27/2

Gattellaro et al. (37) DTI ROI ImageJ (for ROI) 10 PD without dementia (H&Y = 1–2) 12/2

Du et al. (38) DTI ROI DTIPrep, Matlab 15 early-stage PD (disease duration ≤1 years),

14 midstage PD (duration 2–5 years), and 11

late-stage (duration >5 years)

42/2

Loane et al. (39) DTI ROI ExploreDTI 18 early stage PD (treated) [avg (SD) disease

duration (years): 3.9 (2.2); no H&Y provided]

64/2

Schuff et al. (40) DTI ROI Processed from PPMI PPMI subjects 64/2

Pelizzari et al. (41) DTI ROI FSL, ANTs 26 PD (H&Y = 1–1.6; duration of disease = 3.0

years)

64/2

Guan et al. (42) DKI ROI GE adw 4.6 The PD divided into an advanced-stage PD

group and an early-stage PD group

15/3

Liu et al. (43) DTI ROI Probably Scanner

software

early diagnosis of Parkinson disease 25/2

Mangia et al. (44) DTI ROI FSL Nine early-diagnosed PD 93/2

Klein et al. (45) DTI ROI — 20 early-stage PD patients (disease duration

1.9 ± 0.97 years, H&Y 1–2)

60/2

Planetta et al. (46) DTI ROI, tractography DTI Studio, AFNI, 20 with early stage PD (Duration of disease =

12 months)

27/2

Wei et al. (47) DTI ROI, tractography GE adw 4.5 21 early (H&Y <2) and 22 mid–late PD (H&Y

≥2)

25/2

Li et al. (48) DTI TBSS FSL 31 early-stage PD (H&Y = 1–2) 32/2

Rolheiser et al. (49) DTI TBSS FSL 14 early stage PD (H&Y = 1–2; duration of

disease <72 months)

31/2

Ibarretxe-Bilbao et al.

(50)

DTI TBSS FSL 24 early-stage PD (H&Y = 1–2) 30/2

Minett et al. (51) DTI TBSS FSL 120 early stage PD [27 with mild cognitive

impairment (H&Y = 2.3) and 93 with normal

cognition (H&Y = 1.9)]; duration of disease

5.6–6.4 months (longitudinal study)

64/2

(Continued)
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TABLE 1 | Continued

References Diffusion

method

Analysis method

(for diffusion)

Software PD subjects # Diffusion

directions/# b value(s)

Duncan et al. (52) DTI TBSS FSL 125 non-demented PD (H&Y = 2.0; average

duration of disease = 6.15)

64/2

Lacey et al. (53) DTI TBSS FSL PPMI subjects 64/2

Pozorski et al. (54) DTI TBSS FSL–DTIprep–DTI_TK H&Y stage at baseline 16 subjects with <2 and

13 subjects (≥2); mean disease duration

(years) 3.7 (3.2)

40/2

Rektor et al. (55) DTI TBSS FSL H&Y stage 1–1.5 and disease duration up to 5

years

60/2

Pelizzari et al. (56) DTI TBSS FSL 12 PD [median H&Y (IQR) = 1.5 (1.1–2)] 64/2

Chen et al. (57) DTI TBSS (only for

normalization

procedure), ROI

FSL 30 early stage PD (H&Y = 1.74; average

duration of disease = 62)

25/2

Mishra et al. (58) DTI TBSS (skeleton), ROI,

VBA

FSL, DTI-TK PPMI subjects 64/2

Gou et al. (59) DTI TBSS, Connectivity FSL, SPM12, PANDA,

FACT

PPMI subjects 64/2

Meijer et al. (60) DTI TBSS, ROI FSL 49 early stage PD [19 atypical parkinsonism

(H&Y = 2.4) and 30 PD (H&Y = 1.7)], disease

= 21.6–28.4 months. Longitudinal study

30/2

Guimarães et al. (61) DTI TBSS, ROI,

tractography

FSL, Explore DTI, SPM8 early-stage PD, moderate PD, and severe PD 32/2

Prange et al. (62) DTI TBSS, VBM FSL 14 apathetic and 13 non-apathetic patients

with de novo PD

24/2

Ford et al. (63) DTI TBSS, VBM FSL, SPM8 (for VBM) 124 early-stage PD 64/2

Zhang et al. (64) DTI Tractography SPM8, TrackVis PPMI subjects 64/2

Lorio et al. (65) DTI VBA SPM12, FSL PPMI subjects 64/2

Taylor et al. (66) DTI VBA TEEM tool (from PPMI) PPMI subjects 64/2

Planetta et al. (67) DTI (free

water)

ROI FSL–Matlab for free water 34 patients with early stage PD 64/2

Rahmani et al. (68) QSDR Connectivity Explore DTI–DSI Studio PPMI subjects 64/2

Ghazi Sherbaf et al.

(69)

QSDR Connectivity Explore DTI–DSI Studio PPMI subjects 64/2

Ansari et al. (70) QSDR Connectivity Explore DTI–DSI Studio PPMI subjects 64/2

Ansari et al. (71) QSDR Connectivity DSI Studio PPMI subjects 64/2

Ghazi Sherbaf et al.

(72)

QSDR Connectivity DSI Studio–Explore DTI PPMI subjects 64/2

Wen et al. (73) QSDR Connectivity FSL, DSI Studio 20 prodromal phase of PD; 106 PD; 64/2

Haghshomar et al. (74) QSDR Connectivity ExploreDTI, DSI-Studio PPMI subjects 64/2

Ashraf-Ganjouei et al.

(75)

QSDR Connectivity DSI Studio PPMI subjects 64/2

Sanjari Moghaddam

et al. (76)

QSDR Connectivity DSI Studio–Explore DTI PPMI subjects 64/2

Sobhani et al. (77) QSDR Connectivity DSI Studio PPMI subjects 64/2

Ghazi Sherbaf et al.

(78)

QSDR ROI DSI Studio, ExploreDTI PPMI subjects 64/2

Wen et al. (79) QSDR TBSS–Connectivity DSI Studio–FSL PPMI subjects 64/2

Wen et al. (80) QSDR TBSS, Connectivity FSL, DSI Studio, BCT, PPMI subjects 64/2

Wen et al. (81) QSDR TBSS, Connectivity FSL, DSI Studio, BCT PPMI subjects 64/2

Zhang et al. (82) DKI ROI GE adw 4.5 Initial H&Y staging 1.58 and 1.65; H&Y staging

after 2 years 2.08 and 1.84

25/3

Zhang et al. (83) DKI ROI GE adw 4.5 72 early-stage PD (H&Y = 1.67; duration of

disease = 13.50 months)

25/2

(Continued)
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TABLE 1 | Continued

References Diffusion

method

Analysis method

(for diffusion)

Software PD subjects # Diffusion

directions/# b value(s)

Zhang et al. (84) DKI ROI GE adw 4.5 28 PD with Striatal silent lacunar infarction PD

(H&Y = 1.68 -> 2.39(FU); duration of disease

= 14.21 months); 32 PD et al. [H&Y = 1.63 to

>1.91 (FU); duration of disease = 14.68

months]

25/2

Zhang et al. (85) DKI ROI GE adw 4.5 72 with early stage PD divided in control and

striatal silent lacunar infarction (H&Y = 1.63

and 1.71; duration of disease <14 months)

25/2

Surova et al. (86) DTI–DKI–

NODDI

ROI, tractography FSL, in-house developed

software (for DKI)

105 patients with PD et al. [H&Y = 2; disease

duration (years) = 5]

94/4

Andica et al. (87) DTI–

NODDI

Tractography NODDI Matlab Toolbox5,

FSL, AMICO, TrackVis

29 PD (H&Y = 1.97; average duration of

disease = 6.24 years)

32/2

—, no information available. In the last column, the B0 image acquisition is included in the number of b values.

disorganization is not strictly accurate, given that FA cannot
disentangle the individual microscopic contributions, such as
different WM fiber populations and/or cerebrospinal fluid (CSF)
contamination (92, 93). Fractional anisotropy has also been
equated as a marker of demyelination (94), which is also not
accurate because the regional anisotropy may also reflect altered
axonal diameter, packing density, or membrane permeability
(95). Despite these limitations, DTI-based FA has often been
utilized as a neuroimaging biomarker because of its robustness to
noise (96, 97). Example maps for FA (gray-scale and colorized),
MD, AxD, and RD are shown in Figure 3 in an HC.

Tractography goes beyond the conventional quantitative
voxel-wise metrics to generate a three-dimensional
representation of WM fiber bundles. Figure 4 shows an
example tractography (B), with FA shown in (A), in an HC.
Tractography consists of a multistep procedure to reconstruct
WMfiber bundles inside the brain, namely, seeding, propagation,
and termination. Many options, and best practices, for each of
these steps can be found in the literature (23, 98), and software
exists to perform these functions at varying levels. Some of the
known limitations of tractography are related to acquisition
(minimum number of DTI directions) and WM architecture
(crossing, kissing, and diverging fibers). Other limitations
include possible inaccuracies of tractography due to the presence
of neuropathological changes (99).

Upon generation of DTI-based metrics, subsequent
quantitative analyses can be performed using histogram
analysis, region of interest (ROI) analysis, voxel-based analysis
(VBA), or skeletonized analysis [also called tract-based spatial
statistics (TBSS)]. Additionally, DTI enables measurement of the
macroscopic orientation of WM tissue and analysis of structural
connectivity through tractography algorithms. These different
analysis methods are demonstrated in Figure 5 and are discussed
in greater detail below.

One of the simplest analyses is whole-brain histogram analysis
(Figure 5A). Beyond mean and median, histograms permit
extraction of parameters such as histogram peak height and
location that can be compared across subjects or correlated with
other variables. A major advantage of whole-brain histogram

analysis is that no a priori choice of region is required; however,
one ensuing drawback is that the results may be affected by
CSF contamination (92). Region-of-interest analysis (Figure 5B)
is a commonly used method to analyze DTI-derived indices,
where ROIs can be obtained from automated segmentation
(e.g., FreeSurfer; https://surfer.nmr.mgh.harvard.edu/) or by
manual delineation. Although ROIs can be drawn directly
on the DTI-derived indices, their placement may be difficult
due to low-resolution images and the intensity of DTI-derived
maps (e.g., FA) may spuriously influence the ROI boundaries,
thereby introducing bias into the analysis. Alternatively, ROIs
may be drawn on anatomical T1- or T2-weighted images,
which necessitates reliable co-registration with dMRI data. One
drawback to ROI analysis is that it requires either an a priori
hypothesis regarding where WM differences are expected to be
present in a pathology or normal development as the inclusion of
many ROIs increases the number of statistical tests and requires
correction for multiple comparisons.

Moving beyond ROI analysis, VBA is a fully automated
approach that allows for the investigation of microstructural
organization in each voxel inside the whole brain (Figure 5C).
It involves the spatial normalization of high- and low-resolution
images from the subjects’ native space to stereotactic space, and
thus, reliable co-registration is crucial. Additionally, smoothing
of the data during analysis can increase the impact of partial
volume effects (PVE), as the voxels may combine both WM and
gray matter (GM) in such a way that the results are less robust
and less specific to a specific component. As statistical analysis
is performed in each voxel, there is also an increased risk of
false-positive findings, such thatmultiple comparison corrections
are compulsory. Finally, pathologies and lesions can strongly
affect VBA results. Alternatively, TBSS (or skeletonized analysis,
Figure 5D) can alleviate the alignment and smoothing challenges
associated with VBA (100). Tract-based spatial statistics is
a popular pipeline used to coregister sets of DTI maps for
performing voxel-wise comparisons on skeletonized WM tracts.
As a result, it precludes the study of whole-brain WM tracts,
focusing instead on the components of WM tracts common
across all subjects (hence the name skeletonized). In recent years,
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FIGURE 3 | Standard DTI maps, from a healthy volunteer, created by DSI Studio with a DTI diffusion scheme with a total of 67 diffusion sampling directions. The b

value was 1,000 s/mm2. The in-plane resolution was 2mm, and the slice thickness was 2mm. FA, fractional anisotropy; MD, mean diffusivity; AxD, axial diffusivity;

RD, radial diffusivity. The range of FA in between 0 (isotropic diffusion) and 1 (anisotropic diffusion).

several studies have questioned the reliability and interpretability
of TBSS (101), and improvements over the original TBSS pipeline
have been suggested (102).

The final analysis method covered to this review is the
connectome analysis (Figure 5E), which pertains to whether
there are global changes in structural connectivity patterns at
the end of WM pathways (103). Advantages of this method
include that it is automated and identifies the global shift
in WM connectivity pattern between the groups. Network-
based measures derived through this connectome analysis can
then be utilized to not only understand whether there is
a global shift in WM-derived structural connectivity due to
pathology but also to understand its correlations with clinical and
pathological presentations.

DTI in Early-Stage PD
Given the known spatiotemporal progression of changes
associated with PD, ROI analysis has been used widely in early-
stage PD. Moreover, given the recognized involvement of the SN
early in pathophysiological progression of PD, many DTI studies
have focused on ROI analysis of the SN. For example, reduced
FA of SN in subjects with early-stage PD compared with controls
was observed by Vaillancourt et al. (36), whereas Liu et al. (43)
similarly found that FAs in the rostral, middle, and caudal areas
of the SN were decreased significantly in subjects with early-
stage PD compared with controls. Mangia et al. (44) explored the
SN and other brain locations from a multimodal MRI approach
and reported neuronal degeneration of the SN in the early-PD
group. However, not all studies have reported similar results.
For instance, Pellizari et al. (41) observed no differences in FA
in the SN between early-stage PD and HC, although differences

in AxD were reported. Similarly, Joshi et al. (33) compared all
DTI-derived metrics in 24 early-stage PD subjects and found
increased MD in the SN. Finally, in a longitudinal study over
almost 2 years, Loane et al. (39) found no significant differences
in DTI metrics at baseline, but significant differences in nigral FA
(decrease in PD) andMD (increase in PD) metrics were observed
at the follow-up time point. As a result, the authors hypothesized
that diffusion metrics in the SN may be sensitive measures of
disease progression.

Parkinson disease is often associated with olfactory
dysfunction, and impaired sense of smell is one of the earliest
clinical symptoms of PD, preceding even the classic motor signs
(104). Using ROI analysis, significant group differences in FA
and MD have been observed in the anterior olfactory structures
(33). These results were confirmed by Rolheiser et al. (49), who
leveraged TBSS to reveal significant group differences between
PD and controls in the anterior olfactory region, as well as the
SN. Furthermore, reduced FA in WM associated with the central
olfactory system was observed using TBSS in early-stage PD
patients and was associated with a reduced ability to smell (50).

Parkinson disease–associated pathological changes are not
isolated to the SN and olfactory regions. In fact, alterations
have been observed in other WM areas, including the genu of
the corpus callosum, superior longitudinal fasciculus, putamen,
external capsule, midbrain, superior cerebellum, and superior
cerebellar peduncles (37, 60). Using both ROI and tractography
methods, Planetta et al. (46) found that FA values were
significantly reduced in PD in fibers projecting from the anterior
nucleus, ventral anterior nucleus, and dorsomedial nucleus. In
addition, reduced FA values approached significance in the
ventral lateral nucleus of patients with PD. Similarly, regions
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FIGURE 4 | (A) Fractional anisotropy maps and (B) an example of whole-brain deterministic tractography created by DSI Studio in a healthy volunteer (angular

threshold: 60 degrees; step size: 1mm; anisotropy threshold: 0.20. Tracks with length shorter than 50 or longer than 300mm were discarded. A total of 500,000

seeds were placed inside the whole brain).

that have shown reduced FA using TBSS include the bilateral
anterior corona radiata, upper corona radiata, posterior thalamic
radiation, optic radiation, fornix, and corpus callosum, among
others (48, 56). In a study of 125 early-stage PD and 50 HC
individuals, increasedMD in PD subjects was observed in several
WM locations, suggesting early axonal damage (52). On the
other hand, some studies have reported no significant differences
between early-stage PD and controls (35, 39), whereas higher FA
values in several WM locations have also been reported (57).

Given the evidence of widespread WM changes, whole-
brain metrics may be of interest. Tessa et al. (31) previously
used whole-brain histogram analysis to compare FA metrics
between controls and de novo drug-naive PD (n = 27), the
latter of which was divided in tremor-dominant, akinetic-
rigid, and mixed types. Increased FA was observed in patients
with PD, which was more pronounced in patients with the
akinetic-rigid subtype. Considering the use of whole-brain
analysis, these results support the hypothesis that widespread
neuropathology exists at the time of clinical onset, possibly driven
by the inclusion of GM in whole-brain analysis. Connectome
analysis has also shown significant differences in the WM-
derived structural connectome associated with PD (29, 30, 105).
More specifically, lower global efficiency and global clustering
coefficient have been observed in PD compared with HCs (26).

Arrigo et al. (27) found significant alterations in optic radiation
connectivity distribution, a significant increase in optic radiation
MD, and a significant reduction in WM concentration in early-
stage PD. Finally, Tinaz et al. (28) investigated the structural
and functional organization in PD subjects, finding reduced
WM connectivity in frontoparietal–striatal nodes compared to
controls, but no change in modular organization of the WM
tracts. A recent study by Mishra et al. (105) reported that
there is an early-stage PD-specific WM-derived connectome
comprising pathophysiologically relevant regions and that the
overall connectivity in early-stage PD in these regions is
significantly higher than that compared to HC. Additionally, PD
groups have shown reduction in functional local network metrics
in many nodes distributed across the connectome (28).

Several studies have sought to correlate DTI findings with
clinical metrics, including functional and cognitive measures,
both cross-sectionally and longitudinally. The cross-sectional
results have been mixed with both ROI analysis and TBSS,
with some studies showing no correlations between DTI-derived
metrics and clinical measures (38, 48) and other studies reporting
significant correlations, particularly in the caudate nucleus
(34, 41). Minett et al. (51) found that at baseline patients
with early-stage PD had significantly higher MD relative to
HC, and in patients with PD and mild cognitive impairment,
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FIGURE 5 | Example of the different dMRI analysis methods. (A) Histogram analysis; (B) ROI analysis; (C) voxel-based analysis (VBA); (D) skeletonized analysis (e.g.,

TBSS pipeline); (E) connectome analysis.
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higher MD was significantly correlated with lower attention
and executive function scores. In this longitudinal study, DTI-
derived WM microstructural changes were assessed as potential
prognostic biomarkers of worsening motor features or cognitive
decline in patients with PD. At follow-up, frontal MD increased
significantly when comparing patients with PD and mild
cognitive impairment with HC. In another longitudinal study
over 18 months, patients with early-stage PD with unilateral
disease were shown to have higher rates of microstructural
changes compared to patients with later-stage PD with bilateral
disease, suggesting that substantial microstructural changes
occur during the early stages of disease (54). Gray matter
changes have also been implicated in PD-associated cognitive
impairment, where reduced cortical microstructural integrity was
associated with reduced cognitive performance in early-stage PD
patients (45).

While many of the aforementioned studies have used
subject sample sizes on the order of 20 to 30, several studies
have leveraged the PPMI database that features larger patient
enrollment and longitudinal data, along with clinical metrics.
Using ROI analysis, Schuff et al. (40) analyzedWM abnormalities
in 153 early-stage drug-naive de novo PD and compared these
measures with 67 HC from the PPMI database, finding a
marginally non-significant interaction between nigral FA and
disease status. However, significant interactions between WM
regions and disease status have been found in several other non-
PPMI studies (32, 38, 106). Analyzing longitudinal PPMI data
using VBA, Taylor et al. (66) found significantly increased FA
in brainstem, cerebellar, anterior corpus callosal, inferior frontal,
and inferior fronto-occipital WM and increased MD in primary
sensorimotor and supplementary motor regions. After 1 year, PD
patients showed a significantly stronger decline in FA compared
to HC in the optic radiation and corpus callosum, as well as
parietal, occipital, posterior temporal, posterior thalamic, and
vermis GM. The authors postulate that these findings are in line
with spatiotemporal patterns of α-synuclein, in both WM and
cortical GM. Diffusion tensor imaging–derived metrics of the
nigrostriatal tract were shown to have a systematic abnormalities
in 50 PD patients from PPMI using tractography; in addition,
variations in FA and RD of the nigrostriatal tract were associated
with the degree of motor deficits in PD patients (64).

Given the numerous permutations of DTI analysis methods,
Mishra et al. (58) performed a systematic comparison of
various postprocessing approaches used for identifying WM
differences using DTI data from PPMI database. Region-of-
interest–based analysis, VBA with varying spatial smoothing,
and two widely used skeletonized approaches (TBSS and tensor-
based registration with DTI-TK) were compared in a group of
81 early-stage PD and 44 HCs from PPMI. Both skeletonized
approaches revealed significant negative correlations for FA
with disease duration, although DTI-TK was found to be more
accurate for assessing disease progression. However, no analytic
techniques showed any group difference in any region between
early-stage PD and HC. These types of comparisons provide
context for studies that have shown conflicting findings with
different analysis pipelines and highlight the importance of
standardization of DTI analysis.

To provide a more comprehensive view of early-stage
PD-related neuropathological changes, several studies
have combined imaging metrics with different underlying
pathophysiological correlates. Wei et al. (47) and Pelizzari
et al. (41) combined microstructural DTI-derived metrics with
perfusion using arterial spin labeling to increase diagnostic
accuracy for early-stage PD. In those studies, both FA and
cerebral blood flow in the hippocampus, prefrontal cortex, and
parietal WM regions were decreased in early-stage PD and mid-
late PD compared with HC. In addition, FA was decreased in the
SN, while hypoperfusion was observed in the frontal/occipital
WM regions. Several authors have also used DTI together
with VBM, which can detect subtle brain volumetric changes
using structural images, to investigate the relationship between
WM tracts, GM volume and PD. These studies found reduced
WM microstructural integrity and reduction of GM volume
in PD subjects in several regions, such as cingulum, superior
longitudinal fasciculus, inferior longitudinal fasciculus, inferior
fronto-occipital fasciculus, striatum, and the frontal, temporal,
limbic, and paralimbic areas (27, 45, 52, 55, 62, 65, 107).

Sleep disorders, such as rapid eye movement sleep behavior
disorder, may coincide with early-stage PD, and the combination
of sleep disorders and early-stage PD has been associated
with more advanced disease status, despite similar clinical
characteristics and cognitive performance (63). Parkinson disease
patients with sleep disorders have shown regions of reduced
cortical GM volume, as assessed by VBM, and WM changes,
most notably reduced FA using TBSS, compared with those
who did not have sleep disorders, though not significant when
adjusted for multiple comparisons. In a separate study, cortical
and subcortical alterations in de novo PD patients were observed
using VBA-DTI (65); notably, many of these changes occurred
in the brainstem, specifically the pontine tegmentum, which has
been implicated in the regulation of sleep cycles (108).

Mood disorders, including depression, apathy, and anxiety,
have been associated with more advanced PD stages and may
be related to dopaminergic depletion (109); however, these
neuropsychiatric conditions have also been implicated in early-
stage disease and may have a different underlying etiology (62).
Gou et al. found no significant WM microstructural differences
between depressed and non-depressed PD groups using TBSS
(59), a finding that was replicated by Lacey et al. using data from
PPMI (53). However, connectivity analysis revealed significant
network changes associated with PD patients with depression
(59). Parkinson disease with apathy has also been associated with
bilateral microstructural alterations in the medial corticostriatal
limbic system; more specifically, decreased FA and increased
MD were observed in the anterior striatum and pregenual
anterior cingulate cortex, along with concomitant serotonergic
dysfunction (62).

While most studies have sought to differentiate between
PD and HC groups, some studies have assessed the potential
of DTI biomarkers to differentiate PD subgroups. In one
study, decreased FA was observed in the SN using ROI
analysis in early and mid–late PD patients compared with
healthy subjects, but there were no significant differences in
the same metrics between early-stage PD and mid–late PD
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groups (47). These results suggest that SN changes occur early
in the pathology of PD and rapidly reach a plateau, such
that longer disease duration is not indicative of increased
nigral microstructural changes. Comparing early-stage PD and
neurodegenerative atypical parkinsonism (AP), higher MD in
the centrum semiovale, body of the corpus callosum, putamen,
external capsule, midbrain, superior cerebellum, and superior
cerebellar peduncles has been observed in AP (60). Another study
using ROI analysis across PD subgroups found that widespread
microstructural changes were present only in late-stage PD
groups and not in early and moderate PD groups (61). The
authors further suggest that standard DTI methods may not be
sensitive to early PD pathology, which may indicate a role for
more advanced methods.

Free-Water Algorithms for DTI Correction
The complex organization of brain tissue, in combination with
the relatively large voxel size in dMRI acquisition, results in
PVE in diffusion tensor measurements. Consequently, DTI-
derived metrics are influenced by the combined contributions
of different brain tissue compartments, including CSF and/or
extracellular free water (110). Free-water is defined as water
molecules that neither experience flow nor are restricted
by their surroundings. In the human brain, free water is
found in CSF within the ventricles and around the brain
parenchyma. For instance, CSF has a relatively large diffusion
coefficient compared with that of the brain parenchyma, such
that PVE in the periventricular regions and the sulci may
overestimate the ADC values by 15–30% (111). Several methods
can be employed to remove free-water contributions, such as
fluid-attenuated inversion recovery diffusion-weighted imaging
(FLAIR-DWI) (112) or the free-water correction algorithm
developed by Pasternak et al. (113) for single-shell acquisitions
and later extended to multishell acquisitions (114). Planetta
et al. (67) used a free-water DTI algorithm in the context
of early-stage PD patients taking rasagiline, a monoamine
oxidase inhibitor used to treat PD, and found that the
+rasagiline group had less free water in the posterior SN
and better performance on a coordination task than the –
rasagiline group. However, interpretation of changes in free-
water measures from single-shell dMRI acquisitions must be
interpreted cautiously, as the measures are biased at crossing-
fiber regions (115), which make up approximately 90% of WM
voxels (116).

Beyond DTI: Diffusion Kurtosis Imaging
Although DTI is widely used to study WM organization,
its inherent assumption of a Gaussian distribution results
in an inability to resolve tracts in voxels with complex fiber
arrangements (99). To overcome this issue, other techniques
such as DKI have been developed. Kurtosis is a statistical
measure of the deviation from a Gaussian distribution
(which is the assumed distribution for DTI), and thus,
DKI-based methods can quantify non-Gaussian diffusion
(117). This technique is largely based on the same type of
pulse sequences employed for DTI, but DKI requires multishell

dMRI at higher b values than those conventionally utilized for
DTI analysis.

For DKI, the natural logarithm of the diffusion-weighted
signal can be approximated by an expansion in terms of the
b values:

ln
[

S(b)
]

= ln
[

S(0)
]

− bDapp +
1

6
b2D2

appKapp + O(b3) (5)

where S(b) is the signal intensity, Dapp is the apparent diffusion
coefficient, and Kapp is the apparent diffusional kurtosis, and the
termO(b3) is the Taylor expansion for power of b> 2. In the case
of Gaussian diffusion, Kapp is zero, and Equation (5) reduces to
the standard DTI equation. Analogous to DTI, this equation is
solvable to yield the diffusion kurtosis tensorW.

Diffusion kurtosis imaging processing is only slightly more
complex than DTI processing, although DKI provides a
significantly more complete characterization of water diffusion
and tissue structure.

Diffusion kurtosis imaging provides the same set of diffusion
parameters as DTI (DKI-FA, DKI-RD, DKI-AD, and DKI-MD),
in addition to mean kurtosis (MK), radial kurtosis (RK), and
axial kurtosis (AK), which are the most commonly used kurtosis
metrics. Similar to DTI, AK is the primary eigenvalue of the
apparent kurtosis tensor along the main diffusion direction,
whereas RK is the average of the kurtosis coefficients on the
equatorial plane. Kurtosis anisotropy is the DKI analog to
FA (118).

Even though DKI is more complete than DTI and is able
to quantify non-Gaussian diffusion in the brain, DKI-derived
diffusion parameters (e.g., DKI-FA) are limited in their sensitivity
to detect abnormalities in WM regions with complex fiber
arrangements (119). Therefore, the kurtosis indices, such as
MK, may be more accurate metrics for WM structural analysis
using DKI.

DKI in Early-Stage PD
Diffusion kurtosis imaging has been used in several studies to
assess the early stages of PD. Zhang et al. (82–85) published
several studies with DKI in early-stage PD with both cross-
sectional and longitudinal designs. In these studies, MK in
the SN was significantly increased in PD compared with HCs.
Additionally, MK in the SN was positively correlated with the
H&Y score staging and part III of the Unified Parkinson’s Disease
Rating Scale (UPDRS-III). In another study, Surova et al. (86)
used DKI to study 105 patients with early-stage PD. They found
differences in DTI and DKI metrics between PD subjects and HC
in the putamen, thalamus, and superior longitudinal fasciculus,
which were also associated with increased disease severity. Guan
et al. (42) used ROI analysis of DKI metrics to study advanced
and early-stage PD, and MK was found to be significantly lower
in bilateral SN in patients with both early-stage and advanced PD
than in controls. In addition, MK in the left SN was significantly
lower in patients with advanced PD than in those with early-
stage PD. However, no differences in FA or MD values were
observed between the PD and control groups in that study, and
no significant correlations between MK, FA, or MD values and
the UPDRS scores were observed.
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Beyond DTI: Neurite Orientation Dispersion
and Density Imaging
Neurite orientation dispersion and density imaging is a practical
dMRI technique for estimating the microstructural complexity
of dendrites and axons in vivo (120). Neurite orientation
dispersion and density imaging distinguishes between three
microstructural environments: intracellular, extracellular, and
CSF compartments. Each compartment affects water diffusion
in a unique way (121) and gives rise to a separate normalized
MR signal. The full normalized signal, S (A), which includes all
environments, is written as follows:

S (A) = (1− viso) · (vicAic + (1− vic)Aec)+ visoAiso (6)

where Aic and vic are the normalized signal and volume
fraction of the intracellular compartment, respectively; Aec is the
normalized signal of the extracellular compartment; and Aiso and
vec are the normalized signal and volume fraction of the CSF
compartment, respectively (120). By fitting Equation (6), it is
possible to obtain vic, viso, and the concentration parameter of
the Watson distribution (k), which is a parameter related to Aic.
Using k, the orientation dispersion (OD) index can be defined
as follows:

OD =
2

π
arctan

(

1

k

)

(7)

Neurite orientation dispersion and density imaging–derived
indices have been suggested as imaging biomarkers in early-stage
PD, as discussed below. Moreover, NODDI-derived metrics are
less sensitive to partial volume effects than DTI (122), which are
known to reduce the accuracy of DTI-derived metrics.

NODDI in Early-Stage PD
Neurite orientation dispersion and density imaging has been used
in only two studies in early-stage PD. Andica et al. (87) used both
NODDI and tractography to compare vic, OD, and viso between
groups of PD and HCs. They found that the contralateral distal
vic of the nigrostriatal pathway was significantly lower in PD
patients than in HCs. However, no correlations were detected
between different NODDI indices and disease duration or motor
symptom severity. Surova et al. (86) used NODDI, in addition to
DKI as discussed above, and ROI analysis in 105 patients with
PD, finding increased viso in the superior longitudinal fasciculus
and decreased viso in the corticospinal tract.

Beyond DTI: Q-Space Diffeomorphic
Reconstruction
In addition to limitations of DTI related to non-Gaussian
diffusion, other known limitations such as its inability to
independently resolve crossing fibers (123) and sensitivity to
PVE, result in DTI-derived metrics that reflect a weighted
average of multiple diffusion components within a voxel. These
limitations reduce the accuracy of DTI-derived metrics and also
of WM tractography. For instance, in voxels with multiple tract
orientations, a decrease in FA for one of these fiber populations
may result in a contradictory increase in the overall FA (124).

To partially overcome this issue, dMRI techniques such as QSDR
have been developed.

The orientation distribution function (ODF) can be used to
characterize the diffusion distribution of fiber populations, thus
overcoming crossing fiber limitations. To calculate the ODF,
diffusion data can be acquired using a single-shell diffusion
sampling scheme, also known as high angular resolution
diffusion imaging (HARDI) (123), or a grid sampling scheme,
which is known as diffusion spectrum imaging (DSI) acquisition
(125). However, studies using ODF to characterize the diffusion
distribution may also suffer from partial volume effects. To
overcome these effects, the spin distribution function (SDF)
can be obtained from generalized Q-sampling imaging (GQI)
(126), where SDF represents the proportion of spins undergoing
diffusion in different orientations. Q-space diffeomorphic
reconstruction is an advanced method to calculate transformed
SDFs in any given deformation field that satisfies diffeomorphism
(127). Therefore, QSDR can resolve crossing fibers with
substantially smaller impact of partial volume effects.

The quantitative anisotropy (QA), which is defined as the
proportion of spins that undergo diffusion along a given
fiber orientation, can characterize the diffusion behavior of a
fiber population. Quantitative anisotropy is calculated from the
peak orientations on an SDF. Each peak orientation defines a
QA value:

QA
(

â
)

= Z0
(

ψQ

(

â
)

− I
(

ψQ

))

(8)

where ψQ is the SDF, Z0 is the SDF scaling constant, â is the
orientation of the fiber defined by the local maximum of the SDF,
and I

(

ψQ

)

is the background isotropic component, which can
be approximated by the minimum value of the SDF. With

QSDR and the QA index, it is possible to run subsequent analysis,
such as VBA (through the normalized QA; nQA=QA/[max QA
value]), tractography, and connectome analyses (Figure 6).

QSDR in Early-Stage PD
All QSDR studies in early-stage PD used patients from the PPMI
database. Ghazi Sherbaf et al. (69) published several studies by
using this technique utilizing PPMI database. They studied PD
subjects with depression and sleep behavior disorder (70–72).
Additionally, they found that PD patients exhibited negative
correlations between QA and insulinlike growth factor 1 level in
several WM locations, including the middle cerebellar peduncle,
left and right cingulum, and genu and splenium of the corpus
callosum (72); additionally, they demonstrated that the blood
marker apolipoprotein A-1 can predict microstructural changes
in WM regions in early-stage PD patients with undisturbed
cognition and mild motor disability (68). Utilizing QA in a
connectome analyses, Haghshomar et al. (74) previously studied
the structural correlation of various WM tracts in 81 early-stage
PD patients with the whole-blood neutrophil-to-lymphocyte
ratio and identified that the QA index correlated with this ratio
in the bilateral cingulum, body and left crus of fornix, bilateral
corticospinal tract, body and splenium of corpus callosum, and
superior cerebellar peduncle. In another study of 85 subjects with
PD, connectome analysis of QA revealed a positive association
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FIGURE 6 | (A) Q-space diffeomorphic reconstruction using DSI Studio. gFA, QA, ISO (represents background isotropic diffusion contributed from CSF), and the ODF

visualization are shown. (B) The performance of the FA-aided, GFA-aided, anatomy-aided, and QA-aided tractographies showing arcuate fasciculus using shell and

grid sampling data. The false tracks are colored in black, whereas accurate trajectories are coded by directional color. The tractographies using FA, GFA, and

anatomical information show substantially more false tracks than do those using QA. The best performance can be observed in the tractography using QA and the

grid dataset. Reproduced with permission from Yeh et al. (128).

withWM density in bilateral corticospinal tract in the H&Y stage
1 patients, whereas a negative association was observed in the
genu of the corpus callosum and bilateral cingulum in H&Y
stages 1 and 2 groups (75). In addition, associations between
autonomic functional scores and structural brain connectivity in
PD were found. Wen et al. (80) used TBSS with graph-theoretical
and network-based analyses with QSDR reconstruction to
compare WM regional and network features between early-
stage PD [tremor-dominant and postural instability and gait
difficulty (PIGD) subtypes] and HC groups. Using TBSS and
QSDR, tremor-dominant patients showed increased FA and
decreased RD and AxD in several areas. Additionally, motor
severity had mild to moderate correlations with FA and RD
in the genu of the corpus callosum in tremor-dominant
subjects, whereas motor severity had strong correlations with
FA and RD of multiple association tracts in PIGD subjects.
On the other hand, network-based statistical analysis did
not reveal any subnetworks with connectivity differences
between groups.

Structural network alterations have also been investigated
from healthy aging to the prodromal phase of PD to
early-stage PD (73). Compared with HCs and de novo PD
patients, prodromal PD patients showed significantly increased

small-world-ness, higher clustering coefficient, and greater local
connectivity between regions relating to motor, olfactory, and
sleep functions. Parkinson disease patients without hyposmia
have shown a significant decrease in global efficiency compared
to controls using TBSS with graph-theoretical methods and
network-based statistics (81). Additionally, PD patients with
hyposmia were shown to exhibit significantly reduced global and
local efficiency, as well as a disrupted connection between the
right medial orbitofrontal cortex and left rectus, with poorer
frontal-related cognitive functioning. Utilizing connectome
analysis in 18 early-stage PD and 17 prodromal PD patients,
Sanjari Moghaddam et al. (76) investigated the microstructural
association of olfaction in prodromal PD as compared to early-
stage drug-naive PD patients. Their studies suggested that
individuals with prodromal PD have a significantly higher QA as
compared to PD patients in bilateral middle cerebellar peduncles
and right arcuate fasciculus.

Wen et al. (79) analyzed two different groups of early-stage
PD (H&Y stages 1 and 2) using TBSS and QSDR connectome
analysis. They found that the earlier stage PD (H&Y stage 1)
was associated with higher FA and lower MD and RD in callosal,
projection, and association fibers than bothHCs and higher-stage
PD (H&Y stage 2). The timeline of these alterations between
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HC and H&Y stage 2 PD was hypothesized to be indicative
of compensatory mechanisms arising from early dopaminergic
dysfunction in the SN, although further studies are needed to
confirm the presence of these neural compensation mechanisms.
In addition, motor severity was inversely correlated with FA
and positively correlated with MD and RD in PD patients.
Moreover, connectome analysis also revealed increased WM
density in the aforementioned tracts in PD patients, compared
with HCs.

Finally, olfactory dysfunction has been investigated in relation
to QSDR findings. Multiple regression analysis in prodromal
PD demonstrated positive association between the University
of Pennsylvania Smell Identification Test (UPSIT) score and
connectivity in left and right subgenual cingulum, right
inferior fronto-occipital fasciculus, left corticospinal tract, left
parietopontine, left corticothalamic tract, and the body and
the splenium of corpus callosum. Sobhani et al. (77) studied
olfactory dysfunction in PD, confirming a discriminative role
for UPSIT score in identifying WM microstructure changes in
early-PD subjects.

Software for DTI Analysis
Different software packages have been used for diffusion
analysis in early-stage PD (Table 2). Most of the available
software provides both preprocessing and processing steps
within the same pipeline. A standalone preprocessing method,
DTIprep, may also be used, which performs an automatic
study-specific protocol for DWI/DTI quality control and
preparation. After preprocessing, multiple software packages
are available to generate DTI-derived metrics. FSL is one of
the most widely used software packages for DTI analysis.
FDT-FSL employs both linear least squares (LLS) and weighted
linear least squares (WLLS) fitting procedures. CAMINO is
another open-source software toolkit for dMRI processing. It
employs LLS, WLLS, unconstrained non-linear optimization,
and the robust estimation of tensors involving the outlier
rejection (RESTORE) fitting algorithms. Robust fitting methods
(RESTORE and iRESTORE), together with LLS fitting, can
also be found in the tolerably obsessive registration and tensor
optimization indolent software ensemble (TORTOISE) software.
Analysis of Functional NeuroImages (AFNI) is frequently
used for fMRI analysis, but it can also be employed for DTI
fitting (LLS and non-LLS). Diffusion spectrum imaging Studio
is a tractography software tool that maps brain connections
and correlates findings with neuropsychological disorders. It
works with several dMRI methods, including DTI, GQI, QSDR,
dMRI connectome analysis, and generalized deterministic
fiber tracking. DTI Studio and Explore DTI are other reliable
software packages for DTI fitting and dMRI analysis. FSL’s
probtrackx (within FDT) and the TRActs Constrained by
UnderLying Anatomy (Tracula, within FreeSurfer) are both
used for probabilistic tractography; DSI Studio and TrackVis
are appropriate for deterministic tractography, whereas MRtrix
contains both probabilistic and deterministic algorithms. Matlab
toolboxes include the Brain Connectivity Toolbox (BCT) for
dMRI-derived structural connectivity analysis, DTI and Fiber
Tracking toolbox for DTI fitting and tractography, and NODDI

toolbox for NODDI analysis. In several studies, authors used
in-house software or MRI workstation software for DTI and
DKI analysis.

DISCUSSION

Current State of dMRI in Early-Stage PD
Overall, dMRI has been widely used in research settings
to investigate WM changes in early-stage PD. In general,
DTI acquisition (and similarly DKI) is fairly standardized
across vendors and sites, leading to high consistency for data
acquisition. The vast majority (56 of 62) of studies included
in this systematic review used two b values (typically b =

1,000 s/mm2 and b = 0), although three studies used more b
values (up to four b values), and three did not provide this
information. More variability is observed in terms of the number
of diffusion directions across studies, although the majority
used more than 60 directions (37 of 62 studies). Several studies
used 30 to 39 directions (seven studies) or 20 to 29 directions
(12 studies). Only three studies used fewer than 20 directions.
As stated above, more advanced methods require high angular
resolution dMRI data, whereas even standard DTI may benefit
from improved data acquisition. In general, more than 30
directions can be recommended, and multiple shells may enable
improved quantification of dMRI metrics. Despite the similarity
in acquisitions, analysis methods can vary widely across studies
and are less standardized.

Additionally, the various preprocessing steps for diffusion
data can lead to different findings. Echo-planar imaging (EPI)
acquisitions suffer from geometric and intensity distortions
caused by static magnetic field inhomogeneity, which is worse at
higher field strengths; additionally, DTI images are susceptible
to the distortions caused by eddy currents induced by large
diffusion gradients. There are several methods to correct these
issues as part of the preprocessing pipeline. For example, the
FSL toolbox includes several tools, including eddy and top-
up, which can be used alone or in concert to correct dMRI
images. Moreover, the effects of the signal-to-noise ratio can
have effect on the accuracy and reproducibility of DTI-derived
metrics (129), highlighting the importance of both acquisition
and preprocessing steps.

Another important point to consider in light of the dMRI
findings in early-stage PD is the effects of the different statistical
methods used. Correction of p-values can be achieved in
multiple ways and may vary across studies. For instance,
the threshold-free cluster enhancement is a method for
finding significant clusters without having to define binary
clusters, whereas cluster-based thresholding methods are used
to correct data for multiple comparisons. Often, the data
are reported as family-wise error (FWE)-corrected, which
means that the family-wise error rate is controlled. It is
important to note that correction for multiple comparisons
(e.g., Bonferroni or false discovery rate) is compulsory when
analysis includes more than two groups (e.g., analysis of
variance post hoc analysis) and/or when using multiple
ROI analysis.
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TABLE 2 | List of the main software for dMRI data processing and analysis available.

Software Diffusion method Link Capabilities

FMRIB’s Diffusion Toolbox (FDT)

in FMRIB Software Library (FSL)

DTI https://fsl.fmrib.ox.ac.uk/fsl/fslwiki Preprocessing, fitting,

and tractography

Tract-Based Spatial Statistics

(TBSS) in FSL

DTI https://fsl.fmrib.ox.ac.uk/fsl/fslwiki Skeletonized analysis

Camino DTI, tractography, multifiber

and HARDI reconstruction

techniques

http://camino.cs.ucl.ac.uk/index.php?n=

Main.HomePage

Preanalysis and

postanalysis

Tolerably obsessive registration

and tensor optimization indolent

software ensemble (TORTOISE)

DTI https://tortoise.nibib.nih.gov/ Prefitting and fitting

Analysis of Functional

NeuroImages (AFNI)

DTI https://afni.nimh.nih.gov/ Fitting

DSI Studio DTI, GQI, QSDR, DSI,

connectometry,

tractography

http://dsi-studio.labsolver.org/ Preprocessing and

data analysis

DTI Studio DTI http://lbam.med.jhmi.edu/ Fitting

Explore DTI DTI, tractography http://www.exploredti.com/ DTI MRI and fiber

tractography

MRtrix Tractography https://www.mrtrix.org/ Fiber tractography

analysis

TrackVis Tractography for

DTI/DSI/HARDI/Q-Ball

http://www.trackvis.org/ Fiber tractography

analysis

Brain Connectivity Toolbox

(BCT)—(MATLAB)

Connectivity https://sites.google.com/site/bctnet/ Connectivity analysis

DTI and Fiber Tracking

(MATLAB)

DTI, tractography https://www.mathworks.com/

matlabcentral/fileexchange/21130-dti-

and-fiber-tracking

Fitting and fiber

tracking

DTIprep DWI/DTI quality control and

preparation

https://www.nitrc.org/projects/dtiprep Preprocessing

Despite the lack of standardized methods, dMRI methods
are increasingly used to understand whether dMRI-derived
metrics suggesting WM disorganization are related to clinical
presentation. Early-stage PD patients with non-motor symptoms,
such as those with olfactory dysfunction or those with substantial
SN dopaminergic neuron loss, have been analyzed with various
dMRI techniques. Conventional single-tensor DTI models, as
well as more sophisticated dMRI models such as DKI and
NODDI, have independently suggested diffuse WM changes in
early-stage PD, supporting the notion of early axonal damage in
PD while simultaneously suggesting that PD pathology may go
unrecognized until symptoms appear. Moreover, conventional
DTI metrics such as FA and MD have displayed sensitivity
to potentially identify earlier symptomatic regions, such as
olfactory structures, using correlations with clinical presentations
in predetermined ROI analysis. In addition, several studies have
considered dMRI changes in GM (10, 45, 65, 66, 86, 107, 122),
which may also be implicated in PD pathology. However, as GM
lacks the microstructural organization of WM, interpretation
of GM-DTI must be approached with caution. In contrast,
NODDI has previously been shown to reflect the neurobiology
of cortical microstructures (122), suggesting that more advanced
dMRI models may enable robust GM characterization in early-
stage PD.

However, studies have often displayed heterogeneous results,
which may be at least partially attributable to the varying
preprocessing and postprocessing steps and statistical approaches
utilized. Early-stage PD patients are also heterogeneous in
their clinical presentations, and this may further contribute to
such varied findings. Although the combination of different
dMRI acquisitions and analyses may yield new and more
accurate information related to dMRI-derived WM structural
disorganization and global connectivity changes in early-stage
PD, dMRI has the capability to be developed as a useful
neuroimaging tool for diagnosis and prognosis of early-stage PD
by rigorously developing and enforcing a set of standardized
acquisition and postprocessing tools. This will ultimately provide
more reliable dMRI-derived neuroimaging biomarkers that are
not only significantly different when compared to HC in
early-stage PD, but also attempt to explain their correlations
with clinical presentation. Altogether, these will in turn help
to understand the neuropathological underpinnings of the
progression of PD. Utilizing advanced dMRI methods that
overcome some of the known limitations of DTI is also
imperative, as measures derived through these advanced dMRI
methods may help to understand tract-specific deterioration
of WM organization in the progression of PD. Ultimately,
ensuring standardization of patient recruitment, data acquisition,
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postprocessing analytical tools, and statistical approaches could
move dMRI toward clinical implementation for identifying
dMRI-derived neuroimaging biomarkers.

Challenges of dMRI in Early-Stage PD
As previously mentioned, conflicting results are often reported
in dMRI studies on PD subjects. The small sample size
of participants, heterogeneous clinical presentation, and sex
imbalance may be responsible for such non-reproducible results
reported in the literature. Moreover, the heterogeneity of
findings may also be related to the dMRI data acquisition. It
is important to emphasize that dMRI acquisitions with fewer
than 30 directions may not correctly estimate DTI metrics. For
robust estimation of anisotropy, at least 20 unique sampling
orientations are necessary, whereas at least 30 unique sampling
orientations are required for robust estimation of both tensor
orientation and MD. Diffusion schemes with a lower number
of sampling orientations may introduce bias and spurious
correlations between tensor orientation and apparent diffusion
characteristics (130). Hence, acquiring data with at least 45 to
60 diffusion-encoding directions might help to better resolve
crossing fibers, may aid in connectome analyses, and can be
generally recommended for dMRI data acquisition.

The trend to acquire multishell dMRI data with multiple
b values is increasing and is also widely recommended.
With the advent of simultaneous multislice techniques, it
is now clinically feasible to acquire high angular resolution
data with multiple shells in clinically acceptable time of
approximately 20min. Acquiring such high angular resolution
data with multiple shells permits estimation of advanced dMRI-
derived metrics, such as free-water corrected DTI metrics,
DKI-derived metrics, and NODDI-metrics. In the future, the
sensitivity and specificity of each of these measures should
be compared with disease progression to identify the most
reproducible, sensitive, and specific dMRI-derived neuroimaging
biomarkers for understanding neuropathological underpinnings
of PD.

Another possible source of different results lies in the different
postprocessing software and statistical approaches used. The
algorithms used for tensor fitting of diffusion-weighted data can
have substantial effects on the results, not only for PD, but
also for other diseases (131, 132). For instance, although LLS
fitting model is fast, it incorrectly assumes that data outliers are
homogeneously distributed, and therefore it fails to appropriately
deweight their contributions. On the other hand, WLLS is slower
than the LLS but assigns a weight according to how much the
original noise variation is affected by logarithmic transform of
the data. While more robust fitting algorithms are available,
such as RESTORE and iRESTORE, these are not frequently used
because of more complicated pipelines. Identifying the most
reproducible statistical approach and the best preprocessing and
postprocessing tools are important unmet needs in analysis of
dMRI data.

New Avenues for dMRI in Early-Stage PD
We previously discussed that DTI has several limitations
related to an assumption of Gaussian diffusion, presence of

crossing fibers, and partial volume effects. Each of the methods
presented above that move beyond standard DTI has some
aspect that overcomes these limitations, such as DKI to
characterize deviations from Gaussian diffusion, NODDI to
characterize and minimize partial volume effects, and QSDR
to characterize both intravoxel fiber orientation heterogeneity
and partial volume effects. Network-based approaches that do
not assume the caliber or density of axons in WM, but rather
only the orientation of axons, have seen a surge in recent
years since PD has been postulated as a network disorder.
In several early-stage PD studies, these advanced approaches
have been used to overcome DTI-related limitations, although
other options are available and have not been investigated.
For example, DSI (133) is a technique that can resolve the
fiber crossing limitation; however, DSI requires both more
time for acquisition than standard DTI and larger pulsed
field gradients.

While each of these methods may overcome a fundamental
limitation for DTI, these methods may have different limitations
themselves (113). For instance, DKI and NODDI suffer from
their inherent mathematical assumptions that require data
collection methods and analysis that may not be practical or
feasible. Interpreting the free-water contribution as applied to
DTI is also challenging. Studying network topology through
WM-derived structural connectivity may be limited because
there is no consensus on the choice of tracking algorithm or
edge weights. However, high angular resolution dMRI data
acquisition at multiple shells in a clinically acceptable time
lends hope in applying and standardizing these advanced dMRI
techniques, while simultaneously permitting the incorporation
of metrics from these advanced dMRI techniques into network-
based analysis.

Outlook for Future of dMRI in Early-Stage
PD
The clinical management of PD faces a significant challenge
because moderate to severe neurodegeneration has been shown
to be present before the diagnosis is rendered. In addition, the
classic presentation of motor disability in PD is shown to co-
occur with non-motor symptoms such as changes in mood and
behavior, cognitive impairment, sleep disorders, and olfactory
dysfunction. The need for neuroimaging biomarkers to detect
initial neuropathological changes is crucial to optimize patient
care via correct diagnosis and treatment.

Diffusion tensor imaging–based metrics have shown
significant but subtle changes in early-stage PD in many areas,
such as the motor, premotor, and supplementary motor cortices,
corpus callosum, and SN (37, 134, 135). Moreover, non-motor
features common to PD, including olfactory dysfunction,
REM sleep behavior disorder, cognitive impairment, excessive
daytime sleepiness, and depression, can appear in the early
stages of PD, providing rationale for screening for PD-like
pathology (136). While all of these symptoms have been studied
with DTI, the results have been limited or heterogeneous
(137, 138). Although hallmark regions such as the SN have
been extensively studied using DTI, other regions, along
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with corresponding hallmarks of PD pathology, should be
examined more extensively via advanced dMRI techniques.
Additionally, further studies and the inclusion of advanced
dMRI methods may aid in establishing more coherent
knowledge of WM changes in PD-associated non-motoric
symptoms, possibly providing neuroimaging-based biomarkers
and thus creating an avenue for advancement of patient care
and treatment.
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Background: Parkinson’s disease (PD) is a progressive neurodegenerative disease

whose main neuropathological feature is the loss of dopaminergic neurons of the

substantia nigra (SN). There is also an increase in iron content in the SN in postmortem

and imaging studies using iron-sensitive MRI techniques. However, MRI results are

variable across studies.

Objectives: We performed a systematic meta-analysis of SN iron imaging studies in PD

to better understand the role of iron-sensitive MRI quantification to distinguish patients

from healthy controls. We also studied the factors that may influence iron quantification

and analyzed the correlations between demographic and clinical data and iron load.

Methods: We searched PubMed and ScienceDirect databases (from January 1994

to December 2019) for studies that analyzed iron load in the SN of PD patients

using T2∗, R2∗, susceptibility weighting imaging (SWI), or quantitative susceptibility

mapping (QSM) and compared the values with healthy controls. Details for each study

regarding participants, imaging methods, and results were extracted. The effect size and

confidence interval (CI) of 95% were calculated for each study as well as the pooled

weighted effect size for each marker over studies. Hence, the correlations between

technical and clinical metrics with iron load were analyzed.

Results: Forty-six articles fulfilled the inclusion criteria including 27 for T2∗/R2∗

measures, 10 for SWI, and 17 for QSM (3,135 patients and 1,675 controls). Eight of

the articles analyzed both R2∗ and QSM. A notable effect size was found in the SN in

PD for R2∗ increase (effect size: 0.84, 95% CI: 0.60 to 1.08), for SWI measurements

(1.14, 95% CI: 0.54 to 1.73), and for QSM increase (1.13, 95% CI: 0.86 to 1.39).

Correlations between imaging measures and Unified Parkinson’s Disease Rating Scale

(UPDRS) scores were mostly observed for QSM.

Conclusions: The consistent increase in MRI measures of iron content in PD across

the literature using R2∗, SWI, or QSM techniques confirmed that these measurements

provided reliable markers of iron content in PD. Several of these measurements

correlated with the severity of motor symptoms. Lastly, QSM appeared more robust and

reproducible than R2∗ and more suited to multicenter studies.

Keywords: substantia nigra, iron, Parkinson’s disease, QSM, SWI, R2∗
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative
disease whose main neuropathological characteristic is the loss
of dopaminergic neurons of the substantia nigra (SN) pars
compacta (SNc) (1). Degeneration of dopaminergic neurons
in the SN of PD patients is accompanied by an increase in
iron content. Iron is necessary for body homeostasis, oxygen
transport, or central nervous system development, but its
capacity of producing reactive oxygen species that lead to stress
oxidation can have a deleterious effect on the SN of PD patients.
Iron also plays an important role in the neurodegenerative
processes associated with PD (2–4).

Iron is a paramagnetic element that induces magnetic field
inhomogeneities, that is, differences in the local magnetic
field relative to the mainly diamagnetic surrounding brain
tissues. Iron-induced local field inhomogeneities increase spin–
spin interactions, thus accelerating the transverse relaxation
of the MRI signal (5). This property can be exploited to
estimate iron content using MRI based on a reduction in
T2∗ relaxation time or an increase in R2∗ (1/T2∗), phase
changes in susceptibility-weighted imaging (SWI), or increased
susceptibility values on quantitative susceptibility mapping
(QSM). Based on these techniques, iron-sensitive MRI provides a
noninvasive estimation of iron content as shown in primate and
postmortem studies in humans (6, 7). Recent studies using iron-
sensitive MRI in PD have investigated whether iron increase in
basal ganglia, particularly in the SN, can be used as a biomarker
in PD diagnosis and follow-up of iron content in the disease.

Studies using iron-sensitive MRI to quantify iron content in
PD have reported variable results. Some have reported increased
iron content over the global SN (8–11). Others have only reported
increased iron contents in some SN subregions (12, 13) or have
not reported any increase in iron levels (14). Moreover, the
role of iron for monitoring disease progression in PD and its
correlation with clinical symptoms is still under debate (15–17).
Finally, to estimate iron content, a wide variety of techniques
have been employed, and no systematic comparison of the results
from these studies has yet been carried out. Thus, to elucidate
the current role of iron-sensitive MRI in PD and its potential
application as a biomarker of PD diagnosis, we carried out a
systematic review of publications employing iron-sensitive MRI
to study SN in PD. We sought to determine whether MRI of
iron using R2∗, SWI, or QSM measurements could successfully
distinguish PD patients from healthy controls (HCs), showing the
pathological increase in iron of the SN. We also investigated the
factors that could influence iron quantification and analyzed the
correlations between demographic and clinical data and iron load
in the SN.

METHODS

Articles Review
The study was performed in accordance with the
“Preferred Reporting Items for Systematic Reviews
and Meta-analysis” (PRISMA) statement and checklist
(Supplementary Table 1) (18).

To identify all the relevant literature on iron-sensitive MRI
in the SN in PD, PubMed and ScienceDirect databases (from
January 1994 to December 2019) were searched. A combination
of the following search term was used: (“Parkinson” OR
Parkinsonism OR substantia nigra) AND (“magnetic resonance
imaging” OR MRI) AND (R2∗ OR SWI OR QSM OR
susceptibility). All titles and abstracts from the retrieved articles
were screened, and the full text of those that could be eligible was
obtained. Reference lists of identified studies were also screened
for additional studies. Two independent assessors (CSM and
NP) performed this literature search, selected all relevant studies
based on the Patient, Intervention, Comparison, Outcome, and
Study type (PICOS) guidelines, and extracted all the information
on iron estimation from the selected studies (18).

Criteria for study inclusion were publication as a full-text
original article redacted in English, the use of iron-sensitive MRI
as a diagnostic tool (T2∗, R2∗, SWI, or QSM), availability of iron
level estimation in the SN, and the differentiation of participants
with PD from HCs. For PD, a probable diagnosis based
on standard diagnostic criteria was considered sufficient for
inclusion (19). Articles using additional non-iron-sensitive MRI
techniques, analyzing additional regions of interest other than the
SN, or investigating additional pathologies other than PD were
also included. In the case of multiple publications on the same
population or overlapping populations, the study describing
results in the largest number of subjects was included in the
meta-analysis (20, 21). Studies in the same study populations
were included when they reported results in different parts of
the SN or the ipsilateral and contralateral hemispheres separately.
For longitudinal trials, only the data from the first period were
included. The articles were included if the measurements on
the level of SN were available. We did not reject articles if
other techniques along with R2∗, other regions of interest, or
other pathologies along with PD were studied. Criteria for study
exclusion comprised unavailability of any iron-sensitive MRI
analysis (R2∗, QSM, or SWI) in the SN or of the numerical results
or absence of a HC group.

For each study, when available, the following information
on the subject population was extracted: mean age of PD
and HC subjects, disease duration, severity of PD [Hoehn
and Yahr (HY) stage and Unified Parkinson’s Disease Rating
Scale (UPDRS)], and medication dose. For iron imaging, the
following information was extracted: magnetic field strength,
scanner vendor, number of echoes for T2∗ measurements, type
of measurements (R2∗ or T2∗, SWI, or QSM), and region-
of-interest (ROI) location. Mean and standard deviation (SD)
of the different metrics were recorded (R2∗, SWI, and QSM).
One article only provided the ranges of the values (22). Four
articles did not report values as mean ± SD but as median
(range) (10, 16, 23, 24).

Statistical Meta-Analysis
Statistical parameter computation was performed using in-house
software written in MATLAB R2016a software (the MathWorks,
Inc., Natick, MA, USA). The meta-analysis was conducted in
R version 3.5.1 (R Development Core Team, 2018) using the
meta package (25). A random-effect model based on restricted
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maximum likelihood estimator of the between-studies variance
was used.

Data Extraction

The mean and SDs of R2∗, SWI, and QSM measurements in the
SN were extracted from the tables or the body of the manuscript
when tables were unavailable. If values were only available as
part of a diagram, the values were extracted using manual
measurement on an image editing tool (GIMP, version 2.8) on
three separate occasions (1 day apart) and averaged.

In the studies where only the median value and range of values
were available, the mean and SD were estimated as previously
described (26).

To combine T2∗ and R2∗ values from separate studies into
a single analysis, all T2∗ values were converted to R2∗, with the
formula R2∗ = 1/T2∗.

Effect Size

Effect size was computed as the standardized mean difference
(Hedge’s g) by subtracting the mean of the HC group from that
of PD patients divided by the pooled standard deviation (25).
Each g was weighted by the inverse of its variance and adjusted
for small sample bias (27). The pooled effect size was calculated
separately for R2∗, SWI, andQSM. To allow comparability within
the meta-analysis, when the SN was subdivided into several ROIs
and R2∗, SWI, or QSM values for the entire SNwere not available,
the mean value over the SN region was calculated (10, 17, 28–33).
If the mean values were separately presented for PD patients with
different severity levels, they were weighted and averaged. SWI
articles used different techniques, and Hedge’s g was assumed
as the absolute value of the result. An effect size of g > 0.70
was considered as a large effect. Confidence interval (CI) of 95%
was calculated using the standard error (SE). A fixed-effect or
random-effect (restricted maximum likelihood) model was used
based on the Q statistics.

Between-Study Heterogeneity

The across-study heterogeneity for all the articles included in
the meta-analysis was analyzed by calculating Cochrane’s Q
and I2 statistic. Values range from 0.0% (no heterogeneity)
to 100% (high heterogeneity); values of 25%, 50%, and 75%
have been suggested as benchmarks of low, moderate, and high
heterogeneity, respectively (34).

Outliers

Effect sizes greater than three standard deviations from the mean
were considered outliers. Results were reported with and without
outliers (35).

Risk of Bias

The risk-of-bias analysis in individual studies was performed
with a tool for the quality assessment of studies of diagnostic
accuracy (QUADAS). The rating was performed by two
independent raters (NP and CSM), and discordant ratings were
resolved by consensus. The QUADAS questionnaire included
14 items covering the following issues: reference standard,
covered patient spectrum, verification bias, disease progression
bias, review bias, incorporation bias, clinical review bias,

test execution, indeterminate results, and study withdrawals
(Supplementary Table 2). Publication bias across studies for
each outcome measure was examined by visually inspecting the
funnel asymmetry plot and by applying the Egger regression
intercept test.

Other Statistical Tests

Between-group differences; differences in R2∗, SWI, and QSM
values between SN subregions; the effect of magnetic field
strength; the effect of MRI vendor; and the effect of ROI
delineation methods were assessed using the nonparametric
Wilcoxon, Mann–Whitney, and Kruskal–Wallis test.

Correlations

To assess the relationship between R2∗, SWI, and QSM values
with the clinical characteristics of patients [age, disease duration,
UPDRS levels, H&Y stage, or technical parameters (number of
echoes and voxel size)], a correlation analysis was performed.
Correlation coefficients were computed between R2∗, SWI, and
QSM values and the clinical scores. To correct for multiple
comparisons across several clinical scores, an approximate
multivariate permutation test was conducted, and the sampling
distribution was built to calculate the corrected p-value as
the proportion of values that were larger than the observed
correlation coefficient value (36).

RESULTS

The search of the database revealed 479 results in both PubMed
and 1,425 ScienceDirect databases. After applying inclusion
and exclusion criteria on the basis of titles and/or abstracts,
86 full-text articles were reviewed. Of these, 40 articles were
excluded for the following reasons: the average R2∗, QSM, or
SWI results in the SN were not measured or not explicitly
reported (n = 28), presence of duplicated data (n = 4),
review articles (n = 8). Forty-six studies were included in the
meta-analysis: 3 T2∗ based, 24 R2∗ based, 10 SWI, and 17
QSM-based (Supplementary Figure 1). Eight of these studies
presented measurements for both R2∗ and QSM. We show the
relevant publications, population characteristics, and technical
details of the included studies in Tables 1, 2 for R2∗, Tables 4,
5 for SWI, and Tables 7, 8 for QSM.

No significant publication bias was identified by a funnel
plot and Egger regression intercept test. The funnel plots
were symmetrical, and the Egger regression intercept test
had no significant publication bias for the meta-analysis
of R2∗, SWI, and QSM changes (p = 0.13, p = 0.58,
and p = 0.45, respectively, Supplementary Figures 2–4). The
risk-of-bias analysis in individual studies is presented in
Supplementary Table 2.

Regions of Interest in the SN
All included studies investigated differences in R2∗/T2∗, QSM,
or SWI in the SN. Mean and SDs of R2∗ or T2∗, SWI, and
QSM were extracted for each ROI delineated in each study.
In all the studies, SN ROIs were either manually drawn or
calculated by using semiautomatic methods followed by manual
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TABLE 1 | Demographic and clinical data of subjects of the articles included in the R2* meta-analysis.

References Age PD Disease duration PD UPDRS level PD H&Y PD LEDD PD Age HC

Ordidge et al. (22) 47–72 2–13 N/A 1.5-3 N/A 47–72

Graham et al. (9) 61.4 (7.3) 11.1 (4.5) N/A N/A N/A 64.0 (6.6)

Martin et al. (28) 61.9 (9.0) 3.2 (1.7) 16.7 (7.1) N/A N/A 55.9 (7.3)

Baudrexel et al. (32) 62.2 (10.2) 4.0 (2.3) 18.3 (6.1) 1.7 (0.5) N/A 62.3 (10.8)

Péran et al. (29) 61.9 (11.1) 4.5 (2.5) 12.0 (5.9) 1.7 (0.5) 886.8 (399.5) 57.4 (9.7)

Focke et al. (37) 66.3 (7.8) N/A N/A N/A N/A 67.6 (10.5)

Du et al. (20) 60.8 (8.2) 4.2 (4.7) 23.5 (15.1) 1.8 (0.6) 528.0 (401.0) 59.8 (7.0)

Bunzeck et al. (33) 66.3 (9.0) 6.3 (4.4) 34.6 (17.4) N/A 393.8 (339.0) 66.0 (9.1)

Rossi et al. (23) 67.5 (12.9) 1.4 (1.0) 25 (11.8) N/A N/A 67.0 (6.5)

Ulla et al. (13) 60.2 (10.7) 5.7 (4.4) 12.1 (8.5) 1.9 (0.7) 614.0 (317.0) 57.0 (8.5)

Lewis et al. (38) 60.6 (8.0) 4.4 (4.7) 23.8 (15.4) 1.7 (0.6) 535.0 (400.0) 59.9 (7.0)

Barbosa et al. (39) 66.0 (8.0) 8.1 (4.1) N/A 2.3 (0.6) N/A 64.0 (7.0)

He et al. (31) 58.0 (8.8) 2.8 (1.6) 15.6 (6.22) 1.4 (0.5) N/A 60.5 (6.5)

Murakami et al. (40) 72.0 (7.5) 2.7 (2.3) N/A 2.0 (0.6) N/A 69.7 (8.6)

Pyatigorskaya et al. (8) 54.3 (10.9) 5.2 (4.2) 18.6 (9.1) 1.6 (0.6) N/A 55.8 (7.4)

Reimão et al. (26) 65.1 (9.2) 1-5 27.4 (12.8) 2.0 (0.0) N/A 61.2 (7.3)

Wieler et al. (41) 59.8 (7.3) 1.8 (1.3) 14.3 (5.1) N/A N/A 56.0 (6.9)

Guan et al. (30) 55.4 (9.5) 4.7 (3.8) 27.1 (15.4) 2.2 (0.7) N/A 56.6 (9.9)

Hopes et al. (10) 60.4 (3.2) 5.1 (0.6) 28.8 (2.6) 1.9 (0.2) N/A 60.0 (2.4)

Isaias et al. (12) 62.8 (9.0) 7.5 (3.57) 14.5 (5.78) 2 502.0 (183.0) 60 (8.74)

Langkammer et al. (42) 64.7 (8.8) 3.4 31.3 (14.6) 2 (0.5) 182.5 (436.9) 65 59.3)

Du et al. (43) 66.3 (9.5) 4.5 (4.5) 21.5 (14.7) 1.7 (0.7) 669.0 (464.0) 66.2 (10.2)

64.5 (9.2) 4.3 (4.1) 19.8 (5.9) N/A N/A 63 (9)

Langley et al. (13) 63.6 (7.0) 6.1 (4.6) 22.2 (12.4) N/A N/A 63.1 (7.2)

Pesch et al. (16) 59.5 (3.5) 4.9 (1.5) 34 (10.1) N/A N/A 65.5 (4.7)

Ghassaban et al. (44) 61.8 (6.4) N/A N/A N/A N/A 63.4 (8)

Arribarat et al. (11) 65.2 (6.6) 6.8 (4.7) 11.4 (4.9) N/A N/A 66 (4.9)

Li et al. (14) 68.2 (6.1) N/A 27 (15.7) N/A N/A 64.8 (8)

Data are presented as mean (STD). N/A, not available.

correction. In all studies, one or two reviewers blinded to the
subject characteristics analyzed the MRI images and drew the
contours of the SN (or its different subregions) by hand. As
for studies using R2∗ MRI, 16 studies drew the SN ROI on
anatomical images [T2-weighted images (8, 9, 11, 20, 38, 43),
T2∗-weighted images (10, 12, 13, 17, 22, 28, 29, 41), or T1-
weighted (16, 24)], and nine used quantitative maps [six used
QSM maps (14, 30, 31, 39, 42, 44), one used an R2∗ map (40),
one used a T2∗ map (23), one used a T1 map (32), two used
magnetization transfer (MT) images, and one of them combined
with an anatomical T1-weighted image (33, 37)]. The majority
of studies assumed that the SN corresponded to the hypointense
region on T2-weighted images between the red nucleus and the
cerebral peduncle (8, 10, 20, 23, 38). For SWI (12, 23, 45–52) and
QSM studies (14, 30, 31, 39, 40, 42–44, 53–61), all ROIs were
manually segmented on the phase or QSM images.

Some studies placed ROIs in different subregions of the SN.
In the R2∗-based studies, some divided the SN into SNc and
SN pars reticulata (SNr) (17, 28, 30, 39, 47, 51), defining the
SNr as a hyperintense or hypointense region (depending on the
image contrast) in the ventrolateral midbrain and the SNc as
the region between the SNr and red nucleus (28, 30, 41). In

three studies, rostral and caudal SNs were defined as the upper
and lower parts of the SN (20, 32). Also, several articles studied
the differences between the SN contralateral (opposite side) or
ipsilateral (same side) to the most affected limb of the body
(20, 31, 32, 49, 53). Three others analyzed the lateral, central, or
medial of the SN separately. As for the SWI-based studies, two
divided the SN into SNc and SNr (47, 51), two in ipsilateral and
contralateral SNs (12, 49), and one divided the SNc into lateral
and medial (23). As for the QSM-based studies, three measured
the magnetic susceptibility in the ipsilateral and contralateral SNs
(31, 53, 57), seven in SNc and SNr (30, 39, 43, 54, 56–58), and
two in the anterior and posterior SNs (53, 55). The subregion
segmentations weremostly performed onQSM images, while one
study also used neuromelanin-sensitive imaging to help the SNc
delineation (56).

Group Comparisons and Effect Sizes
R2∗ Meta-Analysis

Searching the database returned 27 R2∗/T2∗-based articles. The
R2∗ meta-analysis included a population of 1,629 subjects with
879 PD patients and 750 HCs. Among all studies, the mean age
of the patients (62.8 ± 3.7 years, range 54 to 72 years) did not
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TABLE 2 | Technical characteristics of the studies included in the R2* meta-analysis.

References Magnetic field MRI machine Method ROIs drew in No. echoes Voxel size

Ordidge et al. (22) 3 T Magnex Scientific Ltd. T2* T2* weighted 6 N/A

Graham et al. (9) 1.5 T Marconi Medical Systems R2* T2 weighted 6 0.9 × 0.9 × 2.5

Martin et al. (28) 3 T Magnex Scientific Ltd. R2* T2* weighted 6 2.3 × 2.3 × 5.0

Baudrexel et al. (32) 3 T Siemens T2* T1 map 8 1.0 × 1.0 × 2.0

Péran et al. (29) 3 T Siemens R2* T2* weighted 6 1.8 × 1.8 × 1.8

Focke et al. (37) 3 T Siemens R2* T1 MPRAGE + MT 5 1.7 × 1.7 × 1.7

Du et al. (20) 3 T Siemens R2* T2 weighted 6 1.0 × 1.0 × 1.0

Bunzeck et al. (33) 3 T Siemens R2* MT 6 1.0 × 1.0 × 1.0

Rossi et al. (23) 3 T Siemens R2* T2* map 5 0.6 × 0.6 × 4.0

Ulla et al. (13) 1.5 T Siemens R2* T2* weighted 6 2.2 × 2.2 × 2.5

Lewis et al. (38) 3 T Siemens R2* T2 weighted 6 1.0 × 1.0 × 1.0

Barbosa et al. (39) 3 T Philips R2* QSM 4 0.5 × 0.5 × 2.0

He et al. (31) 3 T GE R2* QSM 8 0.5 × 0.5 × 2.0

Murakami et al. (40) 3 T GE R2* R2* map 11 1.5 × 2.5 × 1.5

Pyatigorskaya et al. (8) 3 T Siemens R2* T2 weighted 6 2.0 × 2.0 × 2.0

Reimão et al. (26) 3 T Philips T2* Spin-echo T1 neuromelanin sensitive 7 1.2 × 0.9 × 4.0

Wieler et al. (41) 3 T Magnex Scientific Ltd. R2* T2* weighted 6 2.3 × 2.3 × 5.0

Guan et al. (30) 3 T GE R2* QSM 8 0.8 × 0.8 × 2.8

Hopes et al. (10) 3 T Philips R2* T2* weighted 15 2.0 × 2.0 × 2.0

Isaias et al. (12) 3 T Philips R2* T2* weighted 2 1 × 1 × 1

Langkammer et al. (42) 3 T Siemens R2* QSM 6 0.9 × 0.9 × 2.0

Du et al. (21) 3 T Siemens R2* T2 weighted 8 0.9 × 0.9 × 2.0

Langley et al. (13) 3 T Siemens R2* T2* weighted 6 0.5 × 0.5 × 1

Pesch et al. (16) 3 T Philips R2* 3D T1 weighted N/A 1.5 × 1.5 × 1.5

Ghassaban et al. (44) 3 T GE R2* QSM N/A 0.86 × 0.86 × 1

Arribarat et al. (11) 3 T Siemens R2* T2 weighted 6 1.8 × 1.8 × 1.8

Li et al. (14) 3 T Siemens R2* QSM 8 0.63 × 0.63 × 2.0

differ from that of the HCs (61.0 ± 4.3 years, p = 0.35). Disease
duration was 5.3 ± 2.2 (range 1.4 to 11.1 years). UPDRS scores
were 21.9 ± 7.8 (range 12.0 to 34.6). HY score was 1.9 ± 0.3
(range 1.4 to 2.6). The levodopa-equivalent daily dose (LEDD)
was specified in eight articles, with a mean of 539.4 ± 204.6 mg
(Table 1). The between-study variation was I2 = 78%, which
indicated a relatively high heterogeneity between studies. For R2∗

measurements, the standardized mean difference was 0.84 with a
CI of 95% between 0.60 and 1.08 (range: 0.16 to 4.36, p < 0.001,
Table 3, Supplementary Figure 5). R2∗ ranged from 23.70 to
54.02 s−1 (mean 36.88± 7.51 s−1) for PD patients and from 21.20
to 45.78 s−1 (mean 33.28 ± 6.44 s−1) for HCs (p = 0.03). One
study was an outlier with effect sizes greater than three standard
deviations (10). After the outlier was excluded, the heterogeneity
was I2 = 36%, indicating that moderate heterogeneity and
standardized mean difference was 0.70 with a CI of 95% between
0.56 and 0.84 (range: 0.16 and 2.72, p = 0.04, Figure 1). R2∗

ranged from 23.70 to 54.02 s−1 (mean 36.63 ± 7.44 s−1) for PD
patients and from 21.20 to 45.78 s−1 (mean 33.12 ± 6.52 s−1)
for HCs (p = 0.04). All studies have shown a relative increase
in R2∗ values in PD. Differences existed in R2∗ values between
studies that used anatomical images (T1 or T2 weighted) to
draw the ROIs or QSM maps. Anatomical-based ROI had lower
R2∗ values (mean 33.3 ± 8.9 s−1) than QSM-based ROI (mean

38.1 ± 7.3 s−1, p = 0.33) and higher Hedge’s g (1.3 ± 1.2 vs.
0.6 ± 0.2, p = 0.07), but these differences were not significant.
As for the SN subregions, increased iron contents were observed
at the level of the SNc in PD, while there were no significant
changes in iron content in the SNr (p = 0.003 vs. p = 0.07), with
effect size significantly higher in the SNc compared to the SNr
(1.78 vs. 1.23, respectively, p = 0.09). R2∗ was increased in the
lateral compared to medial SNc (p = 0.02 and 0.06, respectively)
with nonsignificantly higher effect size in lateral than in median
SNc (0.86 vs. 0.52, respectively, p = 0.11) possibly due to the low
number of articles reporting distinct measurements, while both
ipsilateral and contralateral sides had the same effect size (0.95 vs.
0.93, p= 0.89) with no difference for R2∗ (p= 0.31) (Figure 2).

SWI Meta-Analysis

Searching the database returned 10 SWI-based articles. The SWI
meta-analysis included a population of 655 subjects with 361 PD
patients and 294 HCs (Table 4). Among all studies, the mean age
of the patients (62.2 ± 3.6 years, range 56 to 67 years) did not
differ from that of the HCs (59.9 ± 4.7 years, p = 0.17). Disease
duration was 4.3 ± 2.3 (range 1.4 to 8.1 years). UPDRS scores
were 20.2 ± 6.9 (range 14.8 to 31.5). HY score was 2.1 ± 0.4
(range 1.8 to 2.7). The LEDD was specified in two articles only,
with a mean of 532.5± 43.13 mg. The between-study variation of
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TABLE 3 | Meta-analysis results: SWI mean values of PD and HC were used to calculate the effect size value and confidence interval.

References SN division PD HC Hedge’s g SE Confidence interval

N Mean SD N Mean SD Low High

Ordidge et al. (22) GlobalNA 7 45.68 2.69 7 37.59 2.87 2.72 0.77 1.22 4.23

Graham et al. (9) Global* 20 23.70 3.50 13 21.20 2.60 0.76 0.37 0.05 1.48

Martin et al. (28) SNc lateral** 22 26.90 2.80 11 22.80 2.80 1.43 0.41 0.62 2.23

SNc medial* 29.00 7.20 25.90 7.30 0.42 0.37 −0.31 1.15

SNr lateral 35.80 5.50 37.90 5.50 −0.37 0.37 −1.10 0.36

SNr medial 38.40 5.80 39.90 5.90 −0.25 0.37 −0.98 0.48

Baudrexel et al. (32) Rostral ipsilateral* 20 27.17 3.14 20 24.45 2.28 0.97 0.34 0.31 1.63

Rostral contralateral* 28.01 3.86 25.32 2.64 0.80 0.34 0.15 1.44

Caudal ipsilateral 19.60 10.40 21.65 10.10 −0.20 0.33 −0.82 0.43

Caudal contralateral 20.04 10.60 20.75 7.90 −0.07 0.32 −0.69 0.55

Péran et al. (29) Right*** 30 33.34 4.72 22 29.89 2.08 0.90 0.30 0.31 1.46

Left*** 32.27 3.90 29.02 2.11 0.99 0.30 0.40 1.56

Focke et al. (37) Right 12 32.42 5.58 13 31.31 5.15 0.20 0.40 −0.59 0.99

Left 33.03 4.30 30.20 4.30 0.64 0.41 −0.17 1.44

Du et al. (20) Global*** 40 33.40 5.42 28 28.70 4.19 0.94 0.26 0.43 1.45

Ulla et al. (13) SNc** 27 22.58 0.68 26 20.65 0.60 2.96 0.40 2.18 3.75

SNr* 27.07 1.26 25.09 0.92 1.76 0.34 1.13 2.40

Rossi et al. (23) Medial SNc*** 37 51.00 10.00 21 43.00 7.00 0.87 0.29 0.31 1.43

Lateral SNc*** 50.00 10.00 42.00 6.00 0.90 0.29 0.34 1.46

Bunzeck et al. (33) Left 20 30.00 8.00 20 26.00 3.00 0.65 0.33 0.01 1.29

Right 31.00 8.00 28.00 3.00 0.49 0.32 −0.14 1.12

Lewis et al. (38) Global** 38 31.00 5.00 23 27.00 4.00 0.85 0.28 0.31 1.39

Barbosa et al. (39) SNc* 20 52.80 11.70 30 47.70 8.40 0.51 0.32 −0.06 1.09

Global* 47.70 8.50 45.70 6.50 0, 27 0.29 −0.30 0.84

He et al. (31) Contralateral* 44 38.90 5.91 35 34.90 4.41 0.75 0.24 0.29 1.21

Ipsilateral 38.10 5.26 34.90 4.41 0.65 0.23 0.19 1.10

Reimão et al. (26) Global 22 54.02 19.39 10 44.37 17.95 0.50 0.39 −0.26 1.25

Lateral 46.60 19.28 35.45 7.58 0.65 0.39 −0.11 1.42

Central 50.07 22.47 40.97 10.46 0.45 0.39 −0.30 1.21

Medial 58.27 15.96 49.77 17.73 0.50 0.39 −0.26 1.26

Murakami et al. (40) Global* 21 30.10 1.50 21 29.00 2.00 0.61 0.32 −0.01 1.23

Pyatigorskaya et al. (8) Global* 20 27.80 1.50 20 25.10 2.10 1.45 0.36 0.75 2.15

Wieler et al. (41) Lateral SNc* 19 26.23 3.08 13 22.82 5.13 0.83 0.38 0.09 1.56

Guan et al. (30) SNc* 60 28.18 3.57 40 25.25 3.03 0.86 0.22 0.45 1.28

SNr 43.79 5.28 40.94 5.71 0.52 0.21 0.11 0.93

Hopes et al. (10) Left* 70 46.44 2.17 20 37.60 0.87 4.46 0.42 3.64 5.29

Right* 46.22 2.31 36.90 1.16 4.37 0.42 3.56 5.18

Isaias et al. (12) Ipsilateral 18 41.17 10.96 18 37.47 5.16 0.42 0.34 −0.24 1.08

Contralateral 43.30 10.01 39.09 5.74 0.50 0.34 −0.16 1.17

Langkammer et al. (42) Global* 66 41.10 8.70 58 37.60 5.80 0.46 0.18 0.11 0.82

Du et al. (43) SNc*** 72 28.00 0.40 62 25.90 0.40 5.22 0.37 4.51 5.93

SNr** 41.50 1.00 37.30 1.10 3.98 0.30 3.40 4.58

Langley et al. (13) SNc cohort 1*** 32.50 5.60 32 27.50 4.30 0.98 0.26 0.48 1.48

SNr cohort 1* 37.80 5.40 32 35.40 5.20 0.44 0.25 −0.03 0.93

SNc cohort 2*** 42 34.30 4.90 46 29.50 4.40 1.02 0.23 0.58 1.47

SNr cohort 2 40.70 6.00 39.20 8.40 0.20 0.21 −0.22 0.62

Pesch et al. (16) Global 35 49.35 6.46 35 45.78 2.98 0.71 0.25 0.22 1.18

Ghassaban et al. (44) Right* 25 42.00 4.00 24 39.00 4.00 0.74 0.30 0.16 1.32

Left* 25 43.00 4.00 39.00 4.00 0.98 0.31 0.39 1.58

Arribarat et al. (11) Posterior 18 25.96 3.12 21 25.02 2, 14 0.35 0.33 −0.29 0.98

Anterior** 31.05 3.61 27.26 2.97 1.13 0.35 0.45 1.81

Global*** 34.47 3.03 29.96 2.97 1.47 0.36 0.76 2.19

Li et al. (14) Global 28 35.78 5.08 28 35.37 4.35 0.09 0.27 −0.44 0.61

All SN subdivisions are included. *Significantly different from controls (p < 0.05). **Significantly different from controls (p < 0.005). ***Significantly different from controls (p < 0.001).

NA, non available.
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FIGURE 1 | Forest plot of significant R2* values of the 26 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge’s g, x-axis) of

studies included into the meta-analysis on R2* measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (0.7, [0.56, 0.84]) is

denoted by a blue diamond.

FIGURE 2 | Graphical representation of the different effect sizes in each division of the SN ROIs using R2*.
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TABLE 4 | Demographic and clinical data of subjects of the articles included in the SWI meta-analysis.

References PD HC

Age Disease duration UPDRS H/Y LEDD (mg) Age

Gupta et al. (45) 61.5 (5.9) 8.1 (3.9) 21.4 (14.6) N/A N/A 54.9 (3.1)

Zhang et al. (49) 58.7 (12.8) 3.6 (2.9) 19.0 (7.8) N/A N/A 57.3 (11.6)

Jin et al. (50) 59.8 (11.1) 3.1 (3.0) 14.8 (9.2) 1.75 (0.8) N/A 57.36 (13.4)

Lotfipour et al. (51) 64.7 (13.3) N/A N/A 1.8 (0.83) N/A 59.2 (8.6)

Wang et al. (46) 63.3 (10.6) 2.5 (1.7) N/A N/A N/A 59.4 (11.8)

Rossi et al. (23) 67.5 (12.9) 1.4 (1.0) 25 (11.8) N/A N/A 67.0 (6.5)

Wang et al. (47) 67.7 (9.3) 3.0 (2.7) N/A 13 < 2.5 N/A 64.3 (12.7)

7 > 3

Wu et al. (48) 65.6 (5.8) N/A N/A 2.58 (1.29) N/A 66.5 (6.0)

Isaias et al. (12) 62.8 (9.0) 7.5 (3.57) 14.5 (5.78) 2 502 (183) 60 (8.7)

Martin-Bastida et al. (52) 55.8 (7.2) 5.4 (2.5) 31.5 (11.6) 1.9 (0.5) 563 (344) 53.1 (11.7)

Data are presented as mean (STD). N/A, not available.

TABLE 5 | Technical characteristics of the studies included in the SWI meta-analysis.

References Technical aspects

Magnetic field Vendor Method ROIs drawn in Voxel size (mm3)

Gupta et al. (45) 1.5 T Siemens Hypointensity scores SWI N/A

Zhang et al. (49) 3 T Siemens Phase shift Phase images 0.5 × 0.5

Jin et al. (50) 3 T GE Phase values Phase images 0.8 × 0.9 × 2

Lotfipour et al. (51) 7 T Philips Relative susceptibility Modulus images and then applied to SWI Protocol A: 0.7 × 0.7 × 0.7

Protocol B 0.4 × 0.4 × 0.5

Wang et al. (46) 1.5 T Siemens Phase shift Phase images 0.5 × 1 × 2

Rossi et al. (23) 3 T Siemens SWI contrast Phase images 0.9 × 0.9 × 1.5

Wang et al. (47) 3 T GE Phase values Phase images 0.5 × 0.8 × 2

Wu et al. (48) 3 T Philips Phase values Phase images 0.5 × 0.6 × 1.5

Isaias et al. (12) 3 T Philips Phase values Phase images 1 × 1 × 1

Martin-Bastida et al. (52) 3 T Siemens Phase shift Phase images N/A

SWI values was I2 = 89%, which indicated a high heterogeneity
between studies. Most SWI-based studies calculated the phase
of images, but others used the relative susceptibility, the SWI
contrast, or the SWI hypointensity (Table 5); consequently,
Hedge’s g was calculated as the absolute value. In the SWI-based
studies, the standardized mean difference was 1.14 with a CI
of 95% between 0.54 and 1.73 (range 0.36 to 3.47), confirming
the difference in susceptibility values between HC and PD
patients (Table 6, Figure 3). There were not enough SWI-based
articles to access the quality of SWI-based discrimination of
different SN subregions, contralateral or ipsilateral SN sides, or
field strengths.

QSM Meta-Analysis

The database search returned 17 QSM-based articles. The QSM
meta-analysis included a population of 1,154 subjects with 652
PD patients and 502 HC. Among all studies, the mean age of
the patients (64.4 ± 5.5 years, range 50 to 72 years) did not
differ from that of the HC (63.4 ± 4.3 years, p = 0.55). Disease
duration was 4.2 ± 1.9 (range 1 to 8.1 years). UPDRS scores

were 24.4 ± 10.1 (range 13.0 to 39.5). HY score was 2.1 ± 0.4
(range 1.4 to 2.8). The LEDD was specified in three articles,
with a mean of 539.4 ± 204.6 mg (Tables 7, 8). The between-
study variation was I2 = 75% which indicated a relatively high
heterogeneity between studies. The standardmean difference was
1.13 with a CI of 95% between 0.86 and 1.39 (range = 0.34
to 3.83). The QSM values for PD patients ranged from 78.9
to 239.0 ppb (mean 138.8 ± 44.3 ppb) and for HC from 62.4
to 199.0 ppb (mean 112.9 ± 37.7 ppb, p = 0.001, Table 9,
Supplementary Figure 6). One study was an outlier (61). After
the outlier was excluded, the heterogeneity was I2 = 66%,
indicating moderate heterogeneity and a standardized mean
difference of 1.04 with a CI of 95% between 0.82 and 1.27 (range:
0.34 and 2.02, p < 0.01, Figure 4). The QSM values ranged from
78.9 to 224.0 ppb (mean 138.8 ± 44.3 ppb) for PD patients and
from 62.39 to 199.0 ppb (mean 112.9 ± 37.7 ppb, p = 0.001) for
HC. As for SN subregions, increased QSM values were observed
at both levels of the SNc and the SNr in PD (p= 0.006 vs. p= 0.04,
respectively). Hedge’s g was not significantly higher in the SNc
than in the SNr (1.24 vs. 0.94, respectively, p = 0.23). Also, there
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TABLE 6 | Meta-analysis results: SWI mean values of PD and HC were used to calculate the effect size value and confidence interval.

References SN division Method PD HC Hedge’s g SE Confidence interval

N Mean SD N Mean SD Low High

Gupta et al. (45) Global SWI hypointensity 11 0.36 0.81 11 0.64 0.67 0.36 0.43 −0.48 1.21

Zhang et al. (49) Ipsilateral Phase values 40 0.13 0.05 26 0.12 0.04 0.21 0.25 −0.28 0.71

Contralateral*** 0.16 0.05 0.12 0.04 0.85 0.26 0.34 1.37

Jin et al. (50) Global*** Phase values 87 −0.18 0.03 50 −0.16 0.03 0.66 0.18 0.31 1.02

Lotfipour et al. (51) SN Relative susceptibility 9 0.05 0.01 11 0.04 0.01 0.96 0.48 0.02 1.89

SNc* 0.06 0.01 0.04 0.01 1.92 0.55 0.84 2.99

Wang et al. (46) Global* Phase values 16 −0.23 0.05 44 −0.17 0.07 0.91 0.30 0.31 1.50

Rossi et al. (23) Lateral SNc SWI contrast 36 7.20 3.50 21 9.10 5.20 0.45 0.28 −0.10 0.99

Medial SNc* 5.70 5.90 9.90 6.50 0.68 0.28 0.12 1.23

Wang et al. (47) SNc** Phase values 20 0.03 0.03 14 0.08 0.02 1.85 0.42 1.03 2.67

SNr** −0.55 0.18 −0.37 0.17 1.00 0.37 0.27 1.72

Wu et al. (48) Global* Phase values 54 −0.13 0.01 40 −0.10 0.02 1.97 0.25 1.48 2.47

Isaias et al. (12) Ipsilateral Phase values 18 0.16 0.05 18 0.13 0.03 0.71 0.34 0.04 1.39

Contralateral 0.15 0.05 0.13 0.03 0.47 0.34 −0.19 1.14

Martin-Bastida et al. (52) Global** Phase values 70 0.11 0.02 20 0.04 0.02 3.47 0.36 2.76 4.18

All SN subdivisions were included. ***Significantly different from controls (p < 0.001). **Significantly different from controls (p < 0.01). *Significantly different from controls (p < 0.05).

FIGURE 3 | Forest plot of significant SWI values of the 10 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge’s g, x-axis) of

studies included into the meta-analysis on QSM measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (1.14, [0.54, 1.73]) is

denoted by a blue diamond.

was no significant difference in effect size between the ipsilateral
and contralateral SNs to the most affected side (0.64 vs. 0.68,
p = 0.71) and no significant difference in QSM values between
the ipsilateral and contralateral SNs (p= 0.22).

Comparison Between R2∗ and QSM
In the eight articles that analyzed both R2∗ and QSM, Hedge’s g
was significantly higher for QSM than for R2∗ values (1.16± 0.45
vs. 0.55± 0.26, p= 0.0006).

Correlation Analyses
Both R2∗ values and Hedge’s g did not correlate with
either clinical characteristics (age, disease duration, UPDRS,
and LEDD) or imaging parameters (voxel size and number
of echoes).

For SWI, effect size correlated positively with UPDRS values
(r = 0.84, p= 0.04) and voxel size (r = 0.65, p= 0.04).

There was a positive correlation between QSM values and age
of PD patients (r = 0.64, p = 0.0001), UPDRS values (r = 0.57,
p=0.0008) and voxel size (r = 0.47, p= 0.04).
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TABLE 7 | Demographic and clinical data of subjects of the articles included in the QSM meta-analysis.

References PD HC

Age Disease duration UPDRS level H&Y stage LEDD (mg) Age

Barbosa et al. (39) 66 (8.0) 8.1 (4.1) N/A 2.3 (0.6) N/A 64.0 (7.0)

He et al. (31) 58 (8.8) 2.8 (1.6) 15.57 (66.22) 1.4 (0.5) N/A 60.5 (6.5)

Murakami et al. (40) 72.0 (7.5) 2.7 (2.3) N/A 2.0 (0.6) N/A 69.7 (8.6)

Azuma et al. (53) 63.3 (11.0) 6.4 (3.6) 20.8 (11.6) N/A 456.2 (265.2) 64.1 (10.0)

Guan et al. (30) 58.5 (7.5) 5.7 (4.2) 33.65 (12.4) 2.6 (2.5) N/A 56.6 (9.9)

Langkammer et al. (42) 60.1 (6.2) 6.2 (4.2) 18.6 (7.6) 2 (1) N/A 58.1 (8.7)

Xuan et al. (54) 67.3 (9.9) 4.1 (2.1) 13 (7.1) 2.1 (0.95) N/A 66.9 (9.1)

Du et al. (21) 70.6 (9) 1.5 (8.5) 20.3 (10.7) 1.9 (0.7) 175 (215) 67.6 (5)

Kim et al. (60) 71.2 (6.9) 5.4 (2) 13.1 (7.2) 1.9 (0.4) N/A 67.1 (4.7)

An et al. (59) 61.8 (6.4) N/A N/A N/A N/A 63.4 (8)

Takahashi et al. (56) 68.2 (6.1) N/A 27 (15.7) N/A N/A 64.8 (8)

Shin et al. (25) 64.6 (11.2) 2.8 (2.4) N/A 2.8 (2.4) N/A 62.6 (10.6)

Bergsland et al. (55) 66.2 (8.5) N/A N/A 2.1 (0.5) N/A 64.9 (9.2)

Shahmaei et al. (61) 60.1 (6.2) 6.2 (4.2) 18.6 (7.6) 2 (1) N/A 58.1 (8.7)

Ghassaban et al. (44) 67.3 (9.9) 4.1 (2.1) 13 (7.1) 2.1 (0.95) N/A 66.9 (9.1)

Li et al. (14) 71.2 (6.9) 5.4 (2) 13.1 (7.2) 1.9 (0.4) N/A 67.1 (4.7)

Chen et al. (58) 70.6 (9) 1.5 (8.5) 20.3 (10.7) 1.9 (0.7) 175 (215) 67.6 (5)

Data are presented as mean (STD). N/A, not available.

TABLE 8 | Technical characteristics of the studies included in the QSM meta-analysis.

References Magnetic field Vendor Values obtained ROIs drawn in Voxel size

Barbosa et al. (23) 3 T Philips Susceptibility QSM 0.5 × 0.5 × 2.0

He et al. (31) 3 T GE Susceptibility QSM 0.5 × 0.5 × 2.0

Murakami et al. (40) 3 T GE Susceptibility QSM 1.5 × 2.5 × 1.5

Guan et al. (30) 3 T GE Susceptibility QSM 0.8 × 0.8 × 2.8

Azuma et al. (53) 3 T Siemens Susceptibility QSM 0.9 × 0.9 × 2.0

Langkammer et al. (42) 3 T Siemens Susceptibility QSM 0.9 × 0.9 × 2.0

Xuan et al. (54) 3 T GE Susceptibility QSM 0.6 × 0.6 × 2.8

Du et al. (21) 3 T Siemens Susceptibility QSM 0.9 × 0.9 × 2.0

Kim et al. (60) 3 T Siemens Susceptibility QSM 1 × 1 × 1

An et al. (59) 3 T Siemens Susceptibility QSM 0.62 × 0.62 × 2

Takahashi et al. (56) 3 T GE Susceptibility QSM 0.57 × 0.86 × 2.4

Shin et al. (25) 3 T Philips Susceptibility QSM 0.4 × 0.4 × 2

Bergsland et al. (55) 3 T GE Susceptibility QSM 0.5 × 1 × 2

Shahmaei et al. (61) 3 T Siemens Susceptibility QSM 1 × 1 × 1.5

Ghassaban et al. (44) 3 T GE Susceptibility QSM 0.86 × 0.86 × 1

Li et al. (14) 3 T Siemens Susceptibility QSM 0.63 × 0.63 × 2.0

Chen et al. (58) 3 T Philips Susceptibility QSM 0.5 × 0.5 × 2

Scanner Effects
As expected, R2∗ values in the SN were lower at 1.5 T (mean
24.45 s−1) (9, 17) than at 3 T (mean 38.26 s−1), due to the
known increase of R2∗ with magnetic field strength. However,
no statistical comparison could be performed due to the low
number of data acquired at 1.5 T. In R2∗, there was a statistical
difference between the four vendors (p = 0.0006) with Philips
providing higher R2∗ values (mean 50.25 s−1) than the other
vendors, that is, Siemens (mean 34.68 s−1, p = 0.0001), Magnex

Scientific (mean 34.99 s−1, p = 0.015), and General Electrics
(mean 37.77 s−1, p = 0.0008) while there was no significant
difference between Siemens and General Electrics (p = 0.22).
There was no longer a statistical difference between the four
manufacturers (p = 0.93) when R2∗ values were normalized
using control values.

In SWI, there was no between-vendor significant
difference in effect size or phase values (p = 0.22 and
p= 0.21, respectively).
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TABLE 9 | Meta-analysis results: QSM mean values of PD and HC are used to calculate the effect size value and confidence interval.

References SN division PD HC Hedge’s g SE Confidence interval

N Mean SD N Mean SD Low High

Barbosa et al. (23) SN** 20 150.90 41.50 30 114.70 32.50 0.98 0.31 0.38 1.58

SNc*** 186.70 53.20 140.10 38.50 1.02 0.31 0.42 1.62

He et al. (31) Ipsilateral*** 44 100.00 16.50 35 83.70 15.60 1.00 0.24 0.53 1.47

Contralateral*** 100.00 18.30 83.70 15.60 0.94 0.24 0.47 1.41

Murakami et al. (40) Global* 21 224.00 14.00 21 199.00 24.00 1.25 0.34 0.59 1.91

Azuma et al. (53) Global** 24 148.15 45.75 24 104.70 31.00 1.09 0.31 0.49 1.70

Contralateral aSN*** 186.6 57.50 142.90 43.70 0.84 0.30 0.25 1.43

Contralateral mSN*** 166.6 53.20 104.60 28.70 1.43 0.32 0.79 2.06

Contralateral pSN*** 120.8 38.70 66.50 25.60 1.63 0.33 0.97 2.28

Ipsilateral aSN 178.60 54.70 142.90 43.70 0.71 0.30 0.13 1.29

Ipsilateral mSN* 141.40 51.10 104.60 28.70 0.87 0.30 0.28 1.47

Ipsilateral pSN* 94.70 38.00 66.50 25.60 0.86 0.30 0.26 1.45

Guan et al. (30) SNc** 60 47.00 15.00 40 20.00 15.00 1.79 0.24 1.31 2.26

SNr 122.50 25.00 101.00 25.00 0.85 0.21 0.44 1.27

Langkammer et al. (42) Global*** 66 114.00 40.00 58 90.00 30.00 0.67 0.18 0.31 1.03

Xuan et al. (54) SNc (young)** 35 37.00 25.00 24 25.00 15.00 0.55 0.27 0.02 1.08

SNr (young)* 117.00 20.00 104.00 22.00 0.62 0.27 0.08 1.15

SNc (old)** 33 45.00 18.00 22 28.00 20.00 0.89 0.29 0.33 1.46

SNr (old)* 123.00 27.00 106.00 30.00 0.59 0.28 0.04 1.14

Du et al. (43) SNc** 72 64.20 15.21 62 44.80 14.35 1.30 0.19 0.93 1.68

SNr** 157.30 15.21 129.90 14.35 1.84 0.21 1.43 2.24

Kim et al. (60) Global*** 36 125.81 16.27 25 98.41 11.70 1.85 0.31 1.25 2.46

An et al. (59) Global** 44 179.55 65.72 31 138.04 37.32 0.74 0.24 0.26 1.21

Takahashi et al. (56) SNc* 18 87.67 24.48 18 67.78 24.48 0.79 0.35 0.11 1.47

SNc dorsolateral* 85.78 28.45 52.19 23.01 1.27 0.37 0.55 1.99

Shin et al. (25) SNc ipsilateral 29 123.00 39.00 19 121.00 32.00 0.05 0.30 −0.52 0.63

SNc contralateral 132.00 39.00 121.00 32.00 0.30 0.30 −0.28 0.88

SNr ipsilateral 125.00 39.00 115.00 39.00 0.25 0.30 −0.33 0.83

SNr contralateral 130.00 40.00 115.00 39.00 0.37 0.30 −0.21 0.96

Bergsland et al. (55) Ventral posterior*** 32 113.10 36.20 62.10 29.10 1.51 0.39 0.74 2.27

Ventral anterior* 160.70 40.40 124.00 38.40 0.91 0.36 0.20 1.62

Dorsal posterior 78.00 35.00 66.90 23.50 0.36 0.35 −0.32 1.04

Dorsal anterior 111.30 36.00 100.80 390.40 0.04 0.34 −0.64 0.71

Shahmaei et al. (61) Global*** 15 239.00 21.00 15 146.00 26.00 3.83 0.63 2.60 5.06

Ghassaban et al. (44) Right* 24 139.80 10.40 24 115.40 11.60 2.18 0.37 1.46 2.90

Left* 147.50 10.50 127.50 10.80 1.85 0.35 1.17 2.53

Li et al. (14) Global* 28 166.03 43,00 28 137.63 34.99 0.71 0.28 0.17 1.26

Chen et al. (58) SNc* 33 163.47 49.16 26 85.18 30.57 1.84 0.31 1.22 2.45

SNr 153.16 30.57 134.90 41.02 0.51 0.27 −0.02 1.03

All SN subdivisions are included. ***Significantly different from controls (p < 0.001). **Significantly different from controls (p < 0.005). *Significantly different from controls (p < 0.05).

In QSM values and Hedge’s g, there were no between-vendor
significant differences (p = 0.78 and p = 0.07, respectively), and
all the studies were similar in ROI definition.

DISCUSSION

Overall, studies reported in this meta-analysis systematically
detected iron overload in the SN by iron-sensitive MRI
compatible with PD patients compared to HCs even in the early

stages of the disease. This result was in agreement with the
abnormal iron metabolism in PD that is associated with the SN
cell loss (62).

Studies differed in iron measurement techniques, the studied
ROIs, methods of image acquisition and analysis, and patient
population. The main measures used to quantify iron load were
the R2∗, the phase and relative phase of the images for SWI, and
the susceptibility for QSM. In R2∗ and QSM, positive values of
Hedge’s g were related to an increase in iron in PD patients as
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FIGURE 4 | Forest plot of significant QSM values of the 16 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge’s g, x-axis)

of studies included into the meta-analysis on QSM measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (1.04, [0.82, 1.27])

is denoted by a blue diamond.

compared to the HCs (6, 7). In SWI, studies used different image
analysis techniques while we used Hedge’s g as an absolute value
of the result.

Regarding R2∗ values, there was a high variability between
studies that was due to several factors. First, the age range
of PD patients was wide (58 to 72 years). Second, we
observed a dependence of the R2∗ value on the vendor,
magnetic field strength, and ROI placement methods. Moreover,
previous studies have shown that R2∗ depends not only
on iron content but is also affected by the orientation of
the head in the scanner, the surrounding iron distribution
(blooming artifacts), the magnetic field strength, and imaging
parameters such as the echo time or voxel size (53, 63,
64). Yet all studies demonstrated a significant increase in
R2∗, suggesting that R2∗ was a robust biomarker of SN
changes in PD, especially when using a given protocol on
a given scanner. Nevertheless, R2∗ values in PD became
comparable across scanners after normalization by the HC
values. Multicenter studies should consider the strong difference
in R2∗ between vendors, especially for Philips, and consider
normalizing data.

As for manual or semiautomated segmentation methods, the
effect size was higher when the segmentation was performed
using anatomical images such as 3D T2-weighted and T2∗-
weighted rather than using R2∗ or QSM maps, although the
difference was not statistically significant. This difference may
be related to the better resolution of the anatomical images.
However, the constant improvements in resolution and contrast

of parametric mapping, especially at ultra-high-field strength,
especially in QSM, may modify this observation in future studies.
There were no significant correlations for R2∗ values or for R2∗

effect size with clinical parameters. The lack of correlations may
be due to the large variability of R2∗ results as well as to a
high number of possible confounding factors. Finally, while most
articles reported UPDRS values, a large proportion of them did
not specify if the values were obtained using on or offmedication.
In PD, degeneration of dopaminergic neurons predominates in
the lateral part of the SNc, particularly in nigrosome 1 (65);
therefore, greater differences were expected in this region. The
highest effect size was observed in this lateral part of the SN
consistent with this hypothesis. Some authors have analyzed
separately the SN contra and ipsilateral to the most affected side
in the hypothesis that the contralateral SN would show greater
nigral damage (12, 31, 32). However, we found no difference
for both R2∗ values and effect sizes. This suggests that at PD
onset, both SNc and SNr are already affected with increased
iron overload.

SWI measurements were the most variable across studies.
SWI is purely a qualitative method that some studies have
however used to carry out local measurements (66). However,
this is intrinsically incorrect, since these phase measurements
do not reflect local modifications because the phase shift of
the signal inside a voxel comes not only from sources of
susceptibility inside this voxel but also from neighboring sources
outside this voxel (67). This can be a reason for the high
variability across studies (I2 = 89%), even if the pooled effect
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size was rather high. Additional reasons for the variability of
SWI values in these studies can be the presence of blooming
artifacts on phase and SWI images (similar to R2∗) and
the dependence of SWI on tissue geometry and orientation
dependence relative to the direction of the main magnetic
field. Limitations of SWI induced by the nonlocal, geometry-
dependent, and orientation-dependent nature of the signal phase
are overcome by QSM, which directly estimates the tissue
susceptibility distribution based on the local perturbation of the
magnetic field (64). Still, there was a positive correlation between
the UPDRS scores and the effect size of phase measurements,
suggesting a correlation between iron load and the severity of
motor symptoms.

The effect size observed for QSM was higher than the one
for R2∗ although the difference was not significant. Moreover,
in studies that compared R2∗ and QSM values in the same
patients, the effect size was significantly higher for QSM than
for R2∗, suggesting that QSM might be a more robust marker
than R2∗. In addition, there were no significant differences
in QSM values between the vendors. The QSM values also
correlated significantly with age and UPDRS. The variability
of susceptibility measurements was lower than that for SWI;
however, this variability was still high, suggesting that more
work needs to be done to standardize QSM image processing
pipelines between centers. There were no significant differences
in QSM values between the different subdivisions of the SN
or between the SN contra or ipsilateral to the most affected
side. Overall, while we would expect more significant changes
in the SNc than the SNr based on pathological studies, this
difference was not found in a high proportion of studies. This
lack of difference could be due to the segmentation techniques,
since the SNc was not clearly visible on the R2 ∗ or QSM
images due to the relatively weak presence of iron in this region
and its segmentation most often using a probabilistic method.
A neuromelanin-based segmentation method could help better
delineate the SNc (56).

Finally, the results of this meta-analysis suggest that QSM has
some advantages over R2∗ because it provides a quantification of
magnetic susceptibility, which might better reflect the underlying
tissue iron content compared to R2∗. Moreover, both QSM and
R2∗ are preferable to SWI because they provide quantitative
values unlike SWI.

In terms of implementation, however, all methods pose
some issues. Firstly, QSM and SWI require acquiring images
of the MRI signal phase, whereas R2∗ only requires acquiring
images of the MRI signal magnitude. Although protocols
for SWI are now available for most vendors, for QSM, the
correct acquisition of the phase might pose a technical issue
in a clinical setting, as not all vendors correctly combine
the phase from multiple elements of a phased-array coil, and
dedicated software is required in these cases (68). Secondly,
SWI only requires a single-echo acquisition, whereas multi-
echo acquisitions are required for R2∗ and are in general
preferable for QSM too (69–71). This might pose a time issue
in clinical practice. Therefore, when deciding which methods to
use, one should consider the need for quantitative vs. qualitative
imaging, the ease of implementation on clinical systems, and
time constraints.

Our study has several limitations. First, despite the careful
search across several databases, some studies could have
been missed (72). Second, common with all literature
searches and meta-analysis publication practices, usually
publishing positive rather than negative studies might
have biased the results. Consequently, the mean effect size
could be somehow overestimated as unpublished negative
data were probably underrepresented. Third, there was a
large heterogeneity of R2∗ and SWI values, indicating a
large variability of these measurements, that depended on
blooming artifacts and the fact that, in contrast with QSM,
neither R2∗ nor SWI directly quantifies the changes in
magnetic susceptibility due to iron deposition in the SN.
Moreover, the values varied with the scanner vendor and other
technical parameters.

In summary, we have observed a consistent increase in MRI
measures of iron content in PD across the literature using R2∗,
SWI, or QSM techniques, confirming that these measurements
provide reliable markers of iron content in PD. Several of these
measurements correlated with the severity of motor symptoms.
Lastly, QSM appeared to be a more robust biomarker than R2∗.
However, image processing pipelines for QSM are not yet fully
standardized, although efforts in this direction are being made
(68, 73, 74). Therefore, QSM is a promising biomarker of disease-
related iron accumulation in PD, but further work is needed to
establish it as a robust biomarker in multicenter clinical studies
and its usefulness as a longitudinal marker.
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Introduction: Frontotemporal lobar degeneration (FTLD)-related syndrome includes

progressive supranuclear palsy (PSP) and corticobasal syndrome (CBS). PSP is

usually caused by a tauopathy but can have associated Alzheimer’s disease (AD)

while CBS can be caused by tauopathy, transactive response DNA binding protein

43 kDa, or AD pathology. Our aim was to compare the parkinsonian syndromes

presenting without AD biomarkers (CBS/PSP-non-AD) to parkinsonian syndromes with

AD biomarkers (CBS/PSP-AD).

Materials and Methods: Twenty-four patients [11 males, 13 females; age

(68.46 ± 7.23)] were recruited for this study. The whole cohort was divided into

parkinsonian syndromes without AD biomarkers [N = 17; diagnoses (6 CBS, 11 PSP)]

and parkinsonian syndromes with AD biomarkers [N = 7; diagnoses (6 CBS-AD,

1 PSP-AD)]. Anatomical MRI and PET imaging with tau ligand [18F]-AV1451 tracer

was completed. Cerebrospinal fluid analysis or [18F]-AV1451 PET imaging was used

to assess for the presence of AD biomarkers. Progressive supranuclear palsy rating

scale (PSPRS) and unified Parkinson’s disease rating scale (UPDRS) motor exam

were implemented to assess for motor disturbances. Language and cognitive testing

were completed.

Results: The CBS/PSP-non-AD group [age (70.18 ± 6.65)] was significantly older

(p = 0.028) than the CBS/PSP-AD group [age (64.29± 7.32)]. There were no differences

between the groups in terms of gender, education, years of disease duration, and disease

severity as measured with the Clinical Dementia Rating scale. The CBS/PSP-non-AD

group had significantly lower PET Tau Standard Volume Uptake Ratio (SUVR)

values compared to the CBS/PSP-AD group in multiple frontal and temporal areas,
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and inferior parietal (all p < 0.03). The CBS/PSP-non-AD group had significantly higher

scores compared to the CBS/PSP-AD group on PSPRS (p = 0.004) and UPDRS motor

exam (p = 0.045). The CBS/PSP-non-AD group had higher volumes of inferior parietal,

precuneus, and hippocampus (all p < 0.02), but lower volume of midbrain (p = 0.02),

compared to the CBS/PSP-AD group.

Discussion: The CBS/PSP-non-AD group had higher motor disturbances

compared to the CBS/PSP-AD group; however, both groups performed similarly

on neuropsychological measures. The AD biomarker group had increased global uptake

of PET Tau SUVR and lower volumes in AD-specific areas. These results show that the

presenting phenotype of CBS and PSP syndromes and the distribution of injury are

strongly affected by the presence of AD biomarkers.

Keywords: corticobasal syndrome, progressive supranuclear palsy, Alzheimer’s disease, positron emission

tomography, motor symptoms, PSPRS, UPDRS

INTRODUCTION

Frontotemporal lobar degeneration (FTLD) is an umbrella term
used to describe neurodegenerative diseases with an underlying
pathology preferentially involving frontal and temporal lobes
(1). Two syndromes that fall under the FTLD umbrella are
corticobasal syndrome (CBS) and progressive supranuclear
palsy (PSP). CBS and PSP are syndromes with motor and
cognitive deficits with high overlap in clinical presentation and
underlying pathology, but with their own distinct features (2,
3). CBS presents with subcortical motor features of akinetic
rigidity, dystonia, and progressive asymmetric bradykinesia, as
well as cortical deficits of ideomotor limb apraxia, myoclonus,
and alien limb phenomenon (4–6). Cognitive features that
are prominent in CBS include language disfunction (i.e.,
non-fluency, word finding difficulty, and sentence repetition
problems), visuospatial, and social cognition abnormalities.
Executive function and memory impairments may present in
some CBS cases, but are non-specific and cannot distinguish CBS
from other neurodegenerative diseases like PSP or Alzheimer’s
disease (AD) (3). Initially, the pathology underlying CBS was
thought to be exclusively corticobasal degeneration (CBD)—
a 4-repeat tauopathy. With the emergence of multiple post-
mortem case studies, CBS is now known to have heterogeneous
neuropathological underpinnings including AD, Pick’s disease,
FTLD with transactivation response DNA binding protein
43 kDa (TDP-43) inclusions, and FTLD with ubiquitin-
immunoreactive inclusions negative for TDP-43 (3, 7–9) as well
as cerebrovascular pathology (3, 9, 10). The most common
neuropathological cause of CBS is due to CBD; however, it
accounts for <50% of all CBS cases. The second and third
most common causes of CBS are PSP and AD pathology,
respectively (11).

PSP is the other motor-predominant FTLD syndrome and
is associated with early postural instability, falls, and abnormal
eye movements (12, 13). This describes the classic Richardson’s
syndrome; it is now known that PSP can present with language,
cognitive, or behavioral deficits (14). The underlying pathology
of PSP (a 4-repeat tauopathy, like CBD) is confirmed in∼90% of

all cases of the Richardson syndrome and consists of 4-repeat tau
immunoreactive inclusions in brainstem and basal ganglia (12).

AD is a neurodegenerative disease associated with abnormal
deposits of amyloid β-peptide (Aβ) plaques and neurofibrillary
tangles of hyperphosphorylated tau protein and is a mixed
3-repeat and 4-repeat tauopathy with tau in the form of
paired helical filaments. It is now known that AD can present
with a variety of phenotypes so that aside from the classic
amnestic variant, there can be presentations with language, visual
processing, executive, and behavioral symptoms (15). There is
also the increased recognition that co-pathology exists and is
a common feature of neurogenerative diseases (9, 16, 17). It is
unclear how the presence of AD biomarkers as a surrogate of
AD pathology affects the clinical presentation of FTLD-motor
syndromes. The aim of the current study is to compare the
parkinsonian syndromes presenting without AD biomarkers to
parkinsonian syndromes with AD biomarkers on measures of
motor scales, cognition, and neuroimaging outcomes.

MATERIALS AND METHODS

Participants
Twenty-four participants with current diagnoses of PSP or CBS
were included in this study. Participants were included if they
were 18–90 years old, able to read, understand, and speak English
for neuropsychological testing. Participants must have had a
reliable study partner who could provide independent evaluation
of functioning. Exclusion criteria were history of traumatic brain
injury, brain tumors, stroke, or other neurological or psychiatric
disorders that could explain symptoms. The diagnosis of PSP was
made based on the National Institute of Neurological Disorders
and Stroke Society of Progressive Supranuclear Palsy (NINDS-
SPSP), and further refined in themulticenter on Neuroprotection
and Natural History in Parkinson Plus Syndromes (NNIPPS)
study (12, 18, 19). The diagnosis of CBS was made based
on the current criteria for CBS (20). Nineteen of twenty-
four participants underwent a lumbar puncture procedure to
collect and analyze cerebrospinal fluid (CSF) for the presence
of AD pathology. For the five participants who refused lumbar
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punctures, PET tau imaging was examined by a cognitive
neurologist (MCT) for evidence of a pattern typical of AD.
Participants were divided into two groups: (1) participants with
diagnoses of PSP and CBS negative for AD biomarkers (FTLD-
non-AD) and (2) participants with diagnoses of PSP and CBS
positive for AD biomarkers (FTLD-AD). Written consent was
obtained from all study participants and caregivers. The study
was approved by the University Health Network and Center for
Addiction and Mental Health Research Ethics Boards.

Motor and Neuropsychological Testing
All participants were assessed by a cognitive neurologist (MCT),
and Progressive Supranuclear Palsy Rating Scale (PSPRS) (21)
and Unified Parkinson’s Disease Rating Scale (UPDRS) (22)
motor part were completed. The global level of functioning
was measured using clinical dementia rating scale (CDR) (23)
through interviews of caregivers by trained research assistants.
CDR global score and sum of boxes were calculated. Participants
underwent comprehensive neuropsychological testing across
the following domains: language, executive function, memory,
and visuospatial function. Language assessments included
Multilingual Naming Test (MiNT) (24), Pyramids and Palm
Trees (25), sentence repetition, and semantic and lexical fluency
(26). Executive function assessments included trail making test
part B (TMT B) (27, 28) and Digit Symbol coding test (29).
Memory assessments included California Verbal Learning Test
learning score, delayed 10-min recall scores, and Benson figure
recall score. Attention and working memory are assessed using
digit span forward and digit span backward, respectively (26,
29). Assessment of visuospatial function was completed using
the Visual Object and Space Perception battery (VOSP) (30).
Higher score for TMT part B signified worse function, while
for the rest of the assessments, the higher score signified better
cognitive functioning.

Cerebrospinal Fluid
Lumbar puncture procedure to collect CSF was performed
following the ADNeuroimaging Initiative (ADNI) protocol (31).
CSF was collected into polypropylene tubes, and a sandwich
ELISA technique was implemented to measure levels of Aβ42,
phosphorylated tau (p-tau), and total tau (t-tau) (32, 33). AD
pathology was deemed present if p-tau > 68 pg/ml and Aβ42 to
t-tau index < 0.8 (34, 35).

MRI Acquisition
All structural and DTI scans were obtained using a 3-T MRI
Scanner (GE Signa HDx, Milwaukee, WI, USA) with 8-channel
head coil. T1-weighted structural MRI scans were acquired
using inversion recovery spoiled gradient echo (IR-SPGR) in the
sagittal plane using the following scan parameters: TE = 2.8ms,
TR= 7ms, flip angle= 11◦; 176 slices, slice thickness= 1.2mm,
256 × 256 matrix, FOV = 26 cm. One DWI scan was obtained
with the diffusion gradient applied across 60 spatial directions
(b = 1,000 s/mm2) and 10 non-diffusion-weighted Bo scans.
The DWI was acquired with the following parameters: 2.4-mm-
thick axial slices, TR = 17,000ms, FOV = 23 cm, 2.4 × 2.4mm
in-plane resolution.

FIGURE 1 | Seed placement for tractography of fornix.

Structural MRI Analysis
T1-weighted structural 3D MRI images analysis was performed
with the FreeSurfer v.6 image analysis suite, which is freely
available online with documentations (http://surfer.nmr.
mgh.harvard.edu/). Structural MRI was preprocessed using
the standardized “recon-all” FreeSurfer pipeline, which is
described elsewhere (36). Volumes of interest for the following
brain regions were extracted: posterior cingulate, inferior
parietal, precuneus, lateral orbitofrontal, caudal middle frontal,
hippocampus, caudate, and thalamus. Brainstem subfields
FreeSurfer pipeline was implemented to extract midbrain
volumes (37). To account for individual differences in head
size, each volume of interest was corrected for total intracranial
volume (ICV) by dividing each structure’s volume by ICV
(volume-to-ICV ratio) (38).

DTI Analysis
The DTI analysis was conducted using the FMRIB Software
Library (FSL) tools (http://www.fmrib.ox.ac.uk/fsl/fdt/index.
html). The region of interest (ROI) analysis was performed
for the following tracks: right and left superior longitudinal
fasciculus (SLF) and fornix. Multiple DTI metrics representing
different aspects of white matter integrity were extracted
including the following: (a) fractional anisotropy (FA), (b) medial
diffusivity (MD), (c) axial diffusivity (AxD), and (d) radial
diffusivity (RD). The processing steps of the DTI data, ROI
definition, and fiber tracking steps for SLF were completed as
previously described (39, 40). The ROI for the fornix was placed
on the coronal slice at the point where the posterior pillars
of the fornix join together to form the body of fornix (see
Figure 1). Prior to conducting DTI analysis, subjects’ FLAIR
images were reviewed by a neurologist (MCT) for presence of
no or minimal amount of white matter hyperintensity to ensure
accurate tractography results.

PET Acquisition and Analysis
All participants underwent PET imaging with 5 mCi
of [F-18]AV1451 ([F-18]T807; Flortaucipir, AVID
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Radiopharmaceuticals) tau-specific tracer. Twenty-
one participants were scanned using a Biograph
HiRez XVI PET/CT scanner (Siemens Molecular
Imaging, Knoxville, TN, USA), while three participants
were scanned using High-Resolution Research
Tomograph (HRRT) (CPS/Siemens, Knoxville, TN, USA)
PET scanner.

Emission PET data were acquired in list mode for 75min
starting 45min after a bolus injection of [F-18]AV1451. The
emission list mode data were re-binned into eight 3D sinograms
(1 × 5min, 7 × 10min). For the HRRT acquisitions, a
transmission scan was acquired using a single photon point
source, 137Cs (T½ = 30.2 years, Eγ = 662 keV), immediately
after the emission acquisition, which was then used to correct the
emission data for photon attenuation. Similarly, for the PET/CT
acquisitions, a low-dose CT scan was acquired immediately
prior to the emission acquisition for the attenuation correction
of the emission data. The 3D sinograms were gap-filled, for
the HRRT, normalized and scatter corrected, prior to Fourier
rebinning of the 3D sinograms into 2D sinograms. The images
were reconstructed from the 2D sinograms using a 2D filtered-
back projection algorithm, with a HANN filter (HRRT) or
ramp filter (PET/CT) at Nyquist cutoff frequency. During
image reconstruction, the images were dead-time-corrected and
decay-corrected to the start of acquisition. For the HRRT, the
reconstructed image had 256 × 256 × 207 1.22-mm isotropic
voxels with a reconstructed resolution of ca. 4.5mm., full width
at half maximum (FWHM) in-plane and axially. For the PET/CT,
the image had 256 × 256 × 81 voxels each of 2 × 2 ×

2.07mm and an in-plane and axial resolution of 5 and 5.5mm
FWHM, respectively. A thermoplastic mask was made for each
participant and used in conjunction with a head fixation system
for the duration of both the transmission/CT acquisition and
PET acquisition to constrain the subject’s head movement. In-
house ROMI software was implemented for ROI analysis of
the PET data (41). Briefly, ROMI uses a T1-MRI of each
subject and a template of ROIs based on the MNI template
to individualize the ROIs to each subject’s MRI. ROMI uses
the segmentation from Statistical Parametric Mapping version
8 (SPM8; https://www.fil.ion.ucl.ac.uk/spm/software/spm8/) and
Matlab 8.5.0 (Math Works, Natick, MA) to find the non-linear
transformation and later uses the probability of each voxel to
be gray matter and some morphological operations to refine
the delineation. After realignment of the PET frames to correct
for potential motion, a summed PET image was produced for
each subject. Normalized mutual information implemented in
Statistical Parametric Mapping version 2 (SPM2; https://www.
fil.ion.ucl.ac.uk/spm/software/spm2/) was used to co-register the
PET andMRI images. The rigid-body transformation was applied
to the individualized ROIs to map them into the PET image.
The PET images were corrected for partial volume effect (42).
ROIs in the PET space were used to mask the PET images and
extract the time activity curves for each ROI. For each ROI
(i.e., dorsal caudate, insula, thalamus, midbrain, lateral temporal,
prefrontal cortex, dorsolateral prefrontal cortex, ventrolateral
prefrontal cortex, orbitofrontal cortex, hippocampus, inferior
parietal, and cortical gray matter) and time frame, standard

uptake volume ratios (SUVRs) were calculated using cerebellar
gray matter as the reference region. SUVR of each time
frame was averaged for the frames between 50 and 80min
post-injection time.

Voxel-Based PET Analysis
Voxel-based analysis on the PET images was completed using
the Statistical Parametric Mapping version 12 (SPM12; https://
www.fil.ion.ucl.ac.uk/spm/software/spm12/) and Matlab 8.5.0
(Math Works, Natick, MA). PET frames were realigned to
correct for motion, and voxel intensity in each PET frame was
normalized to the average signal from the inferior cerebellar
gray matter, which was extracted using a native atlas from
the automated in-house ROMI software (41). Parametric maps
were then averaged between 50 and 80 post-injection time and
spatially normalized into the Montreal Neurological Institute
(MNI) template to control for variability between subjects.
Images were smoothed with a FWHM 8-mm Gaussian kernel
in order to increase signal-to-noise ratio. The whole-brain
exploratory between-group analysis was completed using the
two-sample t-test from SPM12 in order to compare the FTLD-
non-AD and FTLD-AD groups. Both uncorrected (p < 0.001;
extent threshold, k = 50) and multiple comparison corrected
results are presented (FWE corrected at p < 0.05; extent
threshold, k= 50).

Statistical Analysis
Statistical analysis was completed using IBM SPSS Statistics
version 24 (IBM Corp., Armonk, NY, USA). All between-group
demographics, neuropsychological testing and neuroimaging
comparisons were completed using Mann-Whitney U-test, with
the type of scanner and sex comparisons completed using Fisher’s
exact test. Pearson partial correlations with age as a covariate
were used to analyze associations between PSPRS/UPDRS motor
exam scores in relation to volumes of [18-F]AV1451 PET tau
areas of interest. Pearson partial correlations with age as a
covariate were used to analyze the following relationships: CSF
measures with cortical gray matter PET tau; right SLF white
matter integrity measures with visuospatial assessments; left
SLF white matter integrity measures in relation to language
assessments; fornix white matter integrity measures with
memory assessments; language assessments and [18-F]AV1451
PET tau SUVR in left lateral temporal and insula areas; executive
function assessments and [18-F]AV1451 PET tau SUVR in the
dorsolateral prefrontal cortex; learning score and delayed recall
with [18-F]AV1451 PET tau SUVR in the prefrontal cortex and
left hippocampus; the Benson recall and [18-F]AV1451 PET
tau SUVR in the prefrontal cortex and the right hippocampus;
digit forward and digit backward with [18-F]AV1451 PET tau
SUVR in the prefrontal cortex and the whole hippocampus;
and the visuospatial assessments with the [18-F]AV1451 PET
tau SUVR in the inferior parietal area. False discovery rate
(FDR) correction with Benjamini–Hochberg procedure has been
applied for all multiple comparisons and both adjusted and
non-adjusted p-values are reported with a significance level set
at p < 0.05.
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TABLE 1 | Demographics of the FTLD-non-AD and FTLD-AD groups (mean ±

standard deviation).

FTLD-non-AD FTLD-AD p-value

N 17 7

Demographics

Age (years) 70.18 ± 6.65 64.29 ± 7.32 0.028

Age of onset (years) 63.82 ± 8.10 60.43 ± 7.68 0.19

Education (years) 14.71 ± 3.41 15.57 ± 4.39 0.58

Sex 8 Males:9 Females 3 Males:4 Females 1.00

Disease duration 6.35 ± 5.23 3.86 ± 2.85 0.28

Diagnosis 11 PSP, 6 CBS 1 PSP-AD,

6 CBS-AD

N.A.

PET scanner 15 PET/CT, 2 HRRT 6 PET/CT, 1 HRRT 1.00

PSPRS 40.76 ± 18.61 18.29 ± 6.65 0.004

UPDRS motor scale 36.06 ± 21.49 15.71 ± 8.34 0.045

CDR global score 1.09 ± 0.83 0.79 ± 0.64 0.43

CDR sum of boxes 6.88 ± 5.28 4.79 ± 3.87 0.36

Fisher’s exact test and Mann–Whitney U comparison; unadjusted significance level set at

p < 0.05 (two-sided).

RESULTS

Participant Demographics and
Neuropsychological Assessments
Twenty-four participants were included in this study (age, 68.46
± 7.23 years; disease duration, 5.63 ± 4.74 years; 11 males
and 13 females). Among the cohort were 12 CBS cases with
6 CBS positive for AD biomarkers and 12 PSP cases with
1 PSP case positive for AD biomarkers. The between-group
demographics on FTLD-non-AD and FTLD-AD groups are
presented in Table 1. The FTLD-non-AD group was significantly
older than FTLD-AD group (p = 0.028). There were no
significant differences between groups on age of disease onset,
years of education, sex, disease duration, or the PET scanner
used (all p > 0.19). The FTLD-non-AD group had significantly
higher scores on both the PSPRS (p = 0.004) and UPDRS motor
scales (p = 0.045) compared to the FTLD-AD group. Finally,
there was no significant difference between FTLD-non-AD and
FTLD-AD groups on CDR global and CDR sum of boxes scores
(all p > 0.3). The FTLD-non-AD and FTLD-AD groups did not
differ on measures of language, executive function, memory, or
visuospatial function (see Table 2). There was a trend in the
FTLD-non-AD group to have higher scores in sentence repetition
(unadjusted p = 0.031) and digit span forward (unadjusted p =

0.06) assessments compared to the FTLD-AD group; however,
this did not survive multiple comparisons.

[18-F]AV1451 PET Tau and CSF Measures
Comparison
The associations between cortical gray matter [18-F]AV1451 PET
and CSF measures were completed across the entire cohort (N =

19). The Aβ42 measure was not successful for one participant.
Significant relationships were found between cortical PET tau
SUVR values and the following CSF measures corrected for age:
t-tau (pg/ml; N = 19; unadjusted r = 0.639, p < 0.005), Aβ42

TABLE 2 | Neuropsychological assessments comparison of FTLD-non-AD and

FTLD-AD groups (mean ± standard deviation).

FTLD-non-AD FTLD-AD Unadjusted

p

Adjusted

p

N 17 7

Neuropsychological assessments

Language

Naming 11.47 ± 3.09 8.29 ± 4.99 0.10 N.S.

Pyramids and palm

trees

40.44 ± 13.79a 39.60 ± 22.20b 0.41 N.S.

Sentence repetition 4.13 ± 1.46b 2.43 ± 1.90 0.031 N.S.

Semantic fluency 8.06 ± 6.13 7.57 ± 4.69 0.98 N.S.

Lexical fluency 5.76 ± 4.70 7.00 ± 4.90 0.48 N.S.

Executive function

TMT B total seconds 217.14 ± 100.94c 267.14 ± 86.93 0.15 N.S.

Total digit symbol 21.71 ± 20.00c 17.43 ± 17.46 0.65 N.S.

Memory

Learning score 13.12 ± 6.27 8.86 ± 7.86 0.27 N.S.

Delayed recall

(10min)

3.47 ± 2.70 2.14 ± 2.27 0.26 N.S.

Benson recall 7.43 ± 5.96c 3.00 ± 2.24 0.10 N.S.

Digit forward 5.47 ± 2.07 3.86 ± 1.77 0.06 N.S.

Digit backward 3.53 ± 2.32 2.43 ± 1.99 0.30 N.S.

Visuospatial function

VOSP position

discrimination

15.94 ± 5.76 15.67 ± 8.04a 0.49 N.S.

VOSP number

location

4.88 ± 3.59 6.00 ± 3.58a 0.55 N.S.

Mann–Whitney U comparisons; unadjusted significance level set at p < 0.05 (two-sided).

FDR Benjamini–Hochberg adjusted p-value; significant at p < 0.05.

N.S., not significant after multiple comparisons.
aOne participant refused the assessment.
bTwo participants refused the assessment.
cThree participants did not complete the assessment because could not move

their hands.

(pg/ml;N = 18; unadjusted r=−0.557, p= 0.020), andATI (N =

18; unadjusted r = −0.629, p < 0.01). The comparisons between
cortical gray matter PET tau SUVR and t-tau, Aβ42, and ATI
remained significant after controlling for multiple comparisons
using FDR significant at p < 0.05. For visual representations
of these comparisons, see Figure 2. There was no significant
relationship between cortical gray matter PET tau SUVR values
and p-tau (pg/ml) values (N = 19; unadjusted r= 0.388, p> 0.1),
corrected for age.

Neuroimaging Comparisons
Neuroimaging comparisons between FTLD-non-AD and FTLD-
AD groups are summarized in Table 3. The FTLD-non-AD had
significantly higher volumes compared to the FTLD-AD group
in the following areas: inferior parietal (p = 0.018), precuneus
(p = 0.018), and hippocampus (p = 0.020). The FTLD-non-
AD group had significantly lower midbrain volume (p = 0.020),
compared to the FTLD-AD group. The FTLD-non-AD and
FTLD-AD groups did not significantly differ in the following
volumes of interest: posterior cingulate, lateral orbitofrontal,
caudal middle frontal, caudate, and thalamus. There were no
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FIGURE 2 | Associations between cortical gray matter PET tau SUVR values and cerebrospinal fluid analysis measures across the whole cohort. Scatter plots

presenting associations between cortical gray matter PET tau SUVR and the following cerebrospinal fluid (CSF) measures: (A) phosphorylated tau (pg/ml; adjusted p

> 0.1), (B) total tau (pg/ml; adjusted p < 0.05), (C) Aβ42 (pg/ml; adjusted p < 0.05), and (D) Aβ42 to t-tau index (adjusted p < 0.05). Pearson partial correlations with

age as a covariate. FDR Benjamini–Hochberg adjusted p-values, significant at p < 0.05.

significant differences between FTLD-non-AD and FTLD-AD
groups in measures of white matter integrity in right and left
SLF, and fornix. The FTLD-non-AD compared to the FTLD-
AD group had significantly lower PET tau SUVR values in the
following brain regions: lateral temporal (p= 0.005), dorsolateral
prefrontal cortex (p = 0.009), ventrolateral prefrontal cortex (p
= 0.026), orbitofrontal cortex (p = 0.009), hippocampus (p =

0.006), and inferior parietal (p= 0.005). There were no significant
differences between FTLD-non-AD and FTLD-AD in measures
of PET tau in the areas of dorsal caudate, thalamus, andmidbrain.

Voxel-Based PET Analysis
Figure 3 shows visual comparison of brain regions with higher
[18-F]AV1451 PET tau signal among the FTLD-AD, compared
to the FTLD-non-AD group (unadjusted p < 0.001; extent
threshold, k = 50). The increased uptake in the FTLD-AD

group is extensive among posterior andmiddle temporal regions;
however, these clusters did not all survive multiple comparisons.
Figure 4 shows the two clusters in the bilateral hippocampi that
survived themultiple comparisons (FWE p< 0.05; corrected T =

6.02; extent threshold, k= 50). The bilateral hippocampi showed
significantly increased uptake of [18-F]AV1451 PET tau in the
FTLD-AD group in comparison to the FTLD-non-AD group.

Relationship Between [18-F]AV1451 PET
Tau and Neuropsychological Assessments
The ROI analysis exploring the associations between [18-
F]AV1451 PET tau and neuropsychological assessments was
completed across the entire cohort (N = 24). Out of the
language assessments, a significant relationship was found
between naming and left lateral temporal PET tau SUVR values
(N = 24; unadjusted r = −0.469, p = 0.024), controlled for
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TABLE 3 | Summary of neuroimaging comparisons between FTLD-non-AD and

FTLD-AD groups (mean ± standard deviation).

FTLD-non-AD FTLD-AD Unadjusted

p

Adjusted

p

N 17 7

Volumetric Analysis

(Volume-to-ICV ratio × 10−3)

Posterior cingulate 3.60 ± 0.48a 3.70 ± 0.60 0.42 N.S.

Inferior parietal 16.10 ± 1.80a 13.10 ± 1.81 0.004 0.018

Precuneus 12.00 ± 1.04a 9.70 ± 1.44 0.003 0.018

Lateral orbitofrontal 9.20 ± 1.46a 10.00 ± 0.83 0.23 N.S.

Caudal middle frontal 6.40 ± 1.47a 6.20 ± 0.56 0.84 N.S.

Hippocampus 5.20 ± 0.44a 4.60 ± 0.36 0.009 0.020

Caudate 4.58 ± 0.62a 4.45 ± 0.65 0.74 N.S.

Thalamus 7.68 ± 0.77a 7.81 ± 0.48 0.35 N.S.

Midbrain 3.50 ± 0.44a 4.00 ± 0.27 0.009 0.020

DTI (mm2/s)

Right SLF

FA 0.35 ± 0.03b 0.34 ± 0.03 0.50 N.S.

MD (×10−3) 0.88 ± 0.04b 0.90 ± 0.05 0.46 N.S.

AxD (×10−3) 1.21 ± 0.04b 1.23 ± 0.04 0.17 N.S.

RD (×10−3) 0.72 ± 0.05b 0.74 ± 0.06 0.39 N.S.

Left SLF

FA 0.34 ± 0.03b 0.34 ± 0.02 0.71 N.S.

MD (×10−3) 0.89 ± 0.07b 0.92 ± 0.04 0.13 N.S.

AxD (×10−3) 1.22 ± 0.06b 1.25 ± 0.05 0.12 N.S.

RD (×10−3) 0.73 ± 0.08b 0.75 ± 0.04 0.23 N.S.

Fornix

FA 0.20 ± 0.03b 0.20 ± 0.02 0.71 N.S.

MD (×10−3) 2.16 ± 0.22b 2.15 ± 0.22 0.82 N.S.

AxD (×10−3) 2.60 ± 0.23b 2.58 ± 0.26 1.00 N.S.

RD (×10−3) 1.94 ± 0.22b 1.93 ± 0.20 0.82 N.S.

PET (SUVR)

Dorsal caudate 1.52 ± 0.38 1.90 ± 0.43 0.06 N.S.

Thalamus 1.43 ± 0.24 1.64 ± 0.37 0.17 N.S.

Midbrain 1.45 ± 0.30 1.42 ± 0.26 0.87 N.S.

Lateral temporal 1.33 ± 0.43 3.12 ± 1.35 0.001 0.005

Dorsolateral prefrontal

cortex

1.62 ± 0.57 3.22 ± 1.76 0.005 0.009

Ventrolateral prefrontal

cortex

1.53 ± 0.46 2.77 ± 1.45 0.017 0.026

Orbitofrontal cortex 1.52 ± 0.39 2.53 ± 1.23 0.004 0.009

Hippocampus 1.20 ± 0.28 1.80 ± 0.39 0.002 0.006

Inferior parietal 1.49 ± 0.56 3.26 ± 1.53 0.001 0.005

Mann–Whitney U comparisons; unadjusted significance level set at p < 0.05 (two-sided).

FDR Benjamini–Hochberg adjusted p-values presented in bold italics; significant at p

< 0.05.

N.S., not significant after multiple comparisons.

DTI, diffuse tensor imaging; SLF, superior longitudinal fasciculus; PET, positron emission

tomography; SUVR, standard uptake volume ratio; FA, fractional anisotropy; MD, mean

diffusivity; AxD, axial diffusivity; RD, radial diffusivity.
aData for one participant are missing because of FreeSurfer preprocessing failure.
bData for three participants are missing because of movement during DTI acquisition.

age. Three participants refused to undergo the Pyramids and
Palm Trees assessment and significant relationships were found

between the Pyramids and Palm Trees scores and the following
areas of interest: left lateral temporal PET tau SUVR (N =

21; unadjusted r = −0.599, p = 0.005), controlled for age.
Two participants refused the sentence repetition assessment, and
there were trends between the sentence repetition scores and
the following areas of interest: left lateral temporal PET tau
SUVR (N = 22; unadjusted r = −0.430, p = 0.052), adjusted
for age. The relationships between Pyramids and Palm Trees
scores and left lateral temporal PET tau SUVR values remained
significant after controlling for multiple comparisons using FDR
significant at p < 0.05. There were no significant relationships
between the executive function assessments and the dorsolateral
prefrontal cortex PET tau SUVR, controlled for age. Out of
the memory assessments, a significant relationship was found
between the learning score and the left hippocampus PET tau
SUVR (N = 24; unadjusted r = −0.640, p = 0.001), controlled
for age. The delayed recall was significantly associated with the
left hippocampus PET tau SUVR (N = 24; unadjusted r =

−0.520, p = 0.011), controlled for age. Three participants could
not complete the Benson figure visual recall, and there were
significant relationships between the Benson recall scores and
the right hippocampus PET tau SUVR (N = 21; unadjusted r =
−0.630, p = 0.003), controlled for age. The digit forward scores
had a significant association with prefrontal cortex PET tau
SUVR (N = 24; unadjusted r=−0.601, p= 0.002), controlled for
age. The digit backward scores had significant associations with
the following areas of interest: prefrontal cortex PET tau SUVR
(N = 24; unadjusted r = −0.608, p = 0.002) and hippocampus
PET tau SUVR (N = 24; unadjusted r = −0.623, p = 0.001),
controlled for age. All of the memory comparisons with PET
tau SUVR remained significant after controlling for multiple
comparisons using FDR significant at p < 0.05. Out of the
visuospatial assessments, a significant relationship was found
between the position discrimination and the inferior parietal PET
tau SUVR (N = 24; unadjusted r=−0.569, p= 0.006), controlled
for age. This relationship remained significant after controlling
for multiple comparisons using FDR significant at p < 0.05.
The relationships between the neuropsychological assessments
and the PET tau burden could not be assessed separately in the
FTLD-non-AD and FTLD-AD groups due to small sample size.

Relationship Between [18-F]AV1451 PET
Tau and PSPRS/UPDRS Scores
The ROI analysis exploring the associations between [18-
F]AV1451 PET tau in relation to PSPRS and UPDRS scores was
completed across the whole cohort (N = 24). Neither the PSPRS
nor the UPDRS scores were found to be significantly associated
with any of the PET tau areas of interest, controlled for age.

Relationship Between PSPRS Scores and
Volumes
For summary of associations between PSPRS scores in relation
to lateral orbitofrontal, caudal middle frontal, caudate,
thalamus, and midbrain volume, controlled for age, see
Table 4. There were no significant relationships between
PSPRS scores and volumes of lateral orbitofrontal, caudal
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FIGURE 3 | Visualization of the voxel-based [18-F]AV1451 PET tau analysis. The colors signify the regions with increased [18-F]AV1451 signal in the FTLD-AD group,

compared to the FTLD-non-AD group (uncorrected p < 0.001; extent threshold, k = 50).

middle frontal, caudate, thalamus, and midbrain in the FTLD-
non-AD group, controlled for age. There was a trend in
the FTLD-non-AD group between PSPRS scores and lateral
orbitofrontal (unadjusted r = −0.555, p = 0.032), caudal
middle frontal (unadjusted r = −0.632, p = 0.011), caudate
(unadjusted r = −0.526, p = 0.044), and thalami (unadjusted
r = −0.505, p = 0.055) volumes, adjusted for age, but the
associations did not survive multiple comparisons. There
were no significant relationships between PSPRS scores and
lateral orbitofrontal, caudal middle frontal, caudate, thalamus,

and midbrain volumes in the FTLD-AD group, controlled
for age.

Relationship Between UPDRS Scores and
Volumes
For summary of associations between UPDRS motor scale scores
in relation to caudate, thalamus, and midbrain, controlled for
age, see Table 5. There was a significant negative correlation in
the FTLD-non-AD group between UPDRS motor scale scores
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FIGURE 4 | Visualization of the voxel-based [18-F]AV1451 PET tau analysis.

The cluster with increased [18-F]AV1451 signal in the FTLD-AD group,

compared to the FTLD-non-AD group after controlling for multiple

comparisons (FEW-corrected p < 0.05; extent threshold, k = 50).

TABLE 4 | Associations between PSPRS scores and volumes in FTLD-non-AD

and FTLD-AD groups (mean ± standard deviation).

FTLD-non-AD FTLD-AD

N 17 7

Volumetric analysis

(volume-to-ICV ratio)

Lateral Orbitofrontal r = −0.555, p = 0.032a

N.S.

r = 0.019, p = 0.98

N.S.

Caudal Middle Frontal r = −0.632, p = 0.011a

N.S.

r = 0.829, p = 0.041

N.S.

Caudate r = −0.526, p = 0.044a

N.S.

r = 0.380, p = 0.46

N.S.

Thalamus r = −0.505, p = 0.055a

N.S.

r = −0.505, p = 0.31

N.S.

Midbrain r = −0.322, p = 0.24a

N.S.

r = 0.175, p = 0.41

N.S.

Pearson partial correlations with age as a covariate; unadjusted significance level set at

p < 0.05.

FDR Benjamini–Hochberg adjusted p-values presented in italics; significant at p < 0.05.

N.S., not significant after multiple comparisons.
aData for one participant are missing because of FreeSurfer preprocessing failure.

in relation to caudate (r = −0.891, p < 0.003), controlled for
age. There were no significant associations in the FTLD-non-
AD group between UPDRS motor scale scores and thalami and
midbrain volumes, controlled for age. There were no significant
association in the FTLD-AD group between UPDRS motor scale
scores and any volumes of interest (i.e., caudate, thalamus,
midbrain), controlled for age.

TABLE 5 | Associations between UPDRS motor scale scores and volumes in

FTLD-non-AD and FTLD-AD groups (mean ± standard deviation).

FTLD-non-AD FTLD-AD

N 17 7

Volumetric analysis

(volume-to-ICV ratio)

Caudate r = −0.891, p < 0.001a

p < 0.003

r = 0.899 p = 0.015

N.S.

Thalamus r = −0.340, p = 0.215a

N.S.

r = −0.016, p = 0.98

N.S.

Midbrain r = 0.014, p = 0.96a

N.S.

r = 0.360, p = 0.48

N.S.

Pearson partial correlations with age as a covariate; unadjusted significance level set at

p < 0.05.

FDR Benjamini–Hochberg adjusted p-values presented in bold italics; significant at p

< 0.05.

N.S., not significant after multiple comparisons.
aData for one participant is missing because of FreeSurfer preprocessing failure.

Relationship Between Left SLF and
Language
For a summary of associations between left SLF white matter
integrity measures in relation to language assessments across
the whole cohort, controlled for age, see Table 6. The following
associations between left SLF whitematter integritymeasures and
language assessments were completed across the entire cohort.
There was a significant negative correlation between naming
score and the following left SLF white matter integrity measures:
MD (r = −0.633, p = 0.008), AxD (r = −0.732, p < 0.007),
and RD (r = −0.563, p = 0.022), controlled for age. There was
a significant negative correlation between Pyramids and Palm
Trees score and the following left SLF white matter integrity
measures: MD (r = −0.792, p < 0.007), AxD (r = −0.910, p <

0.007), and RD (r=−0.707, p= 0.008), controlled for age. There
was a significant negative correlation between semantic fluency
score and the following left SLF white matter integrity measures:
MD (r = −0.655, p = 0.008), AxD (r = −0.632, p = 0.008),
and RD (r = −0.635, p = 0.008); controlled for age. There was a
significant negative correlation between lexical fluency score and
the following left SLF white matter integrity measures: MD (r =
−0.507, p = 0.04) and RD (r = −0.512, p = 0.04), controlled
for age. There was no significant correlation between sentence
repetition scores and left SLF white matter integrity measures,
controlled for age. There were no significant correlations between
left SLF FA measures and any of the language assessments,
controlled for age. Finally, there was no significant correlation
between left SLF AxD values and lexical fluency scores, controlled
for age. For visual representation of associations between left SLF
MD and language assessments (see Figure 5).

Relationship Between Right SLF and
Visuospatial Assessments
There were no significant correlations between any white matter
integrity measures (FA, MD, AxD, and RD) of right SLF and
VOSP position discrimination and number location assessments
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TABLE 6 | Associations between left SLF and language assessments across the whole cohort (mean ± standard deviation).

Left SLF measures (mm2/s); N = 24a

FA MD AxD RD

Language assessments

Naming r = 0.285, p = 0.22

N.S.

r = −0.633, p = 0.003

p = 0.008

r = −0.732, p < 0.001

p < 0.007

r = −0.563, p = 0.010

p = 0.022

Pyramids and Palm Treesb r = 0.409, p = 0.10

N.S.

r = −0.792, p < 0.001

p < 0.007

r = −0.910, p < 0.001

p < 0.007

r = −0.707, p = 0.002

p = 0.008

Sentence Repetitionc r = −0.003, p = 0.99

N.S.

r = −0.279, p = 0.26

N.S.

r = −0.363, p = 0.14

N.S.

r = −0.229, p = 0.36

N.S.

Semantic Fluency r = 0.434, p = 0.056

N.S.

r = −0.655, p = 0.002

p = 0.008

r = −0.632, p = 0.003

p = 0.008

r = −0.635, p = 0.003

p = 0.008

Lexical Fluency r = 0.390, p = 0.09

N.S.

r = −0.507, p = 0.022

p = 0.04

r = −0.442, p = 0.051

N.S.

r = −0.512, p = 0.021

p = 0.040

Pearson partial correlations with age as a covariate; unadjusted significance level set at p < 0.05.

FDR Benjamini–Hochberg adjusted p-values presented in bold italics; significant at p < 0.05.

N.S., not significant after multiple comparisons.

SLF, superior longitudinal fasciculus; FA, fractional anisotropy; MD, mean diffusivity; AxD, axial diffusivity; RD, radial diffusivity.
aData for three participants are missing because of movement during DTI acquisition.
bThree participants refused the assessment.
cTwo participants refused the assessment.

(all unadjusted p > 0.29) across the entire cohort, controlled
for age.

Relationship Between Fornix and Memory
Assessments
There were no significant correlations between any white matter
integrity measures (FA, MD, AxD, RD) of fornix and memory
assessments (all unadjusted p > 0.34) across the entire cohort,
controlled for age.

DISCUSSION

To our knowledge, this is the first study comparing parkinsonian
syndromes (PSP and CBS) with and without AD biomarkers
on measures of cognition, motor symptom burden, and
neuroimaging findings of PET tau, white matter integrity, and
volumes. Even though the FTLD-non-AD groupwas significantly
older than the FTLD-AD group, there were no differences
between groups on disease duration, severity of cognitive deficits
as measured by CDR, and age of onset. The results about disease
duration and age of onset might be inconclusive given high
variability within each group and small sample size. Both groups
had similar functioning on measures of language, executive
function, memory, and visuospatial function. There were trends
in FTLD-non-AD group for better functioning on the sentence
repetition and digit forward assessments compared to the FTLD-
AD group; however, these differences did not survive multiple
comparisons. The results of this study showed significantly worse
motor and parkinsonian symptom burden in the FTLD-non-AD
group, compared to FTLD-AD. The higher motor disturbances
and parkinsonian symptom burden were associated with smaller
volumes in the basal ganglia and midbrain specifically across
the FTLD-non-AD group; no such relationships were observed
in the FTLD-AD group. The FTLD-AD group, in turn, had

higher PET tau SUVR values on the ROI analysis across multiple
frontal and temporal regions, and inferior parietal, compared
to the FTLD-non-AD group. The FTLD-AD group had smaller
volumes in AD-specific areas compared to the FTLD-non-
AD group: inferior parietal, precuneus, and hippocampus. In
turn, the FTLD-non-AD group had smaller midbrain volume
compared to the FTLD-AD group. These results show that
the presence of underlying AD pathology was associated with
differences in phenotype of CBS and PSP syndromes with the
AD biomarker positive group having less motor deficits and a
trend that repetition is better in the non-AD group. Presumably,
AD pathology as evidenced by AD biomarkers has a predilection
for specific areas such as the inferior parietal, precuneus, and
hippocampus while four repeat tau pathology has a predilection
for the midbrain. Relative volumetric differences may be a
potential biomarker to discriminate FTLD-non-AD from FTLD-
AD. PET tau signal was increased globally across the brain
regions in the FTLD-AD group, which was not specific to AD-
related areas only.

The [18-F]AV1451 PET was significantly associated with
measures of language, memory, and visuospatial function across
the entire study cohort. The association between cognitive

measures and [18-F]AV1451 PET tau is widely established in

AD studies (43–45); however, the relationship between cognition
and [18-F]AV1451 PET tau among the PSP and CBS cases is
usually described as poor (45, 46). In this study, although the
AD biomarker positive group was small, there was a significant
relationship across the whole group between PET Tau SUVR in
neuroanatomically relevant areas and cognitive function. This
suggests that the ligand is detecting some abnormality even if it
is not specific to the straight filaments seen in 4-repeat tau of PSP
and CBD.

The voxel-based analysis of [18-F]AV1451 PET tau showed
extensive areas of posterior and middle temporal signal increase
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FIGURE 5 | Associations between left SLF MD and language assessments across the whole cohort. Scatter plots presenting associations between left SLF MD

(mm2/s × 10−3) and the following language assessments: (A) naming scores, (B) Pyramids and Palm Trees scores, (C) semantic fluency scores, and (D) lexical

fluency scores. SLF, Superior longitudinal fasciculus; MD, Mean diffusivity.

in the FTLD-AD group, in comparison with FTLD-non-AD
group and this pattern of uptake is consistent with previously
published literature on distribution of [18-F]AV1451 ligand in
AD (47). Aside from the cluster involving bilateral hippocampi,
the rest of the clusters did not survive multiple comparisons.
The reason could be that our study is underpowered due
to the small sample size. Because of the small sample size,
the comparisons between [18-F]AV1451 PET tau and CSF
measures were completed across the entire cohort. Cortical gray
matter was chosen as a global measure of PET tau signal,
and it was significantly associated with CSF measures of t-tau,
Aβ42, and ATI; however, there was no significant relationship
with p-tau. Our results confirm previous reports stating a
good correlation between CSF t-tau and [18-F]AV1451 PET
(48, 49), but we found less robust relationship between p-tau
and [18-F]AV1451 compared to others. Even though there is
high concordance between CSF and [18-F]AV1451 measures,
CSF p-tau abnormality seems to precede [18-F]AV1451 PET

tau positivity and marks the early stages of underlying AD
pathology (49). However, at the later stages of disease where
cognitive decline has become apparent, [18-F]AV1451 PET tau
has proven to be a significantly better diagnostic tool of AD
than CSF measures, hippocampal atrophy, or temporal cortices
thickness (50).

The literature on biomarkers to detect the differences between
FTLD-non-AD and FTLD-AD is quite limited and mostly
comes from pure cohorts of either CBS or PSP cases (not
heterogeneous cohorts as implemented in this study) or from
single case studies. PET with [18-F]AV1451 tracer has been
established as a biomarker of tau accumulation in the form of
AD’s paired helical filament and showed good correlation with
Braak stages of AD and post-mortem assessments (51). The PET
[18-F]AV1451 tracer has not been reported suitable to detect
the straight filament tau of CBD and PSP, and showed poor
correlation to post-mortem studies in these cohorts (52–54).
From previous reports, increased PET tau tracer retention in
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CBS cases without underlying AD pathology was noted in the
motor cortex, corticospinal tract, and basal ganglia contralateral
to the affected body side, while the tracer retention pattern in
AD is concentrated mostly in temporal and parietal cortices (55).
Studies using the same PET tau tracer in PSP cases reported
increased retention in basal ganglia, but not cortical regions (52).
Our study shows similar findings of increased tracer uptake in
dorsal caudate, thalamus, and brainstem (the regions affected by
pathology in parkinsonian syndromes), and these findings were
similar in both FTLD-non-AD and FTLD-AD groups and did
not differentiate one group from another. The increased PET tau
SUVR values in the FTLD-AD group were seen across multiple
frontal and temporal regions, as well as inferior parietal, and
the signal was not restricted to AD-specific regions. This goes
in hand with previous literature stating that PET [18-F]AV1451
tracer is better suited for detecting tau in AD. The [18-F]AV1451
PET tau tracer is a biomarker that can discriminate parkinsonian
syndromes with and without underlying AD pathology, but does
not tell us about the extent of AD pathology in the FTLD-
AD group.

The decreased focal volumes in the FTLD-AD group of
our study support previous findings in cohorts with clinical
presentation of CBS with evidence of AD pathology having a
higher degree of volume loss in the temporoparietal regions,
compared to CBS due to non-AD pathologies (5). Even though
our FTLD-non-AD cohort has PSP cases in addition to CBS,
cortical and sub-cortical volume loss was not reported to be
different across parkinsonian syndromes (56), and therefore it
is unlikely that our results were affected by the heterogeneity of
our cohort. Midbrain atrophy was previously reported to be a
hallmark of clinical PSP, but not the pathological diagnosis of
PSP without the clinical PSP presentation (57). Also, clinically
diagnosed CBS and PSP cohorts had similar levels of midbrain
atrophy upon comparison (58). Our study also included clinically
diagnosed CBS and PSP cases, and the FTLD-non-AD group had
a higher degree of midbrain atrophy compared to the FTLD-AD
group. These results imply that AD and 4-repeat pathology have
a predilection for different areas.

One study comparing CBS-non-AD and CBS-AD across
neuropsychological tests concluded similar levels of memory
impairment and attention deficits in both groups (59). When
comparing CBS-AD cases to AD patients with typical amnestic
syndrome (AD-AS), it was reported that language problems were
more frequent in the CBS-AD group, while memory impairment
was the hallmark of the AD-AS group. As expected and in
contrast to AD-AS, CBS-AD had prominent motor deficits (60).
Since language impairments are an early and persistent problem
in CBS and PSP (61), our results support previous literature
as in our study too, the FTLD-non-AD and the FTLD-AD
groups had similar language and cognitive functioning; however,
motor impairments were worse in the FTLD-non-AD group.
Due to similar levels of language impairment across FTLD-
non-AD and FTLD-AD groups, the two groups were combined,
and as expected, decreased white matter integrity in the left
SLF tract (implicated in language) corresponded to a higher
degree of impairment on language assessments (Figure 2). This
suggests similar degrees of underlying pathological changes in
white matter integrity across both groups, and these white matter

changes are at least partially contributing to the widespread
language impairments in CBS and PSP.

There are a number of limitations in the current study,
including the small cohort size, which decreases the power
of our analyses. The participants’ head movement can always
introduce artifacts into the PET data affecting the results, despite
completing the PET frame realignment in order to correct for
motion. Participants with CBS and PSP diagnoses are not equally
represented in both groups, which could have affected the results.
Due to the absence of post-mortem assessment results, there
is no way of knowing the dominant or exclusive underlying
pathological diagnoses, and the diagnoses were made based
on the clinical presentation and progression of the symptoms.
Patients lacking markers for AD probably had predominant
4R tau pathology, although CBS patients could have had other
non-tau non-AD pathology. Patients with AD markers may
have had only AD pathology or a combination of AD plus
other pathologies, especially 4R tauopathy. In addition, the
absence of a reliable control group did not allow us to draw
any conclusions about the degree of pathological changes that
either one of our study groups had in comparison to healthy
aging. Finally, we could not assess the relationship between the
neuropsychological measures, CSF markers, and [18-F]AV1451
PET tau in FTLD-non-AD and FTLD-AD groups separately due
to small sample size.

Overall, our results showed that PET with [18-F]AV1451 tau-
specific tracer can discriminate FTLD-non-AD and FTLD-AD
cohort by its high specificity to paired-helical filaments seen in
AD, and is associated with a higher global PET signal in the
FTLD-AD group. Volumetric analysis seems to provide evidence
of pathological vulnerability. There is decreased volume in areas
implicated in classic AD in the CBS-AD and PSP-AD groups
(hippocampus and precuneus), which implies that there are AD
pathology vulnerable areas, as this group was younger than the
non-AD group so less atrophy might have been expected. The
presence of underlying AD pathology in parkinsonian syndromes
is associated with a different phenotype of the presenting illness,
with increased motor disturbances in the FTLD-non-AD group,
while the level of cognitive functioning is the same irrespective of
the presence of AD pathology.
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The diagnosis of Parkinson’s disease and atypical Parkinsonism remains clinically

difficult, especially at the early stage of the disease, since there is a significant

overlap of symptoms. Multimodal MRI has significantly improved diagnostic accuracy

and understanding of the pathophysiology of Parkinsonian disorders. Structural and

quantitative MRI sequences provide biomarkers sensitive to different tissue properties

that detect abnormalities specific to each disease and contribute to the diagnosis.

Machine learning techniques using these MRI biomarkers can effectively differentiate

atypical Parkinsonian syndromes. Such approaches could be implemented in a clinical

environment and improve the management of Parkinsonian patients. This review

presents different structural and quantitative MRI techniques, their contribution to

the differential diagnosis of atypical Parkinsonian disorders and their interest for

individual-level diagnosis.

Keywords: parkinson’s disease, progressive supranuclear palsy, multiple system atrophy, multimodal magnetic

resonance imaging, diagnosis, machine learning

INTRODUCTION

Parkinsonism is defined by the presence of resting tremor, rigidity, bradykinesia, and postural
instability. Parkinson’s disease (PD) is themost common neurodegenerative cause of Parkinsonism.
Atypical Parkinsonism refers to other neurodegenerative disorders that commonly include
progressive supranuclear palsy (PSP), corticobasal degeneration, multiple system atrophy (MSA),
with its cerebellar (MSA-C) and Parkinsonian (MSA-P) variants, and dementia with Lewy
body (1–6). Degeneration of the substantia nigra (SN) is the pathological hallmark of
neurodegenerative Parkinsonian disorders (1, 3–7). Neuroimaging plays a major role in the
diagnosis of Parkinsonian disorders and the differentiation of PD from atypical Parkinsonism.
Magnetic resonance imaging (MRI) improves diagnostic accuracy, reduces the rate of misdiagnosis,
facilitates early diagnosis, and may be useful for the follow-up of disease progression (8–11).
Usually, the diagnosis of sporadic PD does not require an MRI examination when the
clinical presentation is typical. In contrast, MRI is needed when the clinical presentation is
atypical, that is, in the presence of symptoms called “red flags,” such as rapid progression of
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gait impairment, early and recurrent falls and impaired balance,
early bulbar or inspiratory respiratory dysfunction, and early and
severe autonomic dysfunction (12). In this case, MRI shows a
number of features that can help the clinician to distinguish
PD from atypical Parkinsonism. This review details the main
MRI characteristics of PD and the two main causes of atypical
Parkinsonism, PSP and MSA, focusing on the features that can
be used in clinical practice.

MRI TECHNIQUES AND BIOMARKERS

MRI provides in vivo biomarkers that inform about the
underlying neurodegenerative processes. Regional brain atrophy
is detected using T1-weighted three-dimensional (3D) sequences
and reflects neuronal loss. Diffusion anomalies reflect the
presence of microstructural alterations in the tissues, while
iron-sensitive imaging detects the presence of iron deposits.
Multimodal MRI is defined as the combination of information
provided by these different sequences. Brain abnormalities can
be assessed in several ways: (i) qualitatively, by visual inspection
of regional brain atrophy and signal changes using conventional
structural MRI, or (ii) quantitatively, by measurements of
changes in volumes, diffusion metrics and iron-related signals
(8–10, 13, 14). The main MRI techniques and their respective
contributions are summarized in Table 1. The usefulness of
neuroimaging biomarkers can be assessed by a five-level scale, as
recently proposed for PSP (9). Level 1 defines biomarkers useful
at the group level when comparing a specific disease with healthy
subjects or other clinically overlapping diseases. Level 2 defines
a biomarker useful at the individual level because it reaches a
sensitivity and specificity >80% for the clinical diagnosis of a
given patient. Level 3 indicates that the biomarker is effective
for early clinical diagnosis, when patients present with mild or
non-specific symptoms but do not yet meet the clinical criteria
for the disease. Level 4 biomarkers are strongly correlated with
pathology and could be used as surrogate criteria for pathological
diagnosis. Level 5 biomarkers provide a direct measure of the
underlying neuropathological changes (9). Here, we detail the
different biomarkers in the three diseases in light of this scale.

IMAGING FINDINGS IN PARKINSONIAN
DISORDERS

Parkinson’s Disease
Parkinson’s disease is an alpha-synucleinopathy,
the main neuropathological characteristic of which is the
neurodegeneration of the dopaminergic neurons of the
substantia nigra pars compacta (SNpc) (1–3, 15, 16). In addition
to SN degeneration, several other nuclei in the brainstem, basal
forebrain and cortex are affected in PD in later stages, which
helps to explain the presence of non-motor symptoms (15, 16).
However, conventional MRI most often does not reveal specific
abnormalities in PD outside the SN, and the basal ganglia
are normal or only show subtle changes in terms of volume,
diffusion measurements or iron deposition (8, 17–19). Lesions of
the small brainstem nuclei, basal forebrain and cortex are mostly

detected using specific quantitative approaches that are not used
in clinical practice except for the locus coeruleus (18).

Conventional and Structural Imaging

Substantia nigra
In clinical practice, degeneration of the SNpc can be detected
by visual inspection of the images using neuromelanin-sensitive
and iron-sensitive imaging. These nigral changes differentiate
neurodegenerative Parkinsonism from essential tremor and other
non-degenerative Parkinsonian syndromes (20). Neuromelanin-
sensitive imaging relies on the T1 shortening effect of
neuromelanin, a pigment contained in the SNpc, that has
paramagnetic properties when it is bound to iron (17, 21,
22). A direct correlation between the signal intensity of post-
mortem samples of SNpc on neuromelanin-sensitive sequences
and the density of neuromelanin-containing neurons has been
demonstrated (23). Using neuromelanin-sensitive imaging, the
SNpc appears as an area of high signal intensity in healthy
subjects. Patients with degenerative Parkinsonian syndromes
show a reduction in the size and signal intensity of the
SNpc, reflecting the loss of dopaminergic neurons (11, 24,
25) (Figure 1). The sensitivity and specificity of this technique
are above 80%, and the performances between the visual
assessment of trained radiologists and the quantification of
volume and signal intensity are similar (26). In line with
neuropathological findings (7), greater involvement of the
posterolateral part of the SNpc with relative preservation of
the medial part has been shown in patients with PD (27).
A neuromelanin signal decrease has also been observed in
patients with idiopathic rapid eye movement sleep behavior
disorder (RBD) (28). RBD is a frequent non-motor feature of
PD characterized by abnormal behavior and increased muscle
tone during rapid eye movement sleep (29, 30). Patients with
RBD have a high risk of developing Parkinsonism, including
PD, dementia with Lewy bodies and, more rarely, MSA, with
a rate of conversion of 33.5% within 5 years and 82.4%
at 10 years, as reported by a recent meta-analysis (31).
Idiopathic RBD is therefore considered a prodromal phase of
Parkinsonism and PD, with an estimated period of 10–15 years
of progressive neuronal loss before the onset of the main motor
symptoms (31–33).

Using susceptibility-weighted imaging (SWI), healthy subjects
show an area of normal high signal intensity located at the
dorsolateral part of the SNpc, a feature also known as the
“swallow tail sign” or the “dorsolateral nigral hyperintensity”
(DNH) sign (34). Histopathological correlations have shown
that the DNH corresponds to nigrosome 1, a region where
dopaminergic neurons are affected early and severely (35)
(Figure 2). The loss of this hyperintensity in Parkinsonian
subjects is probably due to the presence of iron deposits in
Parkinsonian subjects (17, 22). The absence of DNH was shown
to be predictive for ipsilateral dopamine transporter (DAT)
deficiency on radiotracer imaging, with high sensitivity and
specificity (87.5 and 83.6%), supporting its potential as a marker
of SN pathology (36). This DNH sign has a sensitivity between
79 and 100% and a specificity between 85 and 100% for the
differentiation of degenerative Parkinsonian syndromes from
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TABLE 1 | Magnetic resonance imaging techniques.

Techniques Measures Information

CONVENTIONAL MRI

T1-w, Shape, volume Atrophy

T2-w, FLAIR, PD-w Signal changes Signal abnormalities (gliosis and demyelination of white matter)

T2*-w, SWI Iron load Iron deposition

Nigral dorsolateral hyperintensity

Neuromelanin-sensitive sequence Signal and volume Content of catecholaminergic neurons in the SNpc and the locus

coeruleus

ASSESSMENT OF REGIONAL ATROPHY

3D gradient echo T1-weighted Anteroposterior midbrain diameter Midbrain atrophy

Midbrain to pons midsagittal surface ratio Ratio of midbrain vs. pons atrophy

MRPI [(P/M)*(MCP/SCP)]a

MRPI 2.0 [MRPI * (V3/VL)] b
Brainstem and cerebellar peduncle atrophy

Automated segmentation

IRON-SENSITIVE IMAGING

T2*-weighted multiecho

Magnitude image

Relaxation times R2* = 1/T2* Iron load

Magnitude and phase images Quantitative susceptibility mapping Iron load

DIFFUSION IMAGING

Diffusion-weighted imaging (DWI) Apparent diffusion coefficient (ADC),

Trace (D)

Magnitude of water diffusion

Diffusion tensor imaging (DTI) Mean Diffusivity (MD) Mean magnitude of water diffusion

Axial Diffusivity (AD)

Radial diffusivity (RD)

Magnitude of water diffusion along the main direction

Magnitude of water diffusion along the perpendicular direction

Fractional Anisotropy (FA) Directionality of water diffusion

Bitensor model Free water Magnitude of free water diffusion

Neurite Orientation Dispersion and Density

Imaging (NODDI)

Intracellular volume fraction

Orientation dispersion index

Isotropic volume fraction

Neurite density and dendritic structure

Tractotraphy Number of tracks, probability of

connection

Damage in specific fiber tracts

MAGNETIZATION TRANSFER (MT)

Images with (MT ) and without (M0) MT

pulse

MT ratio (MTR) (MTR = (M0 – MT )/M0) Degree of myelination, axonal density

MAGNETIC RESONANCE SPECTROSCOPY

1H N-acetyl-aspartate (NAA)

Creatine (Cr)

Choline (Cho)

Myo-Inositol (mIns)

Glutamate/Glutamine, GABA

Neuronal number and health

Used as reference concentration

Demyelination and cell proliferation

Osmotic stress or astrogliosis

Neurotransmitters

31P ADP/ATP/PCr Energy metabolism

RESTING-STATE FUNCTIONAL MRI

Blood oxygen level dependent (BOLD)

contrast

Temporal correlation of BOLD signal

fluctuations

Functional connectivity within brain networks

ARTERIAL SPIN LABELING (ASL)

ASL perfusion imaging Cerebral blood flow Brain perfusion

aThe Magnetic Resonance Parkinsonism Index (MRPI) is defined by the product of the pons to midbrain area ratio (P/M) by the middle to superior cerebellar peduncles width ratio

(MCP/SCP).
bThe MRPI 2.0 is defined by the product of the MRPI by the third ventricle width/frontal horns width ratio (V3/VL).

healthy subjects (34, 36, 37). The DNH sign is also an early
marker observed in two-thirds of idiopathic RBD patients (38).

Locus coeruleus/subcoeruleus complex
The locus coeruleus/subcoeruleus complex is composed of
catecholaminergic neurons containing neuromelanin and is

affected in approximately two-thirds of PD patients (39, 40).
Using neuromelanin-sensitive imaging, the signal is decreased
within the coeruleus/subcoeruleus complex of these patients. The
involvement of this nucleus has been associated with the presence
of RBD in PD patients and with idiopathic RBD (40, 41). The
relationship between RBD and signal changes in this complex
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FIGURE 1 | Neuromelanin imaging. (A) Axial neuromelanin-sensitive images at 3 Tesla passing through the midbrain at the level of the substantia nigra pars compacta

in a healthy control and patients with PD, PSP, and MSA. The substantia nigra pars compacta is seen as an area of high signal in a healthy control (arrows). Its size

and signal are decreased in neurodegenerative Parkinsonian syndromes. (B) Axial neuromelanin-sensitive images at 3 Tesla passing through the midbrain at the level

of the coeruleus/subcoeruleus complex. The signal within the coeruleus/subcoeruleus complex is decreased in the patient with RBD compared to the healthy control.

HC, healthy control; MSA, multiple system atrophy; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; RBD, rapid-eye movement sleep behavior disorder.

FIGURE 2 | The dorsolateral nigral hyperintensity. Axial susceptibility-weighted images at 3 Tesla passing through the midbrain at the level of the substantia nigra pars

compacta in a healthy control and patients with PD, PSP, and MSA. The dorsolateral nigral hyperintensity is well-depicted at the dorsolateral part of the substantia

nigra pars compacta in a healthy control (arrows). It is lost in neurodegenerative parkinsonian syndromes. HC, healthy control; MSA, multiple system atrophy; PD,

Parkinson’s disease; PSP, progressive supranuclear palsy.

suggests that RBD in PD may be related to damage of the
subcoeruleus part of the complex that is involved in the control
of movement during REM sleep (29, 30, 40).

Brainstem
Structural brain imaging using conventional MRI with visual
assessment of T2- and T1-weighted sequences is usually
normal in patients with PD. Its main role is to detect
or exclude secondary causes of Parkinsonism (such as
vascular encephalopathy, demyelinating lesions, tumors or
normal pressure hydrocephalus) and to look for signs of

atypical Parkinsonism (10, 13, 19, 42). Manual morphometric
measurements of the brainstem, including the anteroposterior
midbrain diameter (43, 44), the midsagittal midbrain area, the
midbrain to pons area ratio (43, 45) and the magnetic resonance
Parkinsonism index (MRPI), are normal in PD (45, 46). Atrophy
rates of the brainstem are not different from those of healthy
subjects (47).

Other areas
Overall, except for the SN, the basal ganglia are mostly spared
in PD patients (48, 49). In the cortex, no or mild changes
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FIGURE 3 | Midbrain to pons area ratio, Magnetic resonance Parkinsonism

index (MRPI) and MRPI 2.0. Three-dimensional T1-weighted images in

patients with PD (left), PSP (middle), and MSA (right). The MRPI combines

measurements of the midsagittal surfaces of the midbrain (dashed line) and

pons (dashed line) (A–C) and widths of the superior (red lines, D–F) and

middle (red line, G–I) cerebellar peduncles [MRPI = (pons/midbrain) × (middle

cerebellar peduncle/superior cerebellar peduncle)]. The limit between the

midbrain and pons is defined by the line passing through the inferior border of

the inferior colliculus and the pontomesencephalic sulcus. The inferior border

of the pons is parallel to the previous one. The widths of the superior (D–F)

and middle cerebellar peduncles (G–I) are measured in the parasagittal and

coronal planes that best show the peduncles, respectively.

The MRPI 2.0 is the product of the MRPI by the ratio of the width of the third

ventricle (red line, J–L) to the largest left-to right width of the frontal horns of

the lateral ventricles (red line, M–O) on axial views. For further details about the

measurement technique [please refer to Quattrone et al. (46, 85)]. PSP

patients show atrophy of the midbrain (B) and superior cerebellar peduncles

(Continued)

FIGURE 3 | (E) and enlargement of the third ventricle (K). In MSA patients, the

atrophy is greater in the pons (C) and middle cerebellar peduncles (I), with an

enlarged fourth ventricle. PD patients do not show any significant brainstem

atrophy or MRPI changes. MSA, multiple system atrophy; PD, Parkinson’s

disease; PSP, progressive supranuclear palsy.

have been reported in early PD (50). Conversely, impaired
cognition and dementia in PD have been associated with marked
cortical atrophy in many brain regions, including the frontal,
parietal, and temporal areas, and the substantia innominata (50–
52). Cortical atrophy accelerates with disease progression and
worsening of cognitive decline (50). Longitudinal MRI studies
have reported a higher rate of cortical thinning in PD patients
with mild cognitive impairment than in PD patients with normal
cognition and healthy subjects, which is correlated with cognitive
decline (50, 51).

Diffusion Imaging

In the SN, changes in diffusion metrics have been reported at
the group level. Using diffusion tensor imaging (DTI), reduced
fractional anisotropy (FA) (26, 53) and increased diffusivity
(26) values were evidenced in the SN in PD patients. However,
there is a large variability of results across studies, and these
measures do not appear useful at the individual level (54). Using
DTI, two meta-analyses reported either frontal predominance
of extranigral FA changes (55) or more widespread FA and
mean diffusivity (MD) changes involving the corpus callosum
and cingulate and temporal cortices in PD patients (56). Most
studies did not detect any significant changes using global
region-of-interest analyses in the putamen (57–61), midbrain
(62, 63), pons (57–61, 64) and cerebellum (65). Free water
is a more advanced diffusion metric derived from a bi-tensor
diffusionmodel that shows better sensitivity and reliability for the
discrimination of PD from healthy subjects. Increased free water
values have only been observed in the SN in PD (66, 67), while
no changes were found in other brain regions (66). In contrast,
using region-of-interest measurements, diffusivity changes were
measured in specific regions that are affected in PD, including
the pedunculopontine nucleus in relation to gait disorders (68),
the locus coeruleus for RBD (40), the medulla oblongata for
autonomic dysfunction (69), and basal forebrain for cognitive
decline (70).

Iron Imaging

Using R2∗ relaxometry (71, 72) or quantitative susceptibility
mapping (QSM) (71, 73, 74), an increase in iron deposition was
detected in the SN, with QSM showing greater accuracy than R2∗

relaxometry (71, 75, 76). Outside the SN, R2∗, and susceptibility
values were mostly normal in the putamen (61, 73, 74, 77).
However, an increase in susceptibility values was reported in
the red nucleus and globus pallidus of patients with late-stage
PD (73).

Summary

The neuromelanin signal decrease within the SNpc is an early
marker of Parkinsonism, useful at the individual level, meeting
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FIGURE 4 | Midbrain atrophy in PSP patients. Midsagittal T1-weighted images in a healthy control (A) and PSP patients with increasing midbrain atrophy (B–D).

Healthy subjects and PD patients show a normal convex profile of the midbrain superior surface. PSP patients present a flat (mild) or concave (moderate to severe)

aspect (dashed line). This shape is known as the “penguin” or “hummingbird” sign. HC, healthy control; PD, Parkinson’s disease; PSP, progressive supranuclear palsy.

the criteria for a level 3 biomarker. Neuromelanin signal
also correlates with the reduction of dopaminergic neurons
in the SN and may be a surrogate marker of dopaminergic
neuron degeneration (level 4). The DNH sign is also a level 3
biomarker and may hold potential for being a level 4 biomarker,
although a direct correlation with the SN degeneration has not
yet been evidenced. Neuromelanin signal decrease within the
coeruleus/subcoeruleus complex may also be used as an early
biomarker of Parkinsonism at the individual level (level 3).
Free water changes appear useful at the individual level (level
2) although their correlation with neurodegenerative changes
remains to be determined. Their use in clinical practice would
require normative values that are currently not available in
Radiology departments. Other findings were mostly shown at
the group-level (level 1), with no demonstrable clinical relevance
to date.

Progressive Supranuclear Palsy
Progressive supranuclear palsy (PSP) is a tauopathy characterized
by the presence of intracerebral depositions of Tau protein
and neurodegeneration predominant in the brainstem, basal
ganglia and cerebellar nuclei (3, 5, 6, 78, 79). PSP has a
heterogeneous clinical expression. The most common clinical
presentation of PSP is Richardson’s syndrome (PSP-RS), which
is characterized by early axial rigidity, postural instability, falls
and vertical supranuclear gaze palsy (5, 79, 80). There are a
number of other clinical phenotypes of PSP, including PSP with
predominant Parkinsonism (PSP-P), progressive gait freezing
(PSP-PGF), postural instability (PSP-PI), frontal presentation
(PSP-F), speech/language disorder (PSP-SL), ocular motor
dysfunction and corticobasal syndrome (PSP-CBS) (5, 79, 80).
Imaging patterns in PSP variants are not clearly understood since
most studies have focused on PSP-RS and/or did not differentiate
PSP variants.

Conventional and Structural Imaging

Substantia nigra
As in PD, PSP patients also show a reduction in the neuromelanin
signal and volume of the SNpc (27, 81, 82) and a loss of the DNH
sign (37). Neuropathological studies have reported a different
pattern of nigral degeneration from PD without predilection for
the lateral part (7). Only one study using neuromelanin-sensitive
imaging reported a difference between signal changes in PD and
PSP (27), but this requires further investigation.

Locus coeruleus/subcoeruleus complex
The coeruleus/subcoeruleus complex is also involved in PSP
(3, 5, 6). In line with histological studies, decreased neuromelanin
signal of the coeruleus/subcoeruleus complex has been reported
in PSP (18), but other studies did not find such changes (27).

Brainstem
Patients with PSP-RS typically exhibit marked midbrain atrophy.
The “hummingbird” sign (83), less frequently called the
“penguin” sign (84), describes the flat or concave aspect of the
midbrain tegmentum visible on midline T1-weighted sagittal
sections (Figures 3, 4). The “morning glory” sign corresponds
to the concave aspect of the lateral margin of the midbrain
tegmentum on axial slices, which is also observed in PSP-RS
(86). Although these features are suggestive of PSP-RS with a
specificity of 99.5% for the “hummingbird sign” and 97.7% for the
“morning glory sign,” they show low sensitivity (51.6 and 36.8%,
respectively) (87) (Table 2).

Several manual morphometric indexes have been proposed
as clinical biomarkers usable in individual patients. The
anteroposterior midbrain diameter has limited discriminating
power with a significant overlap of individual values (9, 44).
The midbrain midsagittal area discriminate PSP-RS from healthy
subjects and PD patients (<122 mm2) with sensitivity and
specificity above 80% and from MSA patients (<114 mm2)
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TABLE 2 | Magnetic resonance findings in progressive supranuclear palsy.

Imaging biomarker Findings Performance (sensitivity/specificity, AUC) References

MIDBRAIN

Hummingbird/penguin sign Flat or concave superior profile in

sagittal images

51.6/88.8% Mueller et al. (87)

68/88.8% Righini et al. (44)

Morning glory sign Concavity of the lateral margin of

the midbrain on axial images

36.8/97.7% Mueller et al. (87)

Anteroposterior diameter <8.9 vs. PD and MSA 90/90%, AUC 0.94 Mangesius et al. (43)

<12mm vs. PD Righini et al. (44)

Sagittal area <122 mm2 vs. PD 83/84% Moller et al. (45)

<117 mm2 vs. MSA-P 76/82%

<114 mm2 vs. MSA-C 74/81%

Midbrain/pons ratio <0.18 vs. PD and MSA 81/87% Mangesius et al. (43)

<0.215 vs. PD and MSA-P 76.4/80% Moller et al. (45)

<0.275 vs. MSA-C 96.2/81% Moller et al. (45)

MRPI >13.6 vs. PD and HC 100/100% Quattrone et al. (46)

>12.9 vs. MSA-P 100/100% Quattrone et al. (46)

MRPI 2.0 >2.5 vs. PD and HC 100/100% Quattrone et al. (85)

FLAIR signal Increased vs. PD 28/100% Righini et al. (44)

Diffusivity Increased vs. PD and MSA-P 81/81%, AUC: 0.90 Surova et al. (62)

Tsukamoto et al. (63)

SUPERIOR CEREBELLAR PEDUNCLES

Volume Reduced vs. PD and MSA 74/94% Paviour et al. (88)

Quattrone et al. (46)

FLAIR signal Increased 19.6/100% Kataoka et al. (89)

Diffusivity Increased

• vs. PD 100/100% Nicoletti et al. (90)

• vs. MSA-P 96.4/93.3%

PUTAMEN

Volume Reduced vs. PD AUC: 0.93 Pyatigorskaya et al. (18)

Messina et al. (48)

Diffusivity Increased vs. PD 75/100% Nicoletti et al. (58)

90/100% Schocke et al. (91)

Susceptibility, R2* Increased vs. PD AUC: 0.83 Sjöstrom et al. (74)

Lee et al. (77)

THALAMUS

Volume Decreased vs. PD and MSA-P AUC: 0.86 Pyatigorskaya et al. (18)

Messina et al. (48)

Surova et al. (62)

Diffusivity Increased vs. PD and MSA-P 81/77%, AUC: 0.81 Surova et al. (62)

GLOBUS PALLIDUS

Volume Decreased vs. PD and MSA-P AUC: 0.86 Lee et al. (77)

Messina et al. (48)

Surova et al. (62)

Diffusivity Increased –––– Nicoletti et al. (58)

Seppi et al. (92)

Schocke et al. (91)

Susceptibility Increased Sjöstrom et al. (74)

• vs. PD AUC: 0.75

• vs. MSA AUC: 0.73

RED NUCLEUS

Susceptibility Increased Sjöstrom et al. (74)

• vs. PD AUC: 0.97

• vs. MSA AUC: 0.75

CORTICAL REGIONS

Frontal cortex Atrophic –––– Worker et al. (93)

Huppertz et al. (94)

The table provides optimal cut-off points with the corresponding sensitivity and specificity, as proposed by the studies. AUC values were reported when available. These values

depend on which disease groups are compared. They were not validated and may vary from one study to another. The patient characteristics for each reference are listed in the

Supplementary Table.

AUC, area under the ROC curve; DP, proton density-weighted; HC, healthy controls; MRPI, Magnetic Resonance Parkinsonism Index; MSA, multiple system atrophy; MSA-C, cerebellar

variant of MSA; MSA-P, Parkinsonian variant of MSA; PD, Parkinson’s disease; PSP-RS, progressive supranuclear palsy with Richardson syndrome; SWI, susceptibility-weighted imaging.
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with a lower sensitivity (45). The midbrain to pons midsagittal
surface ratio (<0.18) has a sensitivity and specificity >90% in
differentiating PSP-RS from healthy subjects, PD and MSA-
P patients (43, 46), although some studies have found lower
accuracies (45).

The superior cerebellar peduncles (SCPs) are atrophic in
PSP, while the middle cerebellar peduncles (MCPs) are relatively
spared, resulting in an increase in the MRPI in PSP. Compared to
the midbrain to pons ratio, the MRPI showed better performance
for the differentiation of PSP-RS from PD (when > 13.6) and
from MSA-P (when > 12.9), with very good (43) to excellent
sensitivity and specificity (46, 95, 96) (Figure 3, Table 2). Manual
and automated approaches have shown similar performance for
measuring the MRPI (96). A recent study has validated the
use of a web platform providing an automated calculation of
the MRPI, suggesting that the approach could be applicable
in clinical practice (97). Automated MRPI values showed high
performance in differentiating PSP-RS and PSP-P patients from
non-PSP participants (93.6 and 86.5% accuracy, respectively).
Differentiation was also good at the early stage of the disease (90.1
and 85.9%, respectively) (97). More recently, the MRPI 2.0 has
been introduced to improve the discrimination of PSP-P from
PD over that of the MRPI (sensitivity: 100% for the MRPI 2.0
vs. 73.5% for the MRPI) (85). Abnormal MRPI and MRPI 2.0
values also appeared to be early features of PSP-P (98) (Figure 3,
Table 2).

In line with studies based on morphometric measurements,
group-level studies using voxel-by-voxel analyses (49, 94, 99) or
automated segmentation software, such as Freesurfer (48, 100)
have reported volume reductions in the brainstem, including the
midbrain and superior cerebellar peduncles, in PSP-RS.

Longitudinal studies have shown that the rates of midbrain
atrophy in PSP (2.2 ± 1.5% per year) were seven times greater
than those in healthy subjects (47). Furthermore, motor deficit
severity correlates with midbrain atrophy (47). Similarly, the rate
of progression of brainstem atrophy measured by the MRPI and
MRPI 2.0 over 1- and 2-years intervals was higher in PSP patients
than in PD patients (101). The progression rate was greater in
PSP-RS patients than in PSP-P patients (101).

There is evidence that midbrain atrophy is a marker of PSP-
RS phenotype rather than PSP pathology, as suggested by the
absence ofmidbrain atrophy in patients with autopsy-proven PSP
without clinical presentation of PSP-RS (9, 102). Other studies
have also foundmidbrain atrophy in PSP variants, including PSP-
P (9, 46, 98, 103), PSP-SL (102, 104, 105), and PSP-F (9, 102, 106),
although it is typically less severe in these variants than in PSP-RS
(9, 103, 107).

Other regions
In PSP-RS, among the basal ganglia, the volumes of the putamen
and globus pallidus are smaller than those in PD, and the volume
of the thalamus is smaller than that in MSA-P (8, 9, 48, 62).
The usefulness of these findings at the individual level remains
to be determined (9). Cortical atrophy with preferential frontal
involvement has been demonstrated in PSP-RS patients but not
in healthy subjects, PD and MSA patients at the group level (18,
93, 94). Frontal atrophy also occurs in PSP variants, particularly
in PSP-F (9, 106), PSP-SL (9, 108), and PSP-CBS (9, 109), and to

a greater extent than that of PSP-RS, probably reflecting different
pathological loads between the brainstem and the cortex (9). The
rate of frontal atrophy in PSP was shown to be three times that of
healthy subjects and twice that of PD (47). Executive dysfunction
correlated with increased rates of frontal atrophy in PSP (47).

Diffusion Imaging

In the SN, decreased FA (18) and increased free water (66) have
been reported at the group level in PSP. Diffusion-weighted
imaging (DWI) studies using manual measurements of apparent
diffusion coefficient (ADC) and DTI studies in PSP-RS patients
have demonstrated increased diffusivity values in the putamen,
the caudate nucleus and the globus pallidus compared with those
in PD patients and healthy subjects (58, 63, 92, 110, 111), as
well as in the thalamus (58), the midbrain (18, 63, 110), the
SCP (90, 110, 112), and the precentral and prefrontal white
matter (58, 110) compared with those in PD, MSA and healthy
subjects (58, 110, 111). In the SCP, ADC values were higher
in PSP-RS than in healthy subjects and PD patients with a
sensitivity of 90–100% and a specificity of 85–100% (90, 111) and
in MSA-P patients with a sensitivity of 96.4% and a specificity
of 93.3% (90), supporting the use of this measurement as a
level 2 biomarker (9). Putamen diffusivity values were higher
in PSP than in PD but overlapped between PSP and MSA-
P (57, 90, 92, 113). Diffusivity in the thalamus was greater
in PSP patients than in MSA patients (62) (Table 2). Reduced
FA has been reported in the midbrain, pons, SCP, thalamus,
cerebellar white and gray matter, dentate nucleus, corpus
callosum, the precentral, superior frontal and parieto-occipital
gray matter and the precentral white matter of PSP patients
compared to healthy subjects and PD patients (18). In line with
these results, free-water measurements were increased in the
basal ganglia, midbrain, thalamus, dentate nucleus, cerebellar
peduncles, cerebellar vermis and lobules V and VI, and corpus
callosum in PSP patients compared with those in PD patients and
healthy subjects (66). Free water-corrected fractional anisotropy
values were increased in the putamen, caudate, thalamus, and
vermis and decreased in the superior cerebellar peduncle and
corpus callosum (66).

Tractography studies have shown more specific involvement
of the SCP, corpus callosum and superior longitudinal fasciculus
in PSP than in PD and MSA-P (9).

Iron-Sensitive Imaging

PSP patients show increased iron deposition in many regions.
R2∗ relaxation rates were increased in the putamen, caudate
nucleus and globus pallidus compared to those in PD patients
and healthy subjects (77, 114). R2∗ and QSM values in the
putamen overlapped between PSP and MSA (74, 113). Using
QSM, PSP patients had higher susceptibilities in the basal ganglia
and thalamus than healthy subjects and early-stage PD patients
(115) and in the red nucleus than in MSA patients (74) (Table 2).

Other Biomarkers

Other techniques have been investigated in a research setting,
with differences only being observed at the group level.
Compared to that in healthy subjects, the magnetization transfer
ratio in PSP patients was reduced in the globus pallidus,
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putamen, caudate nucleus, SN, and white matter, possibly
reflecting changes in the degree of myelination or axonal
density in the affected structures (116). Using spectroscopy,
metabolic changes were observed in the basal ganglia and the
frontal areas. Reduced N-acetylcholine (NAA)/creatine (Cr) or
NAA/choline (Cho) ratios were reported in the lentiform nucleus
(117–121), and a reduced NAA/Cr ratio was reported in the
frontal cortex (117). Using resting-state fMRI, PSP patients have
shown connectivity disruptions between the dorsal midbrain
tegmentum and subcortical and cortical networks, including
those involving the cerebellar, diencephalic, basal ganglia, and
cortical regions (122), and between the thalamus and the
striatum, supplementary motor area and cerebellum (123). These
findings help to understand the pathophysiology of Parkinsonism
but are of little use in discriminating diseases.

Summary

Measurements of midbrain atrophy including the midbrain to
pons ratio, the MRPI and the MRPI 2.0 are the most robust
biomarkers for clinical diagnosis of PSP-RS at the individual
level (level 2). Frontal atrophy in addition to midbrain atrophy
has also been reported as a level 2 biomarker although the
degree of evidence appears lower. Further, the midbrain to pons
ratio, the MRPI and the MRPI 2.0 have proven to be useful for
the early diagnosis of PSP-RS (level 3), but their relevance at
the prodromal stage of the disease remains unclear. Increased
MRPI and the MRPI 2.0 also appear to be early features in
PSP-P (98). Relevant biomarkers have not yet been validated for
other PSP variants. Diffusivity in the SCP has shown accuracies
above 90% for the differentiation of PSP-RS from PD and MSA,
suggesting its clinical utility as a level 2 biomarker. However,
normative values in healthy subjects and cut-off values still need
to be defined.

Multiple System Atrophy
Multiple system atrophy (MSA) is a synucleinopathy
characterized by the accumulation of alpha-synuclein within
glial cytoplasmic inclusions (3, 4, 78). MSA patients typically
present with autonomic dysfunction with a variable degree of
Parkinsonism, more predominantly in the Parkinsonian variant
(MSA-P), and with cerebellar signs, more predominantly in the
cerebellar variant (MSA-C). MSA-P is mainly associated with
changes in the putamen, whereas MSA-C shows prominent
involvement of the cerebellum, pons and MCP (3, 4, 8, 78).
Striatonigral degeneration and olivopontocerebellar atrophy
often overlap in MSA patients (3, 4), and a clinical and brain
imaging continuum exists between both variants as the disease
evolves (3, 4, 78, 124).

Conventional and Structural Imaging

Substantia nigra
Nigral abnormalities can be depicted using neuromelanin-
sensitive imaging (27, 81, 82) and SWI (37). Neuropathological
descriptions and neuromelanin-based imaging studies have
shown a similar pattern of nigral degeneration between MSA-P
and PD, with a greater involvement of the lateral part of the SNpc
(7, 27).

Locus coeruleus/subcoeruleus complex
The locus coeruleus/subcoeruleus complex may be involved in
MSA (3), resulting in signal loss on neuromelanin-sensitive
imaging (27) that is less severe than that in PD patients (3, 27).

Basal ganglia, brainstem and cerebellum
In MSA-P, the putamen is atrophic, with a characteristic
flattening of its lateral border, hypointense on T1-weighted
gradient echo images, and hypointense in SWI due to the
presence of iron deposits (125) (Figure 5). This hypointensity
is surrounded by a rim of hyperintensity at its dorsolateral
margin on proton density- and T2-weighted images (126)
(Figure 5). In line with the underlying neuropathology (3), these
signal changes are typically more prominent on the posterior
part of the putamen (125). A hyperintense putaminal rim
may occasionally be seen in PD patients and healthy subjects
(3, 87, 95, 97). Signal abnormalities are influenced by the
sequence parameters and the magnetic field strength of the
MRI scanner (112). Hypointensity in the putamen have been
shown to be greater using SWI than T2∗- and T2-weighted
images and increased with field strength (127). Therefore,
overall sensitivity values are extremely variable across studies,
ranging from 38 to 100% for T2 hypointensity in the putamen
and from 56 to 90% for the hyperintense dorsolateral rim,
whereas specificity values varied between 87 and 100% in
distinguishing MSA-P patients from PD or healthy subjects (125)
(Table 3).

In MSA-C, the pons is atrophic, showing areas of increased
signal intensity on proton density-weighted images affecting the
transverse pontine fibers with the shape of a cross, well-known as
the “hot cross bun” sign (126) (Figure 6). This sign has limited
specificity, as it can be encountered in other pathologies, such as
spinocerebellar ataxia (128). The MCPs present with atrophy and
T2 hyperintensity, and the cerebellum is atrophic (8) (Table 3).

Regional brain atrophy can be quantified. While PSP patients
have greater midbrain and SCP atrophy, MSA-C patients have
predominant atrophy in the pons and MCPs, resulting in
increased midbrain to pons ratio and decreased MRPI, with
sensitivity and specificity equal to 95% and 100% for the
categorization of MSA-P and PSP patients, respectively (46).
Therefore, the midbrain to pons ratio and the MRPI could be
suggested as level 2 biomarkers.

In MSA-P, atrophy rates have been shown to be greatest in
the pons, equal to 4.5 ± 3.2% per year, over 20 times that in
healthy subjects and three times the rate of pontine atrophy in
PSP. Atrophy rates in the cerebellum (3.2 ± 1.9% per year) were
more than ten times higher than those of healthy subjects and
twice that of PSP (47). The severity of motor deficit correlated
with ponto-cerebellar atrophy in MSA-P (47).

Diffusion

InMSA-P, diffusivity of the posterior putamen is increased, which
is visible by simple inspection of ADC maps and can also be
quantified (Figure 5). DWI studies have consistently reported
an increase in ADC and Trace(D) values in the putamen in
MSA-P compared to healthy subjects and PD patients (57–
61, 90, 92, 129, 130), with an overall sensitivity of 90% and

Frontiers in Neurology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 665138

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chougar et al. MRI Findings in Atypical Parkinsonism

FIGURE 5 | Putaminal abnormalities in MSA-P. Axial T1 (A,F), proton density (B,G), and susceptibility (C,H) weighted images and R2* (D,I) and ADC (E,J) maps

passing through the putamen in a healthy control (upper row) and a patient with MSA-P (lower row). The posterior putamen are atrophic (F, arrows), showing a lateral

hyperintense rim (G, dashed arrows), a hypointensity on susceptibility-weighted images (H, *) associated with increased R2* values (I, curved arrows), reflecting

elevated iron depositions, and increased ADC values (J, arrowheads). ADC, apparent diffusion coefficient; HC, healthy control; MSA-P, Parkinsonian variant of multiple

system atrophy; R2*, T2* relaxation rate.

specificity of 93% in discriminating MSA-P from PD patients
in a recent meta-analysis (57). These diffusion abnormalities
were greater in the posterior putamen (59, 63, 129). UPDRS
motor scores correlated positively with Trace(D) values in both
the entire and posterior putamen in MSA-P patients (60).
However, the ability of diffusivity measurements in the putamen
to distinguish MSA and PSP is debated. Some studies have
reported reliably higher ADC values in MSA-P than PSP (58,
111), while others have described a significant overlap of values,
which would limit the interest for discriminating individual
patients (57, 58, 129).

Other diffusion abnormalities in MSA-P involve the MCPs,
the pons and the cerebellum (58–61, 64, 90–92, 130), reflecting
a certain degree of olivopontocerebellar changes in addition to
striatonigral degeneration (58). Increased ADC values in the
MCPs allow complete differentiation of MSA-P from PD and PSP
patients with 100% sensitivity and specificity (58). FA values are
decreased in the MCP and pons (64). Diffusivity in the putamen
and theMCP could therefore improve the categorization between
MSA-P and MP on an individual basis. Increased diffusivity
was also observed in the thalamus of MSA-P patients (58–
61, 90–92) but to a lesser extent compared to PSP patients (62)
(Table 3).

In MSA-C, the MCPs and cerebellum are more affected and
the putamen is less affected than in MSA-P (8, 131, 132). Mean
diffusivity in the cerebellum seems to be a robust discriminating
marker, allowing the differentiation of MSA-P and MSA-C from
PD and PSP-RS patients with a 100% positive predictive value
(65) (Table 3).

Increased disease duration correlated with increased Trace(D)
values in the pons of MSA-P patients and in the cerebellum and
MCPs of MSA-C patients (64, 91).

Iron-Sensitive Imaging

MSA patients have greater iron deposits in the putamen
than healthy subjects and PD patients (115), with greater
involvement of the posterolateral part of the putamen (115,
133) (Figure 5). Increased R2∗ values in the putamen showed
78% sensitivity and 100% specificity for the discrimination
of MSA-P patients from healthy subjects and PD patients
(61, 77, 113). R2∗ values correlated positively with atrophy of
the putamen (77). Similar differences are observed between
MSA-C and PD (61). Using QSM, susceptibility values were
also shown to be increased in MSA compared to PD (74).
The combination of mean diffusivity and R2∗ measurements in
the putamen improved the distinction between MSA-P and PD
patients, resulting in an accuracy of 96% (61). Although the
signal decrease due to the presence of iron deposits observed
using SWI in the putamen is visually greater in MSA-P than
PSP, there is a significant overlap of R2∗ and susceptibility
values in the putamen between the two diseases (74, 113)
(Table 3).

Other Biomarkers

The magnetization transfer ratio was reduced in the putamen
of MSA patients (116). Using spectroscopy, decreased
NAA/Cr and Cho/Cr ratios were reported in the lenticular
nucleus in MSA-P compared to those in healthy subjects.
The NAA/Cr ratio in the lenticular nucleus (118) and
NAA/Cr in the cerebellum were decreased in MSA-C
(134). The NAA/Cr ratio was decreased in the pons in
both MSA types (135). Resting-state fMRI studies have shown
connectivity abnormalities in the primary sensorimotor
and premotor cortex and prefrontal, inferior parietal and
occipital areas in MSA-C and MSA-P patients. Unlike in
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TABLE 3 | Magnetic resonance findings in multiple system atrophy.

Imaging biomarker Findings Performance (sensitivity/specificity, AUC) References

PONS

Sagittal area MSA-P vs. PD <553 mm2 61.7/75.0% Moller et al. (45)

MSA-C vs. PD <538 mm2 81.0/82.8%

Midbrain/pons ratio MSA-P vs. PSP >0.215 76/80% Moller et al. (45)

MSA-C vs. PSP >0.275 96.0/81.2%

MSA-C vs. PD >0.290 81.0/79.9%

MRPI MSA-P vs. PSP <12.9 100/100% Quattrone et al. (46)

Signal on PD-w images Hot cross bun sign –––– Way et al. (128)

Diffusivity Increased –––– Nicoletti et al. (58, 90)

Pellecchia et al. (94, 99)

Schocke et al. (91)

Seppi et al. (92)

Seppi et al. (129, 130)

Barbagallo et al. (61)

Chen et al. (64)

MIDDLE CEREBELLAR PEDUNCLE

Volume Decreased –––– Quattrone et al. (46)

Signal on T2-w images High signal –––– Heim et al. (3)

Diffusivity Increased 100/100% Nicoletti et al. (58)

MSA-P vs. PD and PSP

PUTAMEN

Volume Reduced –––– Seppi et al. (129, 130)

Messina et al. (48)

Scherfler et al. (100)

Huppertz et al. (94)

Signal on SWI Hypointensity –––– Seppi et al. (129, 130)

Signal on T2/PD-w images Hyperintense dorsolateral rim –––– Seppi et al. (129, 130)

Watanabe et al. (126)

Diffusivity Increased

• vs. PD 90–100/93–100% Bajaj et al. (72)

• vs. PSP 100/81.2% Nicoletti et al. (58)

Pellecchia et al. (94, 99)

Schocke et al. (91)

Seppi et al. (92)

Seppi et al. (129, 130)

Barbagallo et al. (61)

R2* Increased 77.8/100% Focke et al. (113)

Barbagallo et al. (61)

Lee et al. (77)

Susceptibility Increased vs. PD AUC: 0.77 Sjöstrom et al. (74)

CEREBELLUM

Volume Decreased –––– Scherfler et al. (100)

Huppertz et al. (94)

Diffusion Increased vs. PD and PSP 100/100% Nicoletti et al. (65)

AUC values were reported when available.

AUC, area under the ROC curve; DP, proton density-weighted; HC, healthy controls; MRPI, Magnetic Resonance Parkinsonism Index; MSA, multiple system atrophy; MSA-C, cerebellar

variant of MSA; MSA-P, Parkinsonian variant of MSA; PD, Parkinson’s disease; PSP-RS, progressive supranuclear palsy with Richardson syndrome; SWI, susceptibility-weighted imaging.

patients with PD, decreased or increased connectivity in
different regions of the visual associative cortices and decreased
connectivity in the right cerebellum were observed in MSA
patients (136).

Summary

Although morphometric measurements, such as the midbrain
to pons ratio and the MRPI were initially designed for PSP,
these indices also allow differentiation MSA from PSP and PD.
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FIGURE 6 | Findings in MSA-C patients. Axial T1-weighted (A), FLAIR (B), and proton density-weighted (C) images at the level of the pons and cerebellum in a

patient with MSA-C. The pons (arrow) and the cerebellum (dashed arrow) are atrophic with an enlarged fourth ventricle (arrowhead) (A). Middle cerebellar peduncles

are hyperintense on FLAIR images (*) (B). A “hot cross bun sign” is well visible in the pons (curved arrow) (C). MSA-C, cerebellar variant of multiple system atrophy.

Thus, they could be used as clinical biomarkers for MSA (level
2). Other level 2 biomarkers include the characteristic shape of
the putamen, T2∗ and SWI signal decrease and ADC increase
in the posterior putamen in MSA-P, and atrophy of the pons,
cerebellar peduncles and cerebellum with the cross-bun sign in
MSA-C. The potential utility of these measurements for the early
diagnosis has to be investigated. Putamen abnormalities assessed
by quantitative MRI techniques contribute to the diagnosis of
MSA-P as level 2 biomarkers, although there is a significant
overlap of diffusivity and R2∗ values between PSP and MSA-
P. Other potential clinical biomarkers include diffusivity in the
MCP and the cerebellum.

MACHINE-LEARNING-BASED
DIFFERENTIATION OF PARKINSONIAN
DISORDERS

Very promising results have been obtained by combining fully
automated quantitative MRI analysis with machine learning
approaches to discriminate between Parkinsonian syndromes
(94, 100, 137). Machine learning algorithms first learn to
classify individual patients into different diagnostic categories
using training data sets and then are applied to a new test
data set. The algorithm then classifies each new subject in
one of the groups of patients (138). Diagnostic precision is
usually assessed with accuracy or balanced accuracy, which
takes into account the differences in the number of subjects
between the groups (94). A large multicenter study (n = 464)
including healthy subjects (n = 73) and patients with PD
(204), PSP-RS (109), MSA-P (20), and MSA-C (59) using a
support vector machine (SVM) trained with MRI morphometric
data reported balanced accuracies above 80% for between-
group classification (94). The volumes of the midbrain, basal
ganglia, and cerebellar peduncles had the largest contribution to
group differentiation (94). Another volumetric study including
110 Parkinsonian patients in the early to moderate stages of
the disease (40 PD, 40 MSA, 30 PSP) using measurements
in 22 subcortical regions showed an accuracy of 97.4% for

the discrimination of PD from to MSA and PSP (100).
In contrast, the diagnostic accuracy using validated clinical
consensus criteria obtained at the time of MRI acquisition was
only 62.9%. The midbrain, putamen and cerebellar gray matter
volumes were the most significant brain regions involved in this
classification (100).

Combining volumetric measures with diffusion or iron
measures could improve categorization. In one study, the
combination of volumetry and DTI metrics allowed 100%
accuracy in the discrimination of PD and PSP patients using
SVM (99). Adding R2∗ values to volumetry and DTI metrics
resulted in 95% accuracy for the classification of PD, MSA-
C and MSA-P patients in another study (139). Machine
learning approaches appeared also applicable to data from
different clinical departments and MRI scanners. A recent
multicenter study used free water and free water-corrected
fractional anisotropy measurements as input for a linear SVM
algorithm to differentiate between Parkinsonian syndromes
(140). This automated pipeline was referred to as automated
imaging differentiation in Parkinsonism (AID-P). The study
included the largest cohort of subjects to date (n = 1,002)
collected from 17 international sites using MRI scanners
from different vendors. Three models were tested, which
included diffusion imaging measurements from several brain
regions, scores from the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale part III (MDS-UPDRS III),
and both diffusion imaging and MDS-UPDRS III. In the
differentiation of PD from atypical Parkinsonism, diffusion
imaging plus MDS-UPDRS III showed a significantly higher
AUC (0.962) than the MDS-UPDRS III score alone (0.775),
similar to that of diffusion imaging alone (0.955). Similarly,
diffusion imaging plus MDS-UPDRS III (AUC 0·897) and
diffusion imaging alone (AUC 0.926) significantly outperformed
MDS-UPDRS III alone (AUC 0.582) in the differentiation
of MSA from PSP. Harmonization of diffusion imaging data
did not significantly improve the performance of machine
learning models. These fully automated approaches promise to
be highly generalizable (140). Further studies including PSP
variants are needed, however. In addition, validation as part
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of the diagnostic assessment of clinical populations would
make it possible to implement machine learning approaches in
clinical practice.

CONCLUSION

Research using multimodal MRI in Parkinsonian syndromes has
enabled the development of several in vivo biomarkers, some
of which have demonstrated individual-level diagnostic utility.
SNpc neurodegeneration in Parkinsonism is evidenced by a
reduction in neuromelanin-sensitive signal and a loss of DNH
in SWI. Similarly, the decrease in neuromelanin-sensitive signal
in the coeruleus/subcoeruleus complex, which is associated with
RBD, is an early marker of PD and MSA, and may be considered
a surrogate biomarker for the degeneration of catecholaminergic
neurons in this complex. However, to date, there is no definitive
MRI biomarker of Parkinsonism. Overall, apart from SN changes
and from the quantitative changes in specific regions of interest
reported in group studies, conventional MRI used in clinical
practice is generally normal in early PD patients. The midbrain to
pons ratio and the MRPI are robust clinical biomarkers of PSP-
RS, while abnormalities in the putamen (atrophy, flattening of

the lateral border, T2, T2∗ and SWI signal changes, and increased
diffusivity) and in the pons and cerebellum (atrophy and signal
changes) strongly suggest the diagnosis of MSA-P and MSA-
C, respectively. Diffusion imaging and R2∗ relaxometry allow
accurate differentiation of groups, but the lack of normative and
cut-off values, which vary with scanners, still hampers their use
in clinical routine. New consensus criteria for the diagnosis of
Parkinsonian syndromes incorporating MRI biomarkers should
be considered in the future. Diagnostic accuracy could also
benefit from machine learning approaches at a time when
artificial intelligence promises to play a growing role in medicine.
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Objective: Motor asymmetry is characteristic in Parkinson disease (PD). This

phenomenon is originated from uneven degeneration of bilateral substantia nigra.

However, this asymmetry may not restrict to substantia nigra or striatum. We aimed to

determine the effect of asymmetry on spontaneous brain activity across the whole brain.

Methods: We consecutively recruited 71 patients with PD, as well as 35 healthy controls,

and collected relevant demographic, clinical, and neuropsychological information. The

PD patients were divided into two groups according to the side of motor symptom onset.

All the participants underwent resting-state functional magnetic resonance imaging, and

spontaneous brain activity was assessed using amplitude of low-frequency fluctuation

(ALFF). The associations between areas showing significant group differences and

various clinical and neuropsychological measures were analyzed.

Results: Finally, the data of 30 PD patients with left-onset (LPD), 27 PD patients with

right-onset (RPD), and 32 healthy controls were obtained. The three groups had similar

age and gender ratios. Our results demonstrated that LPD patients had increased ALFF in

the left inferior temporal gyrus and decreased ALFF in bilateral thalamus and cerebellum

anterior lobes than the control group. The value of ALFF of the left inferior temporal gyrus

was correlated with motor function, and ALFF value of the thalamus was associated with

cognition. Comparisons between LPD and RPD patients and between RPD patients and

the controls did not yield significant difference.

Conclusions: The present study provides new insights into the distinct characteristics

of spontaneous brain activity in LPD, which may be associated with motor and

cognitive function.

Keywords: Parkinson’s disease, resting-state functional MRI (rs-fMRI), amplitude of low frequency fluctuation

(ALFF), asymmetry, spontaneous brain activity

INTRODUCTION

Parkinson disease (PD) is a common neurodegenerative disorder andmanifests asmotor symptoms
including bradykinesia, resting tremor, and rigidity, as well as a series of non-motor symptoms
(1). One enigmatic characteristic of PD is the asymmetry of motor symptoms, which presents
since disease onset and persists along with disease progression (2, 3). This asymmetry of motor
symptoms is unique among various neurodegenerative disorders with parkinsonian syndromes
and can serve as a clue for differential diagnosis (4). The mechanism underlying motor symptoms
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asymmetry is the unequal degeneration of dopaminergic neurons
in the midbrain and consistently revealed through autopsy,
positron emission tomography, and single-photon emission
tomography examinations (5–7).

Furthermore, motor asymmetry also affects non-motor
profiles, such as cognitive impairment, psychiatric symptoms,
pain, sleep disorders, and olfactory function (8–12). Regarding
cognitive function, patients with right-sided PD (RPD) typically
have language-related impairments, whereas patients with left-
sided PD (LPD) mainly have visuospatial-associated dysfunction
(8). The mechanism how lateralization influences non-motor
symptoms is still elusive. Unequal impairments of bilateral
dopaminergic circuits might partially underlie this phenomenon;
more widespread destructions involving multiple brain areas
may also account for the impact of lateralization on various
non-motor symptoms (8, 13).

A variety of magnetic resonance imaging (MRI) techniques
contributes to our improved understanding on structural and
functional asymmetric impairment of the brain in PD. A
longitudinal study demonstrated that the lateral ventricular
volume contralateral to motor symptom onset increased faster
than that ipsilateral to motor symptoms onset (14). Magnetic
resonance imaging using voxel-based morphometry has revealed
that LPD patients had gray matter volume loss primarily in the
right hemisphere (15). Diffusion tensor imaging has shown that
the substantial nigra contralateral to the side with more severe
symptoms had a larger decrease in fractional anisotropy than
the opposite side (16). Functional MRI (fMRI) is a valuable tool
for the revelation of brain activity and has been used in the
exploration of functional substrate of asymmetrical impairment
in PD.

Functional MRI can be classified into task-based fMRI and
resting-state fMRI (rs-fMRI). The former requires the subject
to perform a specific task; the latter needs almost no effort
from the patient (17). To date, there have been only few studies
employing rs-fMRI in the topic of asymmetry of PD. Tang
et al. (18) used whole-brain functional connectivity in mild–
moderate PD patients and found that RPD patients had more
functional connectivity abnormalities, especially in the brain
regions of the left hemisphere belonging to the somatosensory
and motor networks, as well as the default mode network.
Another study using rs-fMRI analyzed the associations between
brain functional connectivity and PD symptoms. They found that
Movement Disorder Society (MDS)–Unified PD Rating Scale
(UPDRS) part I score was correlated with functional connectivity
centered in the inferior orbitofrontal area ipsilateral to the side of
more severe motor symptoms, and MDS-UPDRS part III score
was correlated with functional connectivity of inferior parietal
contralateral to the side of more severe motor symptoms (19).
Huang et al. (20) assessed regional homogeneity (ReHo) in
the striatum as a measure of brain activity and tested the PD
patients’ feedback-based associative learning. In their study, LPD
patients performed worse than did RPD patients and controls,
and this cognitive impairment was associated with ReHo in the
right dorsal rostral putamen (20). Amplitude of low-frequency
fluctuations (ALFF) is a widely used measure that conveniently
reflects regional spontaneous activities of the whole human brain

(21). Previous studies on PD using ALFF have indicated that the
changes in brain function did not restrict to basal ganglia, but also
involved various cerebral areas (22, 23). However, these studies
combined LPD and RPD patients as a single group and thus
could not reveal differences between spontaneous brain activities
of these two subgroups. Therefore, the present study aimed to
assess the influence of motor asymmetry on brain activities in PD
with the help ALFF.

METHODS

Participants
From 2012 to 2014, we consecutively enrolled 71 patients
with idiopathic PD, and 35 age-, sex-, and general cognitive
status–matched controls with no history of neurological or
psychiatric disorders. All the patients were diagnosed according
to the United Kingdom Parkinson’s Disease Society brain bank
diagnostic criteria (4).

Demographic and clinical information was collected from all
the participants. Side of motor symptom onset was determined
by medical history and confirmed by neurological examinations.
The patients whose side of onset could not be ascertained would
be excluded. Patients with dementia, moderate to severe head
tremor, head trauma, deep brain stimulation, alcohol or drug
abuse, or with other neurological or psychiatric disorders were
excluded. Participants who were left-handed were also excluded
from this study.

All the PD patients underwent MRI examination and
motor and non-motor function evaluations in a practically
defined “off” state, after withdrawing all the antiparkinsonian
medications for ∼12 h. UPDRS, Hoehn-Yahr staging, Mini-
Mental State Examination (MMSE), HamiltonDepression Rating
Scale (HAMD), Hamilton Anxiety Rating Scale (HAMA), and
Non-Motor Symptoms Questionnaire (NMSQ) were assessed
in all the PD patients. The control subjects were evaluated
by MMSE.

The study was in accordance with relevant guidelines and
regulations and approved by the ethics committee of Beijing
Hospital. This study was carried out according to the Declaration
of Helsinki. All the subjects gave written informed consent prior
to participation.

MRI Data Acquisition
All the MRI scans were performed on a 3.0-T scanner (Achieva
TX; Philips Medical Systems, Best, the Netherlands) at Beijing
Hospital. Foam padding and headphones were used to minimize
head motion and reduce scanning noise. Participants were asked
to lie still, relax, keep their eyes closed, and remain awake through
the entire scan. High-resolution T1-weighted images (three-
dimensional turbo field echo) were acquired with the following
parameters: repetition time (TR) = 7.4ms, echo time (TE) =
3.0ms, flip angle = 8◦, field of view (FOV) = 240 × 240mm,
matrix size = 256 × 256, voxel dimensions = 0.94 × 0.94 ×

1.20mm, slice thickness= 1.2mm, 140 slices. Functional images
were obtained using axial echo-planar imaging with the following
parameters: TR = 3,000ms, TE = 35ms, flip angle = 90◦, FOV
= 240 × 240mm, matrix size = 64 × 64, voxel dimensions 3.75
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× 3.75 × 4.00mm, slice thickness = 4mm, slices = 33, time
points= 210.

rs-fMRI Data Preprocessing
Resting-state fMRI data preprocessing and ALFF computation
were carried out using RESTplus V 1.2 (24), which is a toolkit
based on SPM 12 (http://www.fil.ion.ucl.ac.uk/spm). Generally,
the preprocessing pipeline included (1) the first 10 volumes
were discarded for participants’ acclimatization and signal
equilibrium. (2) The remaining 200 time points were corrected
for slice-timing. (3) Realignment to account for head motion.
Subjects were excluded if their head motion exceeded 2mm
in displacement or 2◦ in rotation. (4) Functional images were
coregistered to the structural T1 images and were normalized
to the Montreal Neurological Institute (MNI) template using
the coregistered T1 images (by DARTEL) (25). Then they were
resliced to a resolution of 3 × 3 × 3 mm3. (5) Smoothing using
a Gaussian kernel (6-mm full-width-half-maximum, FWHM).
(6) Detrending was employed to reduce the systematic shift. (7)
Nuisance covariates regression, which regressed out Friston-24
head motion parameters (26), white matter and cerebrospinal
fluid signals.

ALFF Calculations
Amplitude of low-frequency fluctuation was calculated using
RESTplus V 1.2, and the algorithms have been published
previously (21). Briefly, the time series of all the voxels were
converted to the frequency domain using fast Fourier transform.
Then the power spectrum was obtained across the frequency of
0.01–0.1Hz. Afterward, the ALFF value of each voxel was divided
by the global mean ALFF value for the standardization across
participants. After the ALFF computation, band-pass filtering
(0.01 < f < 0.1Hz) was performed to remove the influences of
low-frequency drift and high-frequency physiological noise.

Statistical Analysis
Demographic and clinical variables were analyzed using SPSS
(version 23.0; IBM Corp, Armonk, NY, USA). Data are presented
as mean ± standard deviation unless stated otherwise. The
Kolmogorov–Smirnov test was applied to assess data normality.
The one-way analysis of variance or Kruskal–Wallis test was
employed to test differences of numerical variables between the
LPD, RPD, and control groups.χ2 or Fisher exact test was used to
compare categorical variables between groups. Differences were
considered statistically significant when p < 0.05.

Statistical analysis of ALFF was performed using DPABI
[Data Processing and Analysis for (Resting-State) Brain Imaging]
V4.2 (27). Comparisons between the LPD, RPD, and control
groups were conducted using the analysis of covariance model.
We used a gray matter mask and set age and gray matter
density as covariates to control for the effects of age and
structural differences. Post-hoc pairwise analyses were corrected
by the least significant difference method. Multiple-comparisons
corrections were performed based on Gaussian random field
theory (voxel-level P < 0.001; cluster-level P < 0.05; two-tailed)
(28, 29). Effect sizes were evaluated using Cohen f 2, which was
given by DPABI. We also calculated the statistical power for

TABLE 1 | Demographic and clinical characteristics of the PD patients and

controls.

LPD RPD Controls p-value

No. of

subjects

30 27 32

Age 62.63 ± 8.88 65.85 ± 6.982 62.41 ± 7.07 0.056

Gender

(male/female)

14/16 14/13 16/16 0.924

Disease

duration

6.80 ± 3.62 6.15 ± 3.59 0.499

Hoehn-

Yahr

staging

2.13 ± 0.71 2.28 ± 0.67 0.416

UPDRS 49.90 ± 18.82 48.85 ± 12.83 0.809

MMSE 28.50 ± 1.50 27.56 ± 2.28 27.78 ± 2.25 0.203

HAMD 9.07 ± 5.27 9.56 ± 5.09 0.724

HAMA 9.93 ± 5.04 10.52 ± 6.03 0.691

NMSQ 11.07 ± 5.77 11.56 ± 4.86 0.732

the clusters having significant between group differences using
G∗Power 3.1.9.7 (30). The ALFF values of clusters showing
significant between group differences were extracted, and the
relationship between the ALFF values of these positive clusters
and clinical and neuropsychological variables was explored via
Spearman correlation.

RESULTS

Demographic and Clinical Information
Finally, we included 57 patients with PD and 32 controls. Four of
the PD patients and two of the controls were excluded because of
left-handedness. Five PD patients and one control were excluded
because of excessive head motion. One PD patient was excluded
because of poor image quality. Four PD patients were excluded
because of bilateral motor symptom onset.

Demographic and clinical characteristics are shown in
Table 1. There were 30, 27, and 32 subjects in the LPD, RPD,
and controls groups, respectively. There was no significant
difference in age, sex, or MMSE across the three groups. Disease
duration was comparable in PD patients with left- and right-side
onset. UPDRS, Hoehn-Yahr staging, HAMD,HAMA, andNMSQ
scores were similar between the LPD and RPD groups.

Group Differences in ALFF
Analysis of covariance and the followed post-hoc pairwise
analyses only identified different brain activities between the LPD
and control groups, whereas there was no significant difference
between the LPD and RPD groups, or between the RPD and
control groups.

Left-sided PD patients exhibited increased ALFF in the left
inferior temporal gyrus (Figure 1), as well as deceased ALFF
in bilateral thalamus (Figure 2) and cerebellum anterior lobes
(Figure 3), compared with the controls. The results are illustrated
in Table 2.
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FIGURE 1 | Increased ALFF in the left inferior temporal gyrus in the LPD patients compared with the controls. L indicates the left side.

FIGURE 2 | Decreased ALFF in bilateral thalamus in the LPD patients compared with the controls. L indicates the left side.

Correlation Analysis
We performed Spearman correlation analyses between ALFF
values of the above three positive clusters and Hoehn-Yahr
staging; UPDRS parts I, II, III, and IV; MMSE; HAMD; HAMA;
and NMSQ scores in LPD patients. There were three significant
correlations: ALFF value of the inferior temporal gyrus was
significantly correlated with scores of UPDRS parts II and III (r
= 0.371, and 0.363; p=0.044 and 0.049, respectively); ALFF value

of the thalamus was significantly associated with MMSE score (r
= 0.496, p = 0.005). The degree of freedom of the correlation
analysis was 28.

DISCUSSION

This is the first study to investigate the pattern of spontaneous
whole-brain activities in PD patients with left and right onset
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FIGURE 3 | Decreased ALFF in bilateral cerebellum anterior lobes in the LPD patients compared with the controls. (A) and (B) indicate axial and sagittal views,

respectively. L indicates the left side.

TABLE 2 | Brain regions with significant differences in ALFF values between LPD and control subjects.

Brain regions Side Peak MNI coordinates No. of voxels T-value Effect sizes, Cohen f2 Statistical power

x y z

Inferior temporal gyrus L −33 −3 −39 59 4.354 0.243 0.9998

Cerebellum anterior lobe Bilat 6 −36 −9 78 −4.367 0.212 0.9982

Thalamus Bilat 6 −18 6 155 −4.431 0.207 0.9986

separately. Although directly comparing LPD and RPD patients
did not identify significant different regional brain activities, only
LPD patients had several areas with abnormal ALFF compared
with healthy controls. LPD patients showed increased ALFF
in the left inferior temporal lobe, as well as decreased ALFF
in bilateral thalamus and cerebellum anterior lobes. Moreover,
ALFF value of the left inferior temporal gyrus was associated with
scores of activities of daily living and motor parts of UPDRS,
and bilateral thalamus ALFF value was associated with cognitive
function in the LPD group.

Comparing ALFF values with healthy controls obtained
different results for LPD and RPD patients. This difference
indicates that the pathological and compensatory mechanisms
may be different in LPD and RPD patients. Some studies

suggested that LPD and RPDmight have different disease severity
and speed of progression, and RPD patients had better neural
reserve and/or greater neural plasticity than LPD patients (31,
32). In addition, Kim et al. (33) and Lee et al. (15) also found
that LPD patients had more areas of atrophy than RPD patients,
when the two PD subgroups were compared with control subjects
(15, 33). These findings are in concordance with ours that
the brains of RPD patients were less impaired than those of
LPD patients. It is interesting to follow up the patients, to
explore whether widespread aberrant brain activates in the LPD
patients would translate to faster progression. The present study
underscores the importance of dividing PD patients according
to side of onset in future studies, to confirm their distinct brain
activity characteristics.
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Nevertheless, the direct comparison between LPD and RPD
patients did not show significant difference. Moreover, the
studies by Kim et al. (33) and Lee et al. (15) also failed to
identify areas with significant different cortical thickness or gray
matter volume in the direct comparison between LPD and RPD
patients, although these two groups showed different patterns of
abnormalities compared with the controls (15, 33). We have to
be cautious to assert that LPD and RPD have different profiles
of brain activity. The mean disease duration was longer than
6 years, and the mean Hoehn-Yahr stage was higher than 2 in
both PD groups in the present study. Therefore, most of the
PD patients recruited already had bilateral brain impairments.
The disparity between the two PD subgroups might be masked
by prominent similarities. Although still in controversy, some
studies demonstrated that the degree of asymmetry decreased
during disease progression (3, 34). Our findings should be
considered preliminary results, and further studies including
a larger sample and particularly patients with only unilateral
symptoms may better reveal the influence of lateralization on
cerebral activities in PD.

There were three regions with aberrant ALFF in the
comparison between LPD patients and the controls. The Cohen
f 2-values indicated medium effect sizes (0.15 < f 2 < 0.35) (35),
and correlation analysis showed that the altered brain activity in
these areas might play a role in motor and non-motor symptoms.

Left-sided PD patients had increased ALFF in the left inferior
temporal lobe, and this abnormality was associated motor
symptoms and daily activities. Increased ALFF in the left inferior
temporal lobe has been reported by several studies (36–39). In
the studies by Mi et al. (37), Hu et al. (38), and Chen et al.
(39), increased ALFF in this area was associated with motor
functions such as posture instability and gait disturbances. It
is well-known that the left inferior temporal lobe is critical for
semantic integration and visual processing (40, 41). Lahr et al.
(42) have demonstrated that PD patients relied on visual input to
maintain upright postural control. Integration of visual sensory
information is essential for appropriate movement initiation
and execution. Inferior temporal lobe dysfunction may influence
motor function and daily activities through impaired processing
of visual information (37, 42). How does aberrant brain activity
of this zone affect motor function in LPD patients needs
further investigation.

We found that ALFF of bilateral thalamus was lower in
LPD patients than the controls, and ALFF value of thalamus
was positively correlated with cognitive function. This positive
correlation suggested that the lower the ALFF, the worse the
cognitive function. Thus, this abnormality may be a pathological
rather than a compensatory change. Thalamus is not only a
vital relay of sensory pathways, but also a key component in
corticobasal ganglia–thalamic circuits, which modulates motor
and cognitive function (43). Decreased thalamic ALFF in PD
has been reported in a number of studies (36, 37, 44, 45)
and might be associated with depression and gait disturbance
(36, 37). Our findings suggest that impaired thalamic activity
may be associated with cognitive function in PD. This brain
activity change may be mediated through disrupted corticobasal
ganglia–thalamic circuit (46), as supported by an rs-fMRI

study using functional connectivity (47). Additionally, there is
histopathological evidence of thalamic damage and its correlation
with cognitive dysfunction in PD (48, 49). Overall, our study
confirmed thalamus dysfunction in LPD and suggested its
association with cognitive impairment in PD.

The present study revealed lower ALFF in bilateral cerebellum
anterior lobes. Cerebellar regulates motor and cognitive function
through the cerebellothalamocortical circuit, which has several
overlapping structures with the corticobasal ganglia–thalamic
loop (40). Mi et al. (37) also revealed decreased ALFF in the
cerebellum anterior lobe in PD patients. Wu and Hallett (50)
assessed brain activity during automatic movements using fMRI
and found increased cerebellar activity of bilateral cerebellum
anterior lobes during automatic movements. They suggested
that cerebellum might play a compensatory role in automatic
movements. We did not find associations between the ALFF
value of this area and motor or cognitive function. Maybe a more
thorough evaluation especially including automatic movement
performance would confirm its role in motor function.

It is noteworthy that there are some limitations of the study.
First, the sample size is not very large. We obtained different
results in comparisons between the two PD groups and the
controls, but directly comparison between LPD and RPD patients
did not show any significant difference. This may be due to
the small difference between the two PD groups, and a larger
sample size may have enough power to detect discrepancies
between PD patients with left and right onset. Second, all
the patients underwent dopaminergic medications; although we
performed rs-fMRI examination in a practically defined off-
state, the influence of antiparkinsonism medications cannot be
completely ruled out. However, this practically defined off-state
is quite commonly used in rs-fMRI studies in PD and would
facilitate comparisons with other studies in this topic.

In conclusion, the present study showed that LPD had
abnormalities in spontaneous brain activities in the left temporal
lobe, bilateral thalamus, and cerebellum anterior lobes, and
some of these changes were related to motor and cognitive
function. However, RPD and healthy controls did not have
significant difference in brain activities measured by ALFF. This
finding indicates that LPD and RPD might have different neural
mechanisms during neurodegeneration. Furthermore, this study
highlights the necessity of dividing PD patients according to side
of onset, to detect the characteristic pathophysiology of these two
subgroups of PD.
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The brainstem is the earliest vulnerable structure in many neurodegenerative diseases like

in Multiple System Atrophy (MSA) or Parkinson’s disease (PD). Up-to-now, MRI studies

have mainly focused on whole-brain data acquisition. Due to its spatial localization, size,

and tissue characteristics, brainstem poses particular challenges for MRI. We provide

a brief overview on recent advances in brainstem-related MRI markers in Parkinson’s

disease and Parkinsonism’s. Several MRI techniques investigating brainstem, mainly the

midbrain, showed to be able to discriminate PD patients from controls or to discriminate

PD patients from atypical parkinsonism patients: iron-sensitive MRI, nigrosome imaging,

neuromelanin-sensitive MRI, diffusion tensor imaging and advanced diffusion imaging.

A standardized multimodal brainstem-dedicated MRI approach at high resolution able

to quantify microstructural modification in brainstem nuclei would be a promising tool to

detect early changes in parkinsonian syndromes.

Keywords: iron, neuromelanin (NM), multiple system atrophy (MSA), NODDI, diffusion kurtosis imaging (DKI),

nigrosome

INTRODUCTION

In Parkinson’s disease (PD), the first central neuropathological events occur in the brainstem and
olfactory bulb. The dorsal motor nucleus of the vagal nerve in themedulla oblongata, which receives
inputs from the neurenteric system, is classically considered to be the first nucleus involved before
the ascending diffusion through other brainstem structures such as the serotoninergic raphe nuclei
and noradrenergic coeruleus nuclei of the pons (1). Neurodegeneration then reaches the midbrain,
and more particularly the dopaminergic substantia nigra pars compacta (SNc) and cholinergic
pedunculopontine nuclei (PPN). The SNc plays a pivotal role, with classic PD motor symptoms
occurring when 30% or more of its dopaminergic neurons have disappeared (2).

Before the appearance of these motor symptoms, the spread of alpha-synuclein across the
brainstem following the Braak stages is responsible for many non-motor symptoms, such as cardiac
autonomic dysfunction, rapid eye movement behavior disorder, apathy, asthenia, depression and
dysexecutive syndrome, arising from alteration of the different nuclei and white-matter bundles
of the brainstem (3, 4). The ensuing SNc degeneration caused by disruption of serotoninergic,
extranigral dopaminergic, cholinergic, and noradrenergic pathways leads to the limbic and
cognitive network dysfunction that has been amply described in numerous molecular imaging
studies (5, 6). Recent advances in structural MRI techniques, such as water molecular diffusion
based techniques and neuromelanin (NM) or iron-sensitive sequences, are resulting in the ever
more precise characterization of brainstem damage in PD and atypical parkinsonism, including
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amore precise comprehension of brainstem networks involved in
non-motor symptoms. When extrapyramidal motor symptoms
are present, the challenge is to differentiate true PD from
atypical parkinsonian syndromes, the most challenging of these
being progressive supranuclear paralysis (PSP), Parkinsonian or
cerebellar variant of multiple system atrophy (MSAp,MSAc), and
dementia with Lewy bodies (DLB). Red flags for these syndromes
in otherwise normal routine MRI sequences for PD often take
the form of anatomical structure atrophy, reflecting the massive
neuronal loss and gliosis that generally characterize the more
advanced stages (for a review of classic MRI signs for differential
diagnosis, see (7).

As these red flags are already familiar to clinicians, the present
review focuses on modern structural MRI techniques for PD
diagnosis and the differential diagnosis of atypical parkinsonism,
considering structures involved inmotor networks, but also those
involved in non-motor networks.

NIGROSOME IMAGING

Located in the midbrain, the susbtantia nigra (SN) is functionally
and structurally divided into two parts: the SNc and the pars
reticulata (SNr). The rostroventral GABAergic SNr projects
toward the thalamus, and the dopaminergic SNc toward
the striatum. Calbindin immunohistochemistry has allowed a
labeled nigral matrix and five unlabeled clusters or nigrosomes
to be identified within the SNc. These are compartments
of dopaminergic neurons where degeneration is particularly
marked in PD (8–10). Five nigrosomes measuring up to several
millimeters long have been described (11), the largest of which
(Nigrosome-1) is found in the dorsal region of the SNc.

The structure of Nigrosome-1 has been successfully delineated
on 7TMRI using high-resolution susceptibility weighted imaging
(SWI) (12, 13). On SWI, this nigrosome has a hypersignal
in the axial section, in either linear or comma form. It is
bordered anteriorly, laterally and medially by a low-intensity
signal, giving it a swallow tail appearance. The absence of this
sign is viewed as a reliable diagnostic criterion for PD (12, 14).
Nigrosome-1 visualization at 7T has high diagnostic accuracy:
sensitivity (100%), specificity (87–100%), positive predictive
value (91–100%), and negative predictive value (100%) (15).

This structure has also been observed on SWI at 3T with
reduced contrast (14, 16). The phase information, used here as
a weighting mask, improves the visualization of the nigrosome’s
(16–18). This improvement stems from the difference in
susceptibility between Nigrosome-1 and the surrounding nigral
matrix in healthy individuals. As nigrosomes have a low
iron concentration, they are visualized as a T2∗ hypersignal,
contrasting with the nigral matrix. Recently, a meta-analysis
reporting different nigrosome imaging techniques confirmed that
visual assessment of dorsolateral nigral hyperintensity provides
excellent diagnostic accuracy for PD vs. controls (19).

The two purported mechanisms behind the disappearance of
the swallow tail sign are an increase in iron and a decrease in
NM. A decrease in NM can cause a decrease in iron retention
capacity, and therefore an increase in the amount of free iron. In

both cases, the presence of iron induces paramagnetic properties
of the signal (20).

IRON-SENSITIVE IMAGING

During the last decade, many works, using different iron-
sensitive MRI methods, confirmed the importance of nigral iron
increase in PD patients compared to controls (21). Iron-sensitive
MRI has several applications, especially in neurodegenerative
disorders (22). Technically, iron content can be estimated in
specific regions by measuring T2 and T2∗ relaxation rates,
using either magnitude (R2∗) (23–25) or phase (quantitative
susceptibility mapping, QSM) imaging (26). QSM method
demonstrated to be the most sensitive quantitative technique for
detecting a significant increase of iron for PD (27). QSM is able
to detect nigral iron increase even in prodromal stage of PD
such as idiopathic rapid eye movement sleep behavior disorder
(28). It is important to note that iron-content in the substantia
nigra do not differ between PD and multiple system atrophy
(MSA) patients (i.e., patient with atypical parkinsonism), and
betweenMSA variants (29). Accordingly, studies have shown that
QSM more closely reflects levodopa dosage and disease severity
(30, 31).

Concerning the differential diagnosis between PD and atypical
parkinsonism’s, QSM techniques allow for more sensitive
measures in the nigral and extranigral regions. Mazzucchi et al.
(32) found that the greatest diagnostic accuracy for PSP was for
increased χ values in the RN, subthalamic nucleus (STN), and
medial part of the SN, whereas for MSA, it was a significantly
higher level of iron deposition in the putamen, reflecting the
different patterns of pathological involvement that characterize
these diseases (32).

NEUROMELANIN-SENSITIVE IMAGING

NM is a dark pigment composed of melanin, proteins, lipids
and metal ions (33, 34). NM-containing neurons are particularly
concentrated in the SNc and locus coeruleus (LC). This pigment
is found in both the nigral matrix and the nigrosomes. The
MR signal in NM-containing neurons is paramagnetic and
therefore allows easy MR imaging where it is sensitive to this
type of signal (35–37). T1-weighted NM-sensitive MRI (NM-
MRI) produces hyperintense signals in regions containing NM.
Indeed, the primary mechanism underlying contrast in NM-MRI
appears to be the T1 reduction associated with melanin–iron
complexes (38).

Studies have confirmed that patients with PD have a
significantly reduced NM signal in the SN and LC (20,
37, 37, 39–41). These signal changes have been found to
be correlated with the absorption values of the nigrostriatal
dopamine transporter (42). In this same study, volumetric
analysis of the NM-related signal also revealed a significant
degree of atrophy.Measurement of NM-sensitive images has high
diagnostic accuracy for PD. Several teams have recently evaluated
a multimodal methodological approach, combining diffusion
and NM-sensitive MRI. Pyatigorskaya et al. (43) concluded that

Frontiers in Neurology | www.frontiersin.org 2 August 2020 | Volume 11 | Article 791156

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Arribarat et al. Brainstem MRI

FIGURE 1 | Modern MRI acquisitions to asses brainstem.

volume delineation by the NM signal, combined with fractional
anisotropy, has excellent diagnostic accuracy for PD. More
specifically, NM signal intensities can potentially be located in
the SNc (43). Another study found a lower NM signal in PD and
MSAp groups than in an PSP group, with lower intensities in the
LC in patients with PD. Sensitivity and specificity were 60 and
90% for PD vs. MSAp, 63–88% and 77–92% for PD vs. PSP, and
80 and 85% for MSAp vs. PSP (44).

DIFFUSION WEIGHTED IMAGING

Diffusion Tensor Imaging (DTI)
There are conflicting findings concerning the usefulness of
SN DTI metrics in PD diagnosis, according to recent meta-
analyses (45–47) and recent voxelwise analysis-based studies
concerning the whole SN (48–50). Fractional Anisotropy (FA)
in the posterior part seems to be the most discriminant feature
(51, 52). With the ADC for the whole SN, Zhong et al. (53) found
accuracy of 0.72, which is not sufficient in routine diagnosis.
Interestingly, DTI metrics have also been used in a longitudinal
approach, providing precious information on structural changes
in the SN over the years (53–56).

In a longitudinal study applying a voxelwise approach,
Pozorski et al. (50) found that patients with PD and controls
differed on all DTI metrics in different brainstem regions
(midbrain and pontine tegmentum, pontine crossing tract,
periaqueductal gray matter). Furthermore, Mean diffusivity
(MD) in the brainstem were negatively associated with disease
duration. Pyatigorskaya et al. (57) correlated DTI metrics in
the medulla oblongata with cardiac and respiratory variability
in patients with PD compared with controls, reflecting their
autonomic dysfunction (Stage 1) (57). Prange et al. (58)

correlated apathy and depression with DTI measures and
serotoninergic molecular imaging in the limbic system, and
with the mode of anisotropy (sensitive to the orientation of
crossing fibers) in the caudal midbrain, or more specifically the
serotoninergic raphe nuclei (Stage 2) (58). Rapid eye movement
behavior disorder has also been linked to DTI changes in the
pons, SN and LC (59–61). Freezing of gait has been correlated
with an FA decrease and MD increase in the PPN (62).

Diffusivity in the striatum, brainstem and cerebellum has been
extensively studied (7, 63), but with rather mediocre results for
the differential diagnosis of PD. FA or MD in the brainstem
can be included in a multimodal approach with relatively good
accuracy (49, 64). For example, the area under the curve (AUC)
was above 0.95 for the diagnosis of PD vs. MSA in Péran
et al. (49). Combining FA and MD in multiple ROIs including
brainstem structures, Du et al. (51) were able to discriminate
parkinsonian syndromes. With R2∗, the AUC rose to 0.98–0.99.
Pyatigorskaya et al. (43) recently found substantial differences in
FA between patients with PSP and patients with PD or controls
in the SN, LC, midbrain tegmentum, and pons. The highest AUC
for PD vs. PSP was in the LC (0.94). In the same vein, Talai et al.
(65) found AUCs of 0.95 and 0.97 based on DTI metrics in the
midbrain for PD vs. PSP. DTI abnormalities in the midbrain of
patients with PSP reflectmicrostructural changes that precede the
macrostructural changes revealed by midbrain atrophy (65).

Advanced Diffusion Approaches
Despite unique insights yielded by DTI metrics acquired in a
single shell, microstructural changes are considered non-specific.

Recently, bi-tensor model have been used on diffusion
imaging is to differentiate free water (FW) (cerebrospinal fluid
or extracellular vasogenic edema) from other compartments,
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and either eliminate it from DTI measures or directly map it.
Although it was initially developed with a single shell (66),
double-shell acquisition could offer greater accuracy and stability
(67). The most striking feature is the FW increase in the
posterior part of the SN in early PD (68), MSA and PSP (69),
as confirmed by (70). Findings of longitudinal FW changes over
4 years in the posterior SN of patients with early PD (71),
followed by an FW increase over 3 years in the anterior SN
of patients with advanced PD (72), emphasize the usefulness of
FW imaging for PD diagnosis and follow-up. This posterior-
anterior gradient of extracellular space expansion could reflect
the neuroinflammation and cell loss revealed by histopathology.
Increased FW in the posterior SN has been correlated with striatal
dopaminergic denervation and reflects both motor and cognitive
deficits (73). Planetta et al. (74) found an FW increase in the SN,
as well as in the STN, red nucleus, PPN, cerebellum and basal
ganglia, in patients with PSP and MSA, compared with patients
with PD and controls. FW in the PPN and STN was discriminant
for the diagnosis of MSA versus PSP (AUC= 0.97) (74).

Estimating kurtosis provides a better means of assessing
diffusion heterogeneity in tissues. Diffusion kurtosis imaging
(DKI) requires diffusion acquisition in two shells (often b= 1,000
and 2,000 s/mm2) (75). Elevated mean kurtosis in the SN has
been found to be more sensitive than FA reduction in patients
with PD versus controls (AUC > 0.95) and is correlated with
motor scores (76).

White-matter tissue has been simplified in a model with intra-
axonal, extra-axonal, and cerebrospinal fluid compartments.
Neurite orientation dispersion and density imaging (NODDI)
takes all three compartments into account. Three new metrics
can be extracted from NODDI: isotropic volume fraction (Viso),
reflecting extracellular space like FW; intracellular volume
fraction (Vic); and orientation dispersion index (ODI), reflecting
neurite integrity. An ODI increase in white matter reflects axonal
loss or disorganization, while ODI and Vic decreases in gray-
matter structures reflect dendritic thinning and density (77).
Kamagata et al. (78) found that Vic in the contralateral SNc is
useful for diagnosing patients with PD vs. controls (AUC= 0.91)
and correlates with disease severity (78). NODDI was recently
compared with FW for diagnosing PD, PSP and MSAp. For
PD and MSAp, Viso in the posterior SN was increased (FW
accumulation). In PSP, all three NODDI metrics were disturbed
in the whole SN, STN, RN and PPN. Interestingly, the authors
considered the NODDI metrics to be inferior to FW for PD
vs. MSAp/PSP diagnosis, and found that FW based on a single
shell was just as accurate and actually faster than multishell
FW (79).

Restriction spectrum imaging (RSI) (80, 81) is a new
diffusion model based on high angular resolution diffusion
imaging (HARDI), acquired in multiple directions at different
high b values. RSI highlights hindered and restricted diffusion
in extracellular and intracellular compartments. With the
development of several new metrics, RSI can now provide
information about neurite density and orientation. Hope et al.
(81) were the first to compare RSI with DTI in patients with PD.

They defined a cellularity index and a neurite density index. In
an ROI comprising the whole brainstem, they found significant
differences in the cellularity index between patients with PD
and controls (AUC = 0.69). RSI is a promising new, but time-
consuming, method for vulnerable patients. Further research
with more precise anatomical ROIs is needed.

DWI offers the possibility of visualizing white-matter tracts
with a multitude of tractography techniques. HARDI-based
tractography allows complex fiber tracts such as the nigrostriatal
pathways (NSPs) to be reconstructed (82, 83). An FA decrease
and an AD/RD increase have been found in the NSPs of
patients with PD using deterministic tractography (84). Based
on NODDI, Andica et al. (85) found that the contralateral distal
(relative to the striatum) Vic of NSPs was significantly decreased
in patients with PD compared with controls, reflecting the dying
back of dopaminergic neurons (85). From our point of view, the
deterministic tractography of NSPs described in these studies
does not render the exact structural connectivity between the
striatum, pallidum and SN revealed by a probabilistic approach
(82) or by susceptibility imaging (86). The tract-based approach
to PD diagnosis is promising but needs further clarification of
mesencephalon/diencephalon structural connectivity.

The dentatorubrothalamic tract (DRTT) connects the
cerebellum with the thalamus via the superior cerebellar
peduncle and tegmental midbrain. An FA decrease and an MD
increase have been found in the DRTT of patients with PSP,
compared with controls and patients with PD or MSAp (64, 87).
In patients with MSAc, an FA decrease and an MD increase
in the pontine crossing tract and middle cerebellar peduncles
have been found before the appearance of the hot cross bun sign
(88, 89). Using diffusion kurtosis imaging, Ito et al. (90, 91)
described a ratio of midbrain tegmentum diffusion to pontine
crossing tract diffusion to distinguish between patients with PSP,
MSA or PD and controls (90, 91). Interestingly, Juttukonda et al.
(92) also found an FA decrease in the pontine crossing tract in
patients with essential tremor vs. PD (92).

CONCLUSION

An important consideration is that MRI quantitative markers
with good performances for diagnosis are not necessarily the best
suited to monitor disease progression. More efforts need to be
done in order to increase reliably and sensitivity of progression
MRI markers of PD (93). A standardized multimodal brainstem-
dedicated MRI approach at high spatial resolution (Figure 1)
able to quantify microstructural modification in brainstem nuclei
would be a promising tool to detect early changes in PD and
parkinsonism and to follow disease progression.
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Purpose: The density of the neuronal dopamine transporter (DAT) is directly correlated

with the presynaptic dopaminergic system injury. In a first study, we evaluated the

brain distribution and kinetics of [18F]LBT-999, a DAT PET radioligand, in a group of

eight healthy subjects. Taking into account the results obtained in healthy volunteers,

we wanted to evaluate whether the loss of presynaptic striatal dopaminergic fibers

could be estimated, under routine clinical conditions, using [18F]LBT-999 and a short

PET acquisition.

Materials and methods: Six patients with Parkinson’s disease (PD) were compared

with eight controls. Eighty-nine minutes of dynamic PET following an intravenous injection

of [18F]LBT-999 were acquired. Using regions of interest for striatal nuclei, substantia

nigra (SN), cerebellum, and occipital cortex, defined over each T1 3D MRI, time–activity

curves (TACs) were obtained. From TACs, binding potential (BPND) using the simplified

reference tissue model and distribution volume ratios (DVRs) using Logan graphical

analysis were calculated. Ratios obtained for a 10-min image, acquired between 30 and

40 min post-injection, were also calculated. Cerebellum activity was used as non-specific

reference region.

Results: In PD patients and as expected, striatal uptake was lower than in controls

which is confirmed by BPND, DVR, and ratios calculated for both striatal nuclei and SN,

significantly inferior in PD patients compared with controls (p < 0.001).

Conclusions: PET with [18F]LBT-999 could be an alternative to assess dopaminergic

presynaptic injury in a clinical environment using a single 10 min acquisition.

Keywords: Parkinson’s disease, dopamine, DAT, PET, radiopharmaceutical

INTRODUCTION

The core symptoms of parkinsonian syndrome (akinetic rigid syndrome, tremor syndrome, etc.)
may not always be present in a single patient (1). Although Parkinson-like symptoms are often
observed in many diseases, the positive diagnosis of Parkinson’s disease (PD), despite consensus
disease criteria, remains inaccurate. For example, the accuracy of clinical diagnosis of PD varies
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between 74% (diagnostic performed by non-experts) and 84%
(diagnosis performed by movement disorders experts), and it has
not significantly improved in the last 25 years (2).

It has been known for many years that the dopaminergic
neurotransmitter system plays a major role in movement
disorders, and particularly in PD, as well as in dementia with
Lewy body (DLB) (3–7).

The dopamine neuronal transporter (DAT) is responsible for
the re-uptake of dopamine from the synaptic cleft to the pre-
synaptic neuron and could be used to evaluate the integrity of
pre-synaptic dopaminergic fibers (8–13). In this field, molecular
imaging exploration of the DAT is a marker of pre-synaptic
neuronal integrity and could be very useful for the early diagnosis
and follow-up of PD (14) and DLB (6). Currently, in our nuclear
medicine department, as in many others, the evaluation of the
pre-synaptic dopaminergic neuron’s degeneration is explored in
clinical routine with a SPECT DAT ligand, the FP-CIT labeled
with iodine-123 (15, 16).

However, using a tracer labeled with iodine-123, the
protection of the thyroid gland is required beforehand. This
protection can be performed with potassium perchlorate 20 min
before injection or potassium iodine 1 h before [123I] FP-CIT
injection. Then, between the administration of the radiotracer
and the SPECT acquisition, aminimumperiod of 3 h is necessary.
Finally, the typical total scan time is around 30 and 45 min
depending on the imaging gamma camera used (16).

Thus, the ability to evaluate the integrity of the pre-synaptic
dopaminergic system with a radiotracer that does not require a
protection of the thyroid—with a relatively short delay between
injection and imaging procedure, as well as a fast acquisition—
becomes a priority.

For PET imaging, several DAT radioligands labeled with
carbon-11 have been proposed for many years. However, since
[18F] can be more largely used for clinical purposes than [11C]
owing to its longer physical period (110 vs. 20 min), there is
an increasing need to produce high-performance radioligands
labeled with fluorine-18.

Cocaine derivatives have high affinity for DAT and, among
these ligands, the [18F] (2S,3S)-methyl-8-((E)-4-fluorobut-2-
en-1-yl)-3-(p-tolyl)-8-azabicyclo[3.2.1]octane-2-carboxylate, or
[18F]LBT-999, has been developed for DAT brain imaging.
In vitro studies have demonstrated that LBT-999 has high affinity
for DAT (Kd = 9 nM, Bmax = 17 pmol/mg protein) and very high
selectivity for DAT vs. serotonin and noradrenaline transporters
(17, 18).

In vivo kinetic PET studies using this radioligand in baboons
have showed a fast and very high uptake of the tracer in the
striatum, with a plateau at 30 min post-injection and a maximal
putamen/cerebellum ratio of 30 (19).

In a previous study, our group demonstrated that the cerebral
distribution of [18F]LBT-999 on healthy controls was consistent
with DAT density and in good agreement with other PET DAT
radioligands in the human brain (20).

The use of a PET semi-quantitative index is very interesting to
compare populations or to analyze the evolution of the disease
or the effectiveness of a treatment. The validated methods for
DAT quantification based on a simplified reference tissue model

(SRTM) or a Logan analysis rely on PET a dynamic acquisition,
which consistently limits their use in clinical settings where
dynamic acquisitions are not always feasible. Thus, we not only
evaluated whether [18F]LBT-999 would be useful in estimating
presynaptic dopaminergic injury but also if this could be done
using a 10-min PET acquisition.

MATERIALS AND METHODS

Radiosynthesis
No-carrier-added [18F]LBT-999 was prepared according to Dollé
et al. (17) and Sérrière et al. (21). [18F]LBT-999 was produced
with a 35± 8% radiochemical yield, radiochemical purity higher
than 98%, and a mean molar activity of 143± 123 GBq/µmol.

Subjects
PET studies with [18F]LBT-999 were performed in a group of
six PD patients (age: 69 ± 7 years, Hoehn and Yahr: stages I–
II without atypical signs) and compared with our group of eight
healthy controls (HC) (age: 69 ± 9 years) initially studied with
this same radioligand (20).

In order to meet French regulations and laws on biomedical
research, the study was approved by the regional Ethic
Committee and the French Agency for Safety and Security for
Medical Devices. All the subjects were affiliated to the French
social security system and gave their written informed consent
after the nature of the procedure had been fully explained.

PET and MRI Acquisitions
An 89 min list mode PET acquisition was acquired followed
an intravenous injection of [18F]LBT-999 (3.6 MBq/kg; mean
specific activity of 63.4 GBq/µmol at the moment of injection)
using an Ingenuity Philips tomograph (Ingenuity TF64; Philips
Medical Systems). The acquisition started just before the bolus
injection to get the vascular peak. Acquired data were processed
with the standard package delivered with the system (PET
view software; Philips Medical Systems). For cerebral studies,
a low-dose CT helical scan was performed at 80 keV and
40 mAs, delivering an irradiation dose of about 40 mGy
× cm. PET sinograms were corrected for tissue attenuation,
decay, scatter, and random radiation, and then they were
reconstructed using a 3D iterative RAMLA algorithm in voxels
of 2× 2× 2 mm3.

Brain MRIs were obtained for all subjects using a 3-
T imager (Siemens Verio). T2-weighted images from each
subject were used to reveal eventually brain lesions and signal
abnormalities in the basal ganglia. In addition, a T1-weighted
SPGR acquisition with inversion-recovery was performed to
allow a 3D reconstruction of MRI images.

PET Analysis
The time frames collected between 0 and 59 min after
injection were summed to create an integrated image, which
is used to perform the PET-MRI co-registration. To obtain
time–activity curves (TACs) from 0 to 89 min post-injection,
volumes of interest for caudate (Cd) and putamen (Pu)
nuclei, substantia nigra (SN), occipital cortex, and cerebellum
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were defined over each T1 3D MRI, and after the PET-
MRI co-registration displaced over PET images, using Pmod
(version 3.4) software.

Using TACs (0–89 min) and Pmod software, binding potential
(BPND) using the SRTM and distribution volume ratio (DVR)
obtained from Logan graphical analysis were calculated for
striatal nuclei and SN. Ratios obtained for a 10-min image
(acquired between 30 and 40 min post-injection) were obtained
for the same regions. For all the calculations, the cerebellum
activity was used as non-specific reference region.

Statistical Analysis
All data are presented as mean ± SD. Mann–Whitney non-
parametric U-test was used for comparison of tracers binding
between PD patients and healthy controls. Statistics were
performed using the XLStat software. All tests were two sided,
with a significance set at p < 0.05.

RESULTS

Figure 1 shows examples of axial PET/MRI fusion images
obtained between 30 and 40min post-injection in a
healthy control (HC) and in a parkinsonian patient. A
quite homogeneous and symmetrical striatal uptake for
healthy controls was observed. In PD patients, the uptake is
clearly reduced, especially on the putamen, and as expected,
asymmetrical according to the clinically more affected side.

Figure 2 shows examples of TACs obtained for a HC and a PD
patient. For the control, we present mean TACs corresponding
to caudate nucleus, putamen, and SN. For the patient, the TACs
are presented taking into account the more and less affected side
of each structure. In the patient, the maximum striatal uptake is
lower than that observed in the control. This is especially marked
for the more affected putamen that shows a slow radioactive
concentration decrease from 20 min post-injection until the
end of the acquisition. For the less affected putamen and the
more affected caudate nucleus after a plateau between 20 and
60min post-injection, the radioactive concentration decreases
progressively. The less affected caudate presents an uptake
distribution quite similar to that of the striatal structures of the
controls. For SN, the evolution of radioactivity distribution in
controls and PD is very similar with a peak at 10 min and
a progressive decrease until the end of the acquisition. The
TACs corresponding to the occipital cortex and cerebellum are
overlapping for control and patient.

Regarding the cerebral kinetics results obtained in the
controls, with stability of the [18F]LBT-999 striatal uptake from
20 min post-injection to the end of the study, and the evidence of
an acceptable in vivometabolism, ratios between the striatum and
the cerebellum were calculated using a 10-min image acquired
between 30 and 40min post-injection (20).

On Table 1, mean ± SD for BPND, DVR, and ratio
values obtained for caudate and putamen nuclei and SN
in controls and PD patients are shown. In PD patients, for
striatal structures, BPND, DVR, and ratios were significantly
decreased compared with the control group (p < 0.001).
This decrease is, as expected, more pronounced for the

putamen (p < 0.001 and 0.01 for putamen and caudate,
respectively) and especially for the most affected putamen.
This decrease is obviously asymmetrical taking into
account the more affected striatal side. However, for SN no
significant asymmetry between the two sides is evidenced.
No significant differences between BPND and DVR-1 are
found (p > 0.5).

DISCUSSION

The results of the present study are not surprising and
show, as expected, a decrease of the [18F]LBT-999 striatal
uptake in parkinsonian patients. An asymmetrical striatal
uptake according to the most affected clinical side was also
observed. This is, as expected, more pronounced for the
putamen. Concerning SN, we observed a quite symmetric uptake
decrease. We should note that the partial volume effect has
not been corrected, probably influencing the values calculated
for SN

The activity of the occipital cortex is more often used as
a non-specific reference region. In this study, we used the
cerebellum based on the similarity of the cerebellar and occipital
distribution of [18F]LBT-999 evidenced by the TACs. This
suggests that these two regions may reflect the non-specific
binding of the radioligand. Using three methods of estimation of
DAT density, one of which is a simplified method using ratios
and a 10-min image, a significant loss of dopaminergic pre-
synaptic neurons PD was confirmed. Even using the ratios, and
despite an underestimation of the neuronal loss, it is possible
to distinguish patients with dopamine striatal damage from
normal subjects.

One of the features that could influence the accuracy of the
use of ratios is the time peak equilibrium. Unfortunately, for
healthy controls, the peak of specific uptake reached at about
80–90 min post-injection, the duration of our acquisition (20).
A longer acquisition could probably suggest a more appropriate
PET acquisition time window. In any case, very long acquisitions
(e.g., 3 h, even with a break) are difficult to accept by PD patients.

However, on the other hand, the metabolic results indicated
that the unmetabolized plasmatic fraction of [18F]LBT-999 is
predominant up to 45 min post-injection, leading us to propose
as a compromise a simple image of 10 min acquired between 30
and 40min post-injection, certainly well tolerated by themajority
of the patients (20).

Another major limitation is that we were unable to
take arterial samples that would allow us to validate the
quantification methods used. In the validation of any new
radioligand, this step is undoubtedly fundamental. We have
assumed that either the cerebellum or the occipital cortex
can be used as non-specific reference based on studies with
other DAT radioligands. We also did not perform tests/retest
PET, which could have contributed to the validation of the
methods used.

Another important limitation of this study is that we did not
compare [18F]LBT-999 with other DAT PET radioligands
in the same subjects. In fact, other fluorine-18-labeled
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FIGURE 1 | PET/MRI axial slices obtained between 30 and 40min post-injection for a healthy control (HC) and a PD patient at the level of striatal nuclei (top) and

midbrain (bottom).

FIGURE 2 | Average TAC of [18F]LBT-999 for caudate (Cd) and putamen (Put) nuclei, substantia nigra (SN), occipital cortex, and cerebellum for a healthy control (HC).

For PD patients, TACs are presented for the more and less affected side for the same specific regions.
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TABLE 1 | BPND and DVR (using the dynamic 89 min acquisition) and ratios

(calculated from the image acquired between 30 and 40 min post-injection).

Dynamic acquisition 30–40 min

BPND DVR-1 Ratio

HC Caudate 6.3 ± 1.2 5.2 ± 0.9 5.0 ± 0.7

Putamen 6.8 ± 1.2 5.6 ± 1.0 5.4 ± 0.7

SN 1.3 ± 0.5 1.2 ± 0.5 2.1 ± 0.5

PD Caudate more affected 3.5 ± 1.5 3.0 ± 0.8 3.5 ± 0.8

Caudate less affected 4.1 ± 1.4 3.8 ± 1.0 4.0 ± 0.9

Putamen more affected 2.1 ± 1.4 1.9 ± 0.9 2.8 ± 0.7

Putamen less affected 3.0 ± 1.8 2.8 ± 1.2 3.4 ± 0.9

SN more affected 0.6 ± 0.3 0.5 ± 0.3 1.5 ± 0.3

SN less affected 0.7 ± 0.3 0.6 ± 0.2 1.5 ± 0.3

For patients with Parkinson’s disease, we present the values for the more and the less

decreased uptake sides.

More affected and less affected sides correspond to the hemispheres contralateral and

ipsilateral, respectively, to the less and more clinically affected hemibodies.

Values are mean ± SD.

DAT radioligands have been developed. Among them are
[18F]FP-CIT and [18F]FECNT. However, although the former
has a concomitant affinity for dopamine and serotonin
transporters, the latter presents radiolabeled metabolites that
cross the blood–brain barrier with cerebellar accumulation
(22, 23).

In the desire to get a tracer targeting the dopamine
transporter, our laboratory was involved in the design and
the synthesis of new molecules. Among the first compounds
developed, PE2I has a very high affinity for the DAT associated
with a very good selectivity regarding other monoaminergic
transporters (24). This molecule, either radiolabeled with
iodine-123 or carbon-11, has been used in many studies
in both animals and humans (25, 26). The main limitation
of PE2I in PET imaging is that it can only be used by
hospitals equipped with a cyclotron owing to the half-life
of carbon-11.

In the perspective of having a tracer that can be used
more broadly, we invested in the development of analogous
of PE2I radiolabeled with fluorine-18. Two molecules have
been prepared: LBT-999, the radioligand used in this work,
and FE-PE2I. These two tracers, both cocaine derivatives
with similar DAT affinity, share the aforementioned structural
elements that are decisive to be very potent and selective DAT
tracers (9 nM for LBT-999 and 12 nM for FE-PE2I) (18, 27).
However, the strategy for obtaining the two radioligands is
quite different leading to production times of about 90 min
for the [18F]FE-PE2I (28) compared with 30 min for [18F]LBT-
999 which is more compatible with a production on an
industrial scale (17).

Because FE-PE2I and LBT-999 share similar chemical
structures, their in vitro and in vivometabolisms are similar (29–
31). However, compared with [18F]FE-PE2I, whose metabolism
produces five radiometabolites, [18F]LBT-999 produces only
three radiometabolites that can potentially interfere with image

quality. However, the large number of studies in humans using
[18F]FE-PE2I show that, despite this metabolism, fast DAT
imaging is possible without observable interference as observed
in the present work using [18F]LBT-999 (32).

We also did not compare [18F]LBT-999 to the reference
radioligand used in clinical routine in the majority of nuclear
medicine centers. Nevertheless, because it is an iodine-123-
labeled tracer ([123I]FP-CIT), we must consider the intrinsic
characteristics of both nuclear imaging systems. The intrinsic
performance of PET compared with SPECT, in terms of
spatial resolution and sensitivity, led the exploration of
extrapyramidal syndromes with a DAT PET radioligand
to become more comfortable for patients: a significantly
shorter time of study, with an interval of about 30 min
between injection and PET acquisition, and an image
acquisition during only 10 min. In fact, for many patients
with extrapyramidal syndrome, an acquisition of 35–40 min (as
it is necessary in SPECT using the only radiopharmaceutical
with the mandatory permissions to clinical use) is often
hard to be tolerated. Finally, using non-iodine-labeled
DAT ligands, pre-medication to prevent thyroid uptake is
not necessary.

Even an important number of limitations, the results of this
proof-of-concept study show that [18F]LBT-999 could be used as
an alternative to other DAT radiotracers to evaluate the integrity
of pre-synaptic striatal dopaminergic fibers with a short image
acquired only during 10 min.

Studies including a greater number of patients, with other
pathologies with dopaminergic system impairment and if
possibly comparing this radioligand with other DAT radioligands
are still necessary before validation of [18F]LBT-999 for clinical
routine use.
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Purpose: Although olfactory decline and visual hallucinations are useful in distinguishing

dementia with Lewy bodies (DLB) from Alzheimer’s disease (AD) in a clinical setting,

neither is easy to evaluate objectively. The pareidolia test is used to assess susceptibility

to visual hallucinations, while in Japan, the Odor Stick Identification Test for the Japanese

(OSIT-J) is used to objectively quantify olfactory decline. The present study investigated

the efficacy of these olfactory and pareidolia tests in differentiating AD from DLB. Their

usefulness was then compared with that of the indicative biomarkers in neuroimaging for

a clinical diagnosis of DLB listed in the Fourth Consensus Report of the Dementia with

Lewy Bodies Consortium.

Methods: A total of 24 probable DLB and 22 probable AD patients were enrolled. All

underwent 4 diagnostic procedures: uptake of dopamine transporter in single photon

emission computed tomography (DaT-SPECT) and meta-iodobenzylguanidine (MIBG) in

myocardial scintigraphy, the pareidolia test, and OSIT-J. The sensitivity, specificity, and

accuracy of these methods in differentiating DLB from AD were compared.

Results: Sensitivity and specificity in differentiating DLB from AD were 86 and 100% by

the heart-to-mediastinum ratio of MIBG uptake; 82 and 96% by the specific binding

ratio on DaT-SPECT; 77 and 67% by the combination of OSIT-J and pareidolia test

scores; 73 and 62% by the pareidolia test scores; and 77 and 58% by the OSIT-J

scores, respectively.

Conclusions: The present results suggest that the pareidolia and OSIT-J tests may be

considered before resorting to nuclear neuroimaging in the diagnosis of DLB.

Keywords: MIBG cardiac scintigraphy, DAT (dopamine transporter), pareidolia test, OSIT-J, AD, DLB, dementia

with Lewy bodies

INTRODUCTION

Dementia with Lewy bodies (DLB) is recognized as the second most common cause of
degenerative dementia in older people after Alzheimer’s disease (AD). The Fourth Consensus
Report of the Dementia with Lewy Bodies Consortium, published in 2017 (1), lists two
indicative biomarkers of DLB in neuroimaging: uptake of dopamine transporter in single photon
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emission computed tomography (DaT-SPECT) and that of meta-
iodobenzylguanidine (MIBG) in myocardial scintigraphy.

These same diagnostic criteria also include visual
hallucinations as a core clinical feature of DLB, along with
olfactory decline as a supportive clinical feature that is often also
present in such cases. This latter, however, has yet to be proven
diagnostically specific. Although these two symptoms are useful
in distinguishing DLB from AD in a clinical setting, however,
neither is easy to evaluate quantitively.

Pareidolia is similar to visual hallucinations and may be an
alternative indicator of hallucinations. The pareidolia test was
developed as a tool for evaluating pareidolia (2). The Odor Stick
Identification Test for the Japanese (OSIT-J) was developed as a
tool for objectively assessing olfactory decline in Japanese people.
It is easy to perform and involves the use of odorants and
cards (3). The purpose of the present study was to determine
the efficacy of olfactory and pareidolia tests in differentiating
between AD and DLB. Their usefulness was then compared with
that of the indicative biomarkers in neuroimaging for a clinical
diagnosis of DLB listed in the 2017 report described above. To
our knowledge, this is the first study to compare the diagnostic
value of the pareidolia test, OSIT-J, DaT-SPECT, and MIBG
myocardial scintigraphy in differentiating DLB from AD in a
patient group that underwent all 4 procedures.

METHODS

Patients
A total of 24 probable DLB and 22 probable AD patients
who underwent 4 diagnostic procedures (DaT-SPECT, MIBG,
the pareidolia test, and OSIT-J R©) on their first visit to our
establishment were enrolled from the Memory Disorder Clinic
at the Department of Geriatric Medicine, Tokyo Medical
University. The diagnosis of probable DLB was based solely
on the core clinical features of DLB listed in the 2017 report
discussed above (1). The diagnosis of probable AD was based
on the criteria established by the National Institute on Aging-
Alzheimer’s Association in 2011 (4). All the AD patients enrolled
in this study were of the typical amnestic subtype, and all
presented with the complaint of impaired memory. All patients
falling under other clinical subtypes of AD (those with posterior
cortical atrophy, of the aphasia subtype, or with the frontal
variant, for example) were deemed ineligible for inclusion.

The severity of dementia was classified as 0.5 (questionable)
to 2 (moderate) in both groups of patients based on Clinical
Dementia Rating (5). The Mini-Mental State Examination (6)
scores were between 12 and 29.

None of the patients had a history of cerebrovascular disease,
degenerative disease, infarction in the region of the basal
ganglia or intracranial lesions on brain MRI, thyroid disease,
diabetes mellitus, or previous relevant cardiac disease; none
were taking any medications or substances known to interact
with the striatal binding of 123I-2β-Carbomethoxy-3β-(4-
iodophenyl)-N-(3-fluoropropyl) nortropane (123I-FP-CIT) (e.g.,
cocaine, amphetamines, bupropion, selective serotonin reuptake
inhibitors) (7, 8) or that might affect accumulation of MIBG (9).
The exclusion criteria comprised a history of nasal disease and

current smokers and extremely poor visual acuity, as these may
have compromised the reliability of the results of the OSIT- J and
pareidolia tests.

The protocol of this study was approved by the Ethics
Committee of Tokyo Medical University. Informed consent was
obtained from all the study participants (either the patients
themselves or their closest relative) before entry, following a
detailed explanation of the aim of the study.

Dopamine Transporter Uptake in Single
Photon Emission Computed Tomography
Three hours after injecting approximately 185 MBq of 123I-FP-
CIT, projection data were acquired on a 128 × 128 matrix by
a Siemens Symbia T16 equipped with a low-to-medium energy
general purpose collimator. The specific binding ratio (SBR)
was calculated semi-quantitatively using DAT VIEW software
(AZE, Tokyo, Japan) based on the Tossici-Bolt method described
previously (10). In the present study, the left-right average of the
SBR was used for the analysis.

Meta-Iodobenzylguanidine Myocardial
Scintigraphy
A total of 123 MBq of 123I-MIBG was administered
intravenously. Early and delayed SPECT were performed at
20min and at 4 h after injection, respectively. Planar scanning
and SPECT were performed with a gamma camera (PRISM
2000VP, Picker). After scatter correction, relative organ uptake
was determined by setting the anterior region of interest (ROI)
(11). The heart-to-mediastinum ratio (H/M) was calculated by
dividing the left ventricular ROI count density by the mediastinal
ROI count density according to the standard method (12).
Delayed phase image data were used for the analysis.

Pareidolia Test
The pareidolia test was used to determine the presence of
hallucinations, a core clinical feature of DLB. The face version
of the noise pareidolia test developed by Yokoi et al. (Tohoku
University, Japan) was adopted (13). A total of 40 black and white
images (16× 16 cm2) with a spatial frequency of 1/f3 are used in
this test, in 8 of which a face is included. All the patients were
allowed to undergo training in this test prior to the recording of
the results. They were instructed to state whether they observed a
face or not on presentation of each image. When the participants
observed a face, they were requested to point to it.

The pareidolic illusion rate is defined as the ratio of the
total number of images (40) to the number of images that are
mistakenly recognized as containing the image of a face (13).

Odor Stick Identification Test (OSIT-J)
Decline in olfactory function was determined with the OSIT-J
(Daiichi Yakuhin, Co., Tokyo, Japan). This test comprises the
following 12 kinds of odorant: rose, condensed milk, Japanese
orange, curry, roasted garlic, fermented beans, sweaty socks,
cooking gas, menthol, India ink, wood, and Japanese cypress
(hinoki), all of which are familiar to Japanese people (14).

Each odorant is encapsulated in a melamine resin
microcapsule, which resembles a stick of lip gloss. The examiner
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uses each one to paint a 2-cm circle on a piece of paper. They
then crush the microcapsule by folding the piece of paper and
handing it to the patient. After sampling each odor, the patient
is presented with a card showing the names of the 4 odors and
asked to make selection. The total number of correct answers
for the 12 odorants presented is the OSIT-J score, and the range
of the OSIT-J score is 0–12 (15). The cut-off value for decreased
olfaction in elderly people over the age of 60 yr is 4–6 points (16).

Statistical Analysis
The Mann-Whitney test, χ2 test, and Student’s t-test were used
for the analysis. All the values obtained are expressed as the mean
± SD or median, min-max. These data were statistically analyzed
using IBM SPSS Statistics version 25 software (Chicago, IL).

The sensitivity and specificity of the respective diagnostic
index (H/M ratios of MIBG uptake in the delayed phase); the left-
right average of the SBR on DaT-SPECT; the pareidolic illusion
rate; theOSIT-J R© score; and the combined pareidolic illusion rate
and OSIT-J R© score to differentiate between DLB and AD were
assessed using receiver-operating characteristic (ROC) analysis.

The method of DeLong was used to analyze differences
in the area under the curve (AUC) for each result. These
data were statistically analyzed using MedCalc version 19
software (Belgium).

A p < 0.05 was considered to indicate a statistically significant
difference between the two groups.

For the combined use of the pareidolia test and OSIT-
J R© score, we have developed the “OSIT-J∗Pareidolia Test”
index, which is defined as the OSIT-J R© score∗ (1-pareidolic
illusion rate).

RESULTS

Table 1 shows the characteristics of the patients. The mean age
of the patients in the DLB group was 82.4 ± 5.0 yr, while that in
the AD group was 80.0 ± 5.6 yr. No significant difference was
observed between the two groups (p-value, 0.071).

The H/M ratios of MIBG uptake in the delayed phase
were 1.3 ± 0.3 and 2.9 ± 0.7 (p < 0.001); the left-right

average of the SBR on DaT-SPECT 2.2 ± 1.2 and 4.7 ±

1.2 (p < 0.001); the OSIT-J∗ Pareidolia Test scores 2.3 ±

1.9 and 4.2 ± 2.6 (p < 0.003); the pareidolia test scores
10.6 ± 11.7 and 3.7 ± 6.6 (p < 0.011); and the OSIT-
J scores 2.5 ± 2.0 and 4.4 ± 2.6 (p < 0.004) in the
DLB and AD patients, respectively. The results of all the
tests administered (MIBG myocardial scintigraphy, DaT-SPECT,
OSIT-J∗ Pareidolia combination test, pareidolia test, and OSIT-
J) all showed a significant difference between the AD and
DLB groups.

Figure 1 and Table 2 show the results of the ROC curve
analysis of discrimination between DLB and AD in each test.
With MIBG myocardial scintigraphy, the AUC was 0.96, the
cut-off score 2.54, sensitivity 86%, specificity 100%, positive
predictive value (PPV) 100%, and negative predictive value
(NPV) 67%; DaT-SPECT showed an AUC of 0.93, cut-off
score of 3.93, sensitivity of 82%, specificity of 96%, PPV
of 85%, and NPV of 95%; the OSIT-J∗ Pareidolia Test
showed an AUC of 0.75, a cut-off score of 2.93, sensitivity
of 77%, specificity of 67%, PPV of 73%, and NPV of 67%;
the pareidolia test showed an AUC of 0.73, cut-off score
of 2.50, sensitivity of 73%, specificity of 62%, PPV of 70%,
and NPV of 74%; and the OSIT-J showed an AUC of
0.72, cut-off score of 3, sensitivity of 77%, specificity of
58%, PPV of 74%, and NPV 63%. Here, a reduction in
the OSIT-J R© score was defined as 3 points or fewer, and
pareidolia-positive was defined as having a pareidolic illusion
rate of >2.5%.

Table 3 shows the results of the comparison of the
two ROC curves. The p-value for DaT-SPECT vs. MIBG
myocardial scintigraphy was 0.54; DaT-SPECT vs. OSIT-J,
0.001; DaT-SPECT vs. the pareidolia test, 0.02; DaT-SPECT
vs. the OSIT-J∗ Pareidolia Test, 0.02; MIBG myocardial
scintigraphy vs. OSIT-J, 0.001; MIBGmyocardial scintigraphy vs.
the pareidolia test, 0.005; MIBG myocardial scintigraphy
vs. the OSIT-J∗ Pareidolia Test, 0.002; OSIT-J vs. the
pareidolia test, 0.94; OSIT-J vs. the OSIT-J∗ Pareidolia
Test, 0.75; and the pareidolia test vs. the OSIT-J∗ Pareidolia
Test, 0.9.

TABLE 1 | Patient characteristics.

DLB group AD group p-value

Number of patients 24 22 –

Age (year) (median, min–max.) 82.4 (73–91) 80.5 (61–88) 0.071a

Male/Female 14/10 11/11 0.5716

Educational history(year) (mean, SD) 13.1 ± 2.8 12.1 ± 2.8 0.227c

MMSE score (median, min–max.) 22.9 ± 3.4 20.4 ± 4.8 0.046a

OSIT—J score (median, min—max.) 2.0 (0–8) 4.0 (0–11) 0.004a

The pareidolic illusion rate (%) (mean, SD) 10.6 + 11.7 3.7 ± 6.6 0.011c

OSIT—J*Pareidolia test (median, min–max.) 1.8 (0.0–6.8) 3.9 (0.0–11.0) 0.003a

DaT—SPECT SBR(average) (median, min–max.) 2.2 (0.1–4.2) 4.5 (2.7–7.4) <0.001a

MIBG H/M ratio (delay phase) (median, min–max.) 1.2 (0.9–2.2) 3.0 (1.2–4.1) <0.001a

aMann-Whitney U-test. bX2 test. cStudent’s t-test.
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FIGURE 1 | The results of the ROC curve analysis of discrimination between DLB and AD in each test.

TABLE 2 | The results of the ROC curve analysis of discrimination between DLB and AD in each test.

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Cut-off score AUC

MIBG 86 100 100 67 2.54 0.96

DaT-SPECT 82 96 85 95 3.93 0.93

OSIT-J*Pareidolia test 77 67 73 67 2.93 0.75

The pareidolia test 73 62 70 74 2..50 0.73

OSIT-J 77 58 74 63 3 0.72

PPV, Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve.

TABLE 3 | The results of the comparison of the two ROC curves.

Difference between areas Standard Error Z statistic p-value

MIBG vs. DaT-SPECT 0.028 0.046 0.613 0.540

MIBG vs. OSIT-J 0.237 0.072 3.294 0.001

MIBG vs. the pareidolia test 0.228 0.081 2.832 0.005

MIBG vs. OSIT-J*Pareidolia test 0.214 0.070 3.073 0.002

DaT-SPECT vs. OSIT-J 0.208 0.083 2.520 0.011

DaT-SPECT vs. the pareidolia test 0.200 0.087 2.304 0.021

DaT-SPECT vs. OSIT-J*Pareidolia test 0.186 0.083 2.247 0.024

OSIT-J vs. the pareidolia test 0.008 0.109 0.078 0.938

OSIT-J vs. OSIT-J*Pareidolia test 0.023 0.013 1.703 0.089

the pareidolia test vs. OSIT-J*Pareidolia test 0.014 0.101 0.140 0.089

DISCUSSION

Although both DaT-SPECT and MIBG myocardial scintigraphy

are neuroimaging techniques that have high power in diagnosing

DLB, they have the disadvantage of being expensive, and can
be performed only at hospitals with the necessary equipment.

Therefore, there is a growing need for biomarkers that can be
tested more easily and cheaply. Typical subjective symptoms
related to the diagnosis of DLB include visual hallucinations
and decreased olfaction. Assessment of visual hallucinations
and decreased olfaction is difficult, however, especially when
the patient’s own awareness of these symptoms is poor, or
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when the caregiver is unable to grasp the true situation as
the patient is living alone. The question also remains as to
whether subjective reporting of symptoms is truly reliable.
Therefore, we hypothesized that if we could objectively assess
visual hallucinations and decreased olfaction, it might be useful
as a biomarker for DLB diagnosis. The OSIT-J and pareidolia
tests are covered by the initial cost of consultation, relieving
the patient of a significant financial burden. Moreover, they can
be performed in clinics or other small facilities, as no special
equipment or space is required.

The results of the present study revealed that patients in the
DLB group had a significantly higher pareidolic illusion rate and
lower OSIT-J score than those in the AD group. These findings
indicate that pareidolia tests, which assess susceptibility to
visual hallucinations, and the OSIT-J, which allows quantitative
assessment of olfactory decline, are useful in differentiating DLB
from AD.

Although the pareidolia test did not show such high sensitivity
and specificity in present study, one previous study reported
a sensitivity of 100% and specificity of 88% in differentiating
DLB from AD (2). This previous study showed no significant
difference in visual acuity between the DLB and AD groups. The
fact that the current study did not perform an accurate visual
acuity test and only excluded patients who were noted to have
obvious vision loss during the neuropsychological examination
may have affected the accuracy of the pareidolia test.

It has been reported that hyposmia was not only pre-
symptomatic of DLB, but also more frequent than the core
clinical features normally associated with DLB (17). Therefore,
sense of smell is widely considered a major factor in the
diagnosis of DLB, making its objective evaluation by means
of the OSIT-J R© all the more important. In the present study,
the OSIT-J R© cut-off score for distinguishing DLB from AD
was 3 points. One earlier study suggested that the cut-off
value for decreased olfaction in elderly people over the age
of 60 years is 4–6 points (16). In brief, the cut-off value for
discriminating DLB from AD with OSIT-J R© was lower than
that in screening for hyposmia in the elderly. One study noted
that the sense of smell was reduced in not only DLB, but also
AD patients (18). Therefore, we believe that the cut-off value
in discriminating AD from DLB to be lower than that for
olfactory decline.

The diagnostic utility of the tests applied in the present study

was not as high as that of DaT-SPECT or MIBG myocardial

scintigraphy, both of which have been recommended as useful

in detecting indicative biomarkers of DLB in recent diagnostic

criteria. Nonetheless, we believe that they do have some utility
as they are cheaper and simpler than these standard alternatives.
This suggests that the pareidolia and OSIT-J tests may be useful
in determining whether to perform further nuclear imaging,
or may aid in the diagnosis in areas where nuclear imaging
is not available. The present results also revealed that the
discriminatory power of the combination of the olfactory and
pareidolia tests was not significantly greater than that with
either alone.

Therefore, while it is desirable to perform both tests, only
one of them may be useful in some cases. In other words, in
obtaining diagnostic clues, only olfactory tests may be suitable
for patients with visual impairment and pareidolia tests for those
with olfactory disorders.

This study had several critical limitations. Firstly,
determination of visual hallucinations was based solely on
patient-reported symptoms or third-party reporting (caregiver).
Further study should use the scale for visual hallucinations as
recommended in the “DIAMOND Lewy study (19).” Secondly,
it was carried out at a single memory disorder clinic; therefore,
the number of patients enrolled in each group was relatively
small. Thirdly, the OSIT-J∗ Pareidolia Test index is an original
index devised by our group for this study. Therefore, statistical
weighting was not taken into account when setting this index.
Further study is necessary to determine the validity of the OSIT-
J∗ Pareidolia Index. Another potential limitation of the present
study was the lack of autopsy confirmation in all cases. Rigorous
standardized sets of diagnostic criteria were applied, however, all
of which have been shown to have a positive predictive value of
>80% when judged by postmortem diagnosis (20, 21). Further,
large-scale, multicenter studies taking the results of pathological
examination into consideration are required to confirm the
present results.

In conclusion, the results of the present study suggest
that the pareidolia and OSIT-J R© tests may be considered
before resorting to nuclear neuroimaging in the diagnosis
of DLB.
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Diffusion tensor imaging (DTI) allows measuring fractional anisotropy and similar

microstructural indices of the brain white matter. Lower than normal fractional anisotropy

as well as higher than normal diffusivity is associated with loss of microstructural

integrity and neurodegeneration. Previous DTI studies in Parkinson’s disease (PD) have

demonstrated abnormal fractional anisotropy in multiple white matter regions, particularly

in the dopaminergic nuclei and dopaminergic pathways. However, DTI is not considered

a diagnostic marker for the earliest Parkinson’s disease since anisotropic alterations

present a temporally divergent pattern during the earliest Parkinson’s course. This article

reviews a majority of clinically employed DTI studies in PD, and it aims to prove the

utilities of DTI as a marker of diagnosing PD, correlating clinical symptomatology, tracking

disease progression, and treatment effects. To address the challenge of DTI being a

diagnostic marker for early PD, this article also provides a comparison of the results

from a longitudinal, early stage, multicenter clinical cohort of Parkinson’s research with

previous publications. This review provides evidences of DTI as a promising marker for

monitoring PD progression and classifying atypical PD types, and it also interprets the

possible pathophysiologic processes under the complex pattern of fractional anisotropic

changes in the first few years of PD. Recent technical advantages, limitations, and further

research strategies of clinical DTI in PD are additionally discussed.

Keywords: diffusion tensor imaging (DTI), fractional anisotropy (FA), Parkinson’s progression marker initiative

(PPMI), diffusion tensor tractography (DTT), dopaminergic pathway, substantia nigra (SN), Parkinsion’s disease

(PD)

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer
disease. PD generally begins with motor symptoms, including bradykinesia, rigidity, resting
tremor, and postural instability. PD also includes numerous non-motor symptoms (such as
cognitive impairment, depression, sleep behavioral problems, and olfactory dysfunction) (1).
The classical neuropathologic hallmark of PD involves the loss of dopaminergic neurons in
the substantia nigra (SN), resulting in a decreased dopaminergic output through the cortico-
basal ganglia-thalamocortical motor circuit, which causes dysregulation of motor functions (2).
Another neuropathologic characteristic of PD is the presence of Lewy bodies (3) and neurites
in both neuron bodies and axons, including aggregates of the α-synuclein protein (4). When
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PD begins, the complex features of motor and non-motor
symptoms reflect the progression of underlying pathologies,
including α-synuclein immunoreactive inclusions in Lewy
bodies; loss of dopaminergic, cholinergic, serotonergic,
and noradrenergic projections from the brainstem to the
midbrain and basal forebrain; and, finally, to the neocortex
(5). Over the course of PD, patients commonly experienced
comorbid neuropsychiatric disturbances, including depression,
behavioral and cognitive deficits, and dementia, which need
to be differentiated from other neurodegenerative causes
such as dementia with Lewy bodies (DLB) and Alzheimer’s
disease. On the other hand, the term “parkinsonism” refers
to motor syndromes that also present in PD, including
bradykinesia, cogwheel rigidity, resting tremor, a slow shuffling
gait, and imbalance. The atypical causes of parkinsonism
that mimic idiopathic PD include multiple system atrophy
(MSA), progressive supranuclear palsy (PSP), or corticobasal
syndrome (CBS), as well as drug-induced parkinsonism
and others. The most common motor and non-motor
syndromes of PD, and other causes of parkinsonism that
are involved in PD differential diagnosis, are listed in
Table 1.

In PD, the loss of dopaminergic neurons and the accumulation
of Lewy bodies are typically accompanied by damage of
neuroglial cells and demyelination of axons with increasing
microglia concentration in extracellular spaces. It is therefore
plausible that the detection of extracellular microstructural
abnormalities in brain regions with dopaminergic neurons

TABLE 1 | Motor and non-motor syndromes of PD and other causes of

Parkinsonism.

Idiopathic PD

motor

syndromes

Diseases

showing

similar motor

dysfunctions

Idiopathic PD

non-motor

syndromes

Diseases

showing similar

non-motor

dysfunctions

- Resting tremor

- Bradykinesia

- Rigidity

- Postural

instability

- Freezing of gait

- Micrographia

- Decreased

facial

movements

- Unwanted

rapid

movements

- Other:

dystonia, speech

problem,

Difficulty

swallowing,

Sexual

Dysfunction,

Cramping

- Multiple system

atrophy (MSA)

- Progressive

supranuclear

palsy (PSP)

- Corticobasal

syndrome (CBS)

- Other:

Essential Tremor

(ET),

drug-induced

parkinsonism,

normal

-pressure

hydrocephalus

- Neurodegeneration:

Mild cognitive

impairment,

executive

dysfunction,

Dementia

- Mood and emotion:

depression, anxiety,

apathy

- Smell: hyposmia

- Sleep: REM

behavioral disorder,

Insomnia, Excessive

daytime sleepiness

- Hallucinations,

delusions

- Other: fatigue,

Autonomic, Pain,

Skin problems,

Impulsive behaviors

due to the side

effects of medication

- Dementia with

Lewy

bodies (DLB)

- Demented PD

(PDD) vs.

Alzheimer’s disease

- PD

with depression

and along dopaminergic pathways might be a biomarker of
incipient PD.

Diffusion Tensor Imaging (DTI), one of the magnetic
resonance imaging (MRI) sequences, has been employed
to measure white matter microstructural integrity in
neurodegenerative diseases, as well as to visualize brain
fiber connections via tractography (6). Many quantitative DTI
indices (as summarized in Table 2) could be derived from
a clinical DTI sequence. Fractional anisotropy (FA), radial
(RD), axial (AD), and mean diffusivity (MD) have been most
commonly used to describe the degree of random motion
of water molecules on a microscopic scale. Specifically, FA,
which measures the directionality of random water motion,
has been used to probe nerve fiber arrangements, axonal
integrity, and the degree of axonal myelination (64). FA is
clinically feasible to deduce the microstructural integrity of
brain tissues, especially preferred to oriented tissues, such as
white matter and fiber-tract architectures. MD measures the
magnitude of water diffusion. A high MD is thought to indicate
broad cellular damages including edema and necrosis. MD
is used clinically to capture these microstructural alterations
in both gray and white matter tissues (65). AD measures the
magnitude of diffusion along the main axis, and RD measures
the magnitude of transverse diffusion. In animal studies,
increased RD appears to describe myelin pathology-induced
myelin thinning (66), while decreased AD indicates acute axonal
injury but does not correlate with chronic axonal damage
(67). However, the clinical utilities of these DTI metrics have
to consider several limitations: (1) All these DTI metrics
lack validations with specific neuropathology in postmortem
brain. (2) The interpretation of RD/AD might be difficult
in voxels containing isotropic structure. Wheeler-Kingshott
and Cercignani (68) reported that fictitious changes between
RD and AD could occur in areas of low anisotropy, severe
pathology, partial volume, and crossing-fibers. They advised that
interpretations of RD/AD should be strongly discouraged
under such circumstances. (3) There is no appropriate
neurobiological implication for AD increases. Linking the
increased AD to axonal recovery (as a reverse response of axonal
injury) remains questioned, because many studies found AD
increase is associated with neurodegenerative disorders such
as dementia (69). Despite these limitations, the decreased FA
and increased MD have been found correlated with neuronal
degeneration (70) and degeneration caused by dopamine loss
(71). Further, previous studies (72, 73) reported that abnormal
FA values are detected in PD prior to atrophy, suggesting
the usefulness of DTI measures as a biomarker of PD in
clinical studies.

This study aims to review a majority of clinically employed
DTI studies in investigations of PD, together with a comparison
of the results from a longitudinal, early stage, multicenter clinical
cohort. It is sought to prove the utilities of DTI as a biomarker
of diagnosing PD, correlating clinical symptomatology, and
tracking disease progression and treatment effects on PD.
Advantages and challenges of clinical application of DTI in PD
will be discussed further.
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TABLE 2 | Summary 1of common microstructural and connectivity indices derived from DTI, as well as their utilities, interpretations, and clinical correlations in PD.

Measures Modality Analysis Interpretation of

abnormal indicates

Clinical correlation in PD

Microstructural indices

Fractional anisotropy

(FA)

Diffusion tensor

imaging

All analytic types Low FA: reduced integrity,

axonal loss, demyelination,

etc.

High FA: improved axonal

alignment, re-myelination,

crossing-fiber, etc.

- Low FA of the SN (7–12), NST (13), thalamic tract (anterior

nucleus) (14) correlated with motor dysfunction (UPDRS-III).

- Low FA of the basal ganglia regions correlated with non-motor

dysfunction (UPDRS except part III) (15).

- Low FA of the CC body correlated with the high risk of falls (16).

- Low FA of the PPN correlated with severe degree of FOG (17).

- Low FA of the entrance to the EC, lateral to the anterior horn of

the ventricle, and four ROIs in PFC correlated with severe PIGD

symptoms (18).

- Low FA correlated of the thalamus with a poor motor speed and

balance (19).

- Low FA of primarily the frontal and parietal regions correlated with

executive, visuospatial dysfunctions (20–24).

- Low FA of the parietal regions, CG, UF, ILF SLF, Fornix tracts,

correlated with low aggregate cognition, and memory (25, 26).

- Low FA of the thalamus (27), left deep temporal cortex (28)

correlated with the severe depression.

- Low FA of the frontal regions, IFOF correlated with severe

sadness (29).

- Low FA of the multiple brain tracts, IFL, SFL, cerebellum, IFOF

correlated with severe neuroinflammation (30, 31).

- Low FA of the Fornix correlated with excessive daytime

sleepiness (32).

- Low FA of the brainstem correlated with autonomic dysfunction

during REM sleep (33).

- Low FA of the gyrus rectus correlated with smell loss (34).

- Low anisotropy of the CC, Fornix correlated with severe olfactory

dysfunction (35).

- Low FA of the rostral SN correlated with low DAT-SBR of the

putamen (7).

Mean diffusivity (MD) Diffusion tensor

imaging

All analytic types High MD: atrophy,

damaged cellularity,

edema, necrosis, etc. less

specific to tissue type

- High MD of the SN (36), contralateral Put (37), GP (38), Genu,

EC, SCR, ACR (39) corrected with motor dysfunction (UPDRS-III).

- High MD of the basal ganglia regions correlated with non-motor

dysfunction (UPDRS except part III) (15).

- High MD of the CC body correlated with the higher risk of falls

(16).

- High MD of the PPN (17), PLIC (40) correlated with severe degree

of FOG.

- High MD of the entrance to the EC, lateral to the anterior horn

of the ventricle, and four ROIs in PFC correlated with severe PIGD

symptoms (18).

- High MD of the brainstem, thalamus, IC and SCR (41), the tracts

projecting to the right pre- and primary motor cortices correlated

with high tremor scores (42).

- High MD of the thalamus, SLF correlated with a worse motor

speed and balance (19).

- High MD of the frontal, parietal, temporal regions correlated with

executive dysfunction (21, 24, 43, 44).

- High MD of extensive regions, UF, ILF SLF tracts, correlated with

low global cognition dysfunction (26, 45, 46).

- High MD of the medial temporal region, Hippocampus, ILF, CG

correlated with memory dysfunction (47, 48).

- High MD of the IFL, SFL, cerebellum, IFOF correlated with high

inflammatory parameters (30).

- High MD of the temporal region, ILF, CG, Fornix correlated with

language dysfunction (47).

- High MD of the brainstem correlated with autonomic dysfunction

during REM sleep (33).

- High MD of the SN correlated with smell loss (49).

(Continued)
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TABLE 2 | Continued

Measures Modality Analysis Interpretation of

abnormal indicates

Clinical correlation in PD

Radial and axial

diffusivity (RD, AD)

Diffusion tensor

imaging

All analytic types High RD: de- or

dys-myelination, changes

in the axonal diameters or

density.

Low AD: axonal injury.

High AD: unclear

- High RD/AD of the SN (7), NST (13), EC, SCR, ACR, IFOF,

PTR (39), CST, CG, CC (50) correlated with motor dysfunction

(UPDRS-III).

- High RD/AD of the basal ganglia regions correlated with non-

motor dysfunction (UPDRS except part III) (15).

- High RD of the entrance to the EC, lateral to the anterior horn

of the ventricle, and four ROIs in PFC correlated with severe PIGD

symptoms (18).

- High RD of the prefrontal cortex region correlated with executive

and visuospatial dysfunction (51).

- High RD/AD of the CG associated with global cognitive decline

(50).

- High RD of the basal forebrain Cholinergic regions correlated with

memory and executive dysfunctions (52).

- High RD of the IFL, SFL, cerebellum, IFOF correlated with high

inflammatory parameters (30).

- High RD/AD of the SN correlated with smell loss (49).

Mean kurtosis (MK) Diffusion kurtosis

imaging using

multiple b values

ROI and whole

brain

High MK: more hindered

and restricted diffusion

environment.

Low MK: more

tissue complexity

- High MK of the SN correlated with motor dysfunction (H&Y, and

UPDRS-III) (53).

- High MK of the frontal, temporal, basal ganglia, limbic, and

paralimbic regions correlated with motor deficits (UPDRS-III) (54).

Free water (FW) Reconstructed

from DTI, using

bi-tensor model

ROIs, local tracts High FW: increased

extra-cellular space can be

attributed to atrophy

- High FW of the SN correlated with motor dysfunction (UPDRS-III,

H&Y) in overall PD and control groups (55, 56).

- High FW of the SN correlated with low cognition (MoCA) in PD

and control groups (55, 56).

- High FW of the posterior SN correlated with low DAT-SBR of the

putamen (55).

Connectivity indices:

Streamline/fiber

numbers, density or

volume

Diffusion tensor

tractography,

tensor density

imaging (TDI)

Local or whole

brain tracts

Low streamline profiles:

lost axons, disrupted

neuropathway, artifact or

crossing-fiber

- Low connectivity matrix of the pallidum–putamen connection

correlated with motor dysfunction (UPDRS-III) (57).

High connectivity matrix of sensorimotor cortex–putamen

correlated with motor dysfunction (UPDRS-III) (57).

- Low connectivity metrics between bilateral SMAs correlated with

smell loss and motor dysfunction (UPDRS-III) (58).

- Low fiber count of the NST correlated with motor dysfunction

(UPDRS-III) (59).

- Low fiber density of the basal ganglia local connections

correlated with motor dysfunction (UPDRS-III) (60).

Intracellular volume

fraction (Vic),

Orientation

dispersion index

(OD)

Multiple b values

fitted to the

neurite orientation

dispersion and

density imaging

(NODDI) model

Local tracts Likely to explain neurite

density

Low Vic and OD: neuronal

loss or loss of

neuronal fibers

- Low Vic and OD of the putamen and SNc correlated with

increased PD duration and UPDRS-III (61).

Connectome Graph theory and

network

measures

Whole brain

inter-Connectivity

Likely to explain structural

connectivity according to

global efficiency, clustering

coefficient, path length,

etc.

- Low local efficiency between putamen and local regions

correlated with motor dysfunction (UPDRS-III) (62).

- Low global efficiency and clustering coefficient correlated with

decreased CSF levels of a-synuclein, and Aβ42 – abnormal

aggregation (63).

SN, substantia nigra; NST, nigrostriatal tract; CC, corpus callosum; PPN, pedunculopontine nucleus; PLIC, posterior limb of the internal capsule; FOG, freezing of gait; PFC, prefrontal

cortex; PIGD, postural imbalance and gait difficulty; CG, cingulum, or cingulate tract; UF, uncinate fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus;

IFOF, inferior fronto-occipital fasciculus; Put, putamen; GP, globus pallidum; EC, external capsule; IC, internal capsule; SCR, superior corona radiata; ACR, anterior corona radiata; PTR,

posterior thalamic radiation; CST, corticospinal tract; SMA, supplementary motor areas; DAT-SBR, striatal binding ratios on dopamine transporter single photon emission tomography;

REM sleep, rapid eye movement sleep.
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DTI ASSESSMENT OF PD DIAGNOSIS

Non-hypothesis Driven, Voxel-Wise DTI
Analyses in PD
The voxel-based whole brain analysis is a computational
approach to identify to what extent in brain anatomy there
are significant group differences in DTI indices, via a voxel-
by-voxel comparison throughout the entire brain. This analysis
automatically registers individual DTI maps to a template,
which reduces the significant differences in brain anatomy
between people. Registration algorithms can be intensity-based,
for example, voxel-based analyses (VBA) (74), or tract-based,
for example, tract-based spatial statistics (TBSS) (75). The
advantages of the whole brain analyses are fully automatic,
unbiased, unsupervised, without the need of prior hypotheses.
However, the disadvantages of the whole brain approaches could
be sensitive to various artifacts and technical issues, which
include mis-registration of brain tissues, mis-classification of
tissue types, etc. All these matters may confound the statistical
analysis and either decrease the sensitivity to true DTI effects
or increase the chance of false positives. Multiple studies
have utilized non-hypothesis driven DTI analyses (Table 3) in
comparing PD with healthy controls (HC). By analyzing datasets
with a large variety of sample ages, disease severity, medication
status, and non-motor symptoms, these studies reported a
heterogeneous, multifocal pattern of abnormal DTI changes. The
complex distribution of abnormal DTI changes is consistent
with the notion that PD is a multisystem disorder involving
several neurotransmitters beyond the loss of only dopamine. A
recent review (102) summarized the various anatomical regions
where abnormal DTI values correlated with a variety of PD
symptomatology, including motor and motor phenotypes as
well as non-motor features such as cognitive, mood, olfactory
dysfunction, hallucinations/psychosis, and sleep disturbance,
such as rapid eye movement sleep behavior disorder (RBD).
It is therefore conceivable that the inconsistent findings of
DTI abnormality across previous studies reflect the clinical
heterogeneity of the study population. In this context, it will
be indeed necessary to replicate these findings in a large
population, detect imaging-clinical correlations under unique
types of dysfunction, and track how these findings may alter
during the early course of PD.

The Parkinson’s Progression Markers
Initiative (PPMI) Findings
Previous studies have highlighted a very complex picture of
DTI as a PD-specific biomarker. For example, some studies
reported that PD exhibits significantly lower FA, but some
others showed PD has higher FA than HC subjects. To address
if an FA increase or decrease is a characteristic feature of
PD, we investigated the temporal changes of FA along the
early disease course, by analyzing data from a multicenter,
longitudinal PPMI (103) cohort (from now on termed “this
study”). The methodological details of data selection, MRI
acquisition, image processing, and analyses of this study are
described in the Supplementary Material S1–S3. Overall, the
PPMI data is characterized as early diagnosed cases (diagnosed

within 2 years), drug-naïve (de-novo) including 22% patients with
onset at young adulthood (i.e., age ≤ 50 years). Figures below
depict the findings resulted from this study, as a comparison with
the numerous results published previously.

Figure 1 shows statistical T-maps of FA differences between
PD groups within year-1 (Y0) or more than 3 years (Y3), and
demographically matched HC groups. Considering the impact of
age at PD onset, the figure illustrated results of group differences
separately for young-onset group (YPD, age of onset ≤ 50 years)
and typical-onset group (OPD, age of onset > 50 years). In
comparison between YPD(Y0) and YHC, significantly higher FA
was observed in patients in multiple brain regions, including the
bilateral corticospinal tract (CST), internal capsule, striatum (the
putamen, pallidum, and caudate nuclei), anterior and posterior
and superior corona radiata, as well as in white matter areas
that lie next to the motor and supplementary motor cortices.
Further, a comparison between YPD(Y3) and YHC showed that
higher FA in patients remained significant in the internal capsule,
striatum, corona radiata, and motor and supplementary motor
white matter areas, but with a lesser extent of distribution. In the
comparison between YPD and YHC groups, no region was found
with lower-than-normal FA. On the other hand, the comparison
between OPD(Y0) and OHC showed significantly higher FA
in patients only in the bilateral CST. The comparison between
OPD(Y3) and OHC showed prominently lower FA in patients in
the SN, midbrain, thalamus, and multifocal non-motor areas of
the white matter across all major lobes, while no area was found
with higher-than-normal FA.

Figure 2 depicts temporal pattern of FA changes during the
early course of PD (from 0 to 79 months after the clinical
diagnosis was made) in the SN and CST. For comparison, FA of
the HC subjects at baseline are presented. The scatter plots are
separately illustrated for the YPD vs. YHC groups and OPD vs.
OHC groups. In CST, FA was significantly increased from the
first year through the third year for both YPD and OPD, and later
decreased to a normal level after the third year of clinical PD. In
the SN, FA reduced steadily for OPD throughout the PD course.

Despite a multifocal regional pattern of FA reduction, which
has been consistent with those commonly reported in literature,
this study presented a robust FA increase in extensive motor
areas in a large sample of the earliest and young-onset PD.
The FA increase in the CST and other motor areas is not
surprising because it has been also reported in previous studies
using PPMI data (89, 97, 98) or other pilot data (80, 85, 92).
Reduced FA is often found in neurodegenerative conditions,
such as aging, Alzheimer’s disease, and Parkinsonism, and is
believed to be attributed to demyelination, loss of axons, and
interrupted connection. It is unlikely that an FA increase is
interpreted as its opposite physiological meaning (e.g., axonal
regeneration, remyelination, redundant white matter networks)
in neurodegenerative disorders. A meta-analysis (104) revealed
that previous studies usually considered the FA increase to be due
to methodological confounding factors. For example, different
MRI scanners, field strength, and the number of diffusion
directions could result in variability of the FA measurement
and make group comparisons very difficult based on a multi-
center population. Another issue is that voxels composed of
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TABLE 3 | An overview of the non-hypothesis driven DTI studies in Parkinson’s disease.

Author,

year

Group Age Duration

(years)

UPDRS-III H&Y Medication Non-motor

syndromes

Region of FA

decrease/MD increase

Region of FA

increase/MD

decrease

Zhang

et al. (76)

25 HC

25 PD

58.4 (9.8)

58.4 (9.3)

5 (2–29) 48.0 (14.0) 1–3 Medicated w/o factory

dysfunction;

normal

cognition

[FA] bilateral cerebellar

hemispheres, right rectus

gyrus

[MD] bilateral orbitofrontal

cortices, bilateral inferior

temporal gyri

[FA] n.s.

[MD] bilateral

parietal lobes and

left MC

Rae et al.

(21)

15 HC

14 PD

64

(50–75)

65 (51–

78)

10 (4–20) 20 (14–32) 2.1

(1.5–3)

Medicated

(ON/OFF)

[FA] prefrontal and parietal

WM, the CC, and the

superior CST

[MD] prefrontal WM and

the CC

Zhan et al.

(11)

20 HC

12 PD

67.4 (8)

67.2 (8)

26.3 (12.2) Medicatd

(OFF)

[FA] superior and inferior

MC, superior postcentral

gyrus, posterior striatum,

frontal WM, and along

projections to the SMA, IC,

EC, in the proximity of the

Put, thalamus, and SN

Gallagher

et al. (22)

15 HC

15 PD

60.3 (10)

62.7 (6.5)

5.6 (5) 10 (12) 1.63 Medicated w/ executive

dysfunction

[FA] ALIC, ACR, body of

CC, SS, UF, and deep

cerebellar WM

[MD] similar and more

extensive than distribution

of FA

Kim et al.

(77)

64 HC

64 PD

63.0 (8.9)

62.9 (9)

5.3 (5.4) 2 (1-4) Medicated

(OFF)

Normal

cognition

[FA] n.s.

[MD] corticofugal tract, CG,

UF, FXST, CC, EC, SLF,

PTR, and tracts adjacent to

the precuneus and

supramarginal gyrus

Theilmann

et al. (23)

26 HC

25 PD

65.9 (8.4)

68.0 (8.9)

7.2 (4.8) 25.4 (8.9) 2.4 (0.3) Medicated

(ON)

w/ impaired

cognition

[FA] widespread, bilateral

frontal tracts, left parietal

and occipital tracts

[MD] widespread, bilateral

frontal tracts, parietal and

occipital tracts

Auning

et al. (51)

19 HC

18 PD

64.6 (6.5)

66.7 (5.1)

2.2 (1.1) 12.3 (6.8) 1.7 (0.6) Medicated Slightly

depressed

[FA] frontoparietal regions,

CC and the posterior CG

Diez-

Cirarda

et al. (78)

15 HC

37 PD

65.1 (7.0)

68.0 (6.2)

6.96 (5.6) 21.7 (10.3) 1.9 (0.5) Medicated

(ON)

w/impaired

cognition

[FA] right UF

[MD] n.s.

Jiang et al.

(79)

34 HC

31 PD

69.3 (8)

69.4 (8)

∼4 (2) ∼20 (9) ∼3 (1) Partly

medicated

w/ depression,

impaired

cognition and

self-care ability

[FA] CC, SLF, ILF, CG, optic

radiation, left IC and

subcortical arcuate fibers

Koshimori

et al. (43)

14 HC

16 PD

67.1 (5.1)

70.5 (5.6)

6.7 (4.2) 25.3 (15.3) Medicated

(ON)

w/ impaired

cognition

[FA] n.s.

[MD] larger area of bilateral

frontal and temporal

regions and smaller areas

of the left parietal and

occipital regions

Skidmore

et al. (80)

22 HC

20 PD

64 (9)

61 (13)

5–12 34 (14) 3

(1.5–5)

Medicated

(OFF)

w/ impaired

cognition,

depression

[FA] Rectal gyrus,

middle CG,

bilateral Put, left

thalamus

Vercruysse

et al. (81)

15 HC

15 PD

68.1 (6.5)

67.6 (5.6)

7.6 (5.3) 32.5 (9.1) 2.5

(2–2.5)

Medicated w/o freezing of

gait

[FA] body of CC

[MD] body of CC,

CST, pre-central

WM,

Anterior cerebellum

(Continued)
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TABLE 3 | Continued

Author,

year

Group Age Duration

(years)

UPDRS-III H&Y Medication Non-motor

syndromes

Region of FA

decrease/MD increase

Region of FA

increase/MD

decrease

Yoo et al.

(82)

18 HC

9 PD

54.4 (6.5)

59.6 (8.6)

10.6 (3.9) 14.4 (8.0) 2.2 (0.4) Medicated

(ON)

w/o impulse

control disorder

[FA] bilateral orbitofrontal,

medial prefrontal, anterior

cingulate areas

[MD] n.s.

Youn et al.

(17)

33 HC

42 PD

69.6 (5.8)

69.1 (6.4)

9.2 (4.0) 20.1 (10.6) 2.3 (0.3) Medicated

(ON)

w/ and w/o

freezing of gait

[FA] left thalamus, bilateral

orbitofrontal area, bilateral

SN

[MD] bilateral inferior

temporal cortex,

orbitofrontal cortex, insula

and left frontal area

Duncan

et al. (44)

50 HC

125 PD

65.8 (8.0)

66.0 (10.5)

0.51 (0.4) 26.8 (11)[b] 2 (1–3) Medicated

(ON)

w/ impaired

cognition

[FA] n.s.

[MD] forceps minor, CG,

SLF, ILF, IFOF, CST, CC

and IC

Price et al.

(83)

40 HC

40 PD

68.2 (4.6)

67.8 (5.4)

7.5 (5.1) 2.8 (3.4)

17.6 (10.7)

1.6 (0.8) Medicated

(ON)

w/ some

impaired

cognition

[FA] genu and body of CC,

forceps minor, ATR, IFOF

and UF

Lim et al.

(84)

25 HC

14 PD

68.5 (6.6)

69.7 (7.2)

4.4 (3.7) 22.4 (10.6) 1.6 (0.5) Medicated

(OFF)

w/o rapid eye

movement

sleep behavior

disorder

[FA] mainly in both frontal

Areas

[MD] widespread

Mole et al.

(85)

26 HC

24 PD

64.9 (8.1)

63.4 (10.8)

25 (11) 1.8 (0.4) Medicated

(OFF)

[FA] right UF [FA] CST, right

Put-SMA, bilateral

Thalamus-MC

Wang et al.

(86)

16 HC

16 PD

68.6 (2.6)

68.9 (6.0)

3.7 (2.9) 20.9 (10.6) Not

mentioned

w/o freezing of

gait

[FA] genu and body of CC,

left SCR

[MD] CC (genu, body,

splenium), right SCR, right

IC and EC, bilateral PTR,

SLF, and corona radiata

Wen et al.

(39)[a]
60 HC

54

HY1PD

87HY2PD

60.3

(10.8)

60.2 (9.6)

62.0 (9.3)

0.5 (0.5)

0.6 (0.6)

14.7 (5.7)[b]

25.1 (8.6) [b]
1

2

de-novo [FA] CC, forceps

minor, the thalamic

radiation, ACR,

SCR, and PLIC,

EC, SLF, ILF, IFOF

and CG

[MD]

aforementioned

WM tracts

Canu et al.

(87)

28 HC

28 PD

61.9 (8.3)

63.6 (6.5)

9.7 (5.4) 47.3 (8.2) 2.6 (0.5) Medicated

(ON)

w/o impulsive-

compulsive

behaviors, with

depression

[FA] n.s.

[MD] left pedunculopontine

tract and splenium of CC

Chen et al.

(88)

24 HC

18 PD

62.9 (3.7)

62.3 (4.6)

3.1 (2.8) 17.4 (8.7) Medicated

(OFF)

[FA] body of CC, fornix, left

hippocampus, and left

IFOF

Chen et al.

(24)

33 HC

24 PD

48.6 (7.8)

48.4 (6.5)

3.2 (3.0) 19.1 (13.6) 1.7 (1.0) Not

mentioned

w/ abnormal

executive and

visuospatial

function

[FA] right SLF, right

temporal WM, left inferior

and superior parietal WM,

bilateral ATR, bilateral

occipital WM, left IFOF, left

CST, left Put

[MD] left inferior parietal

WM, bilateral occipital WM,

right parietal WM, and right

posterior SLF

(Continued)
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TABLE 3 | Continued

Author,

year

Group Age Duration

(years)

UPDRS-III H&Y Medication Non-motor

syndromes

Region of FA

decrease/MD increase

Region of FA

increase/MD

decrease

Chiang

et al. (30)

67 HC

66 PD

56.8 (9.8)

58.1 (8.7)

9.4 (4.5) 22.7 (16.8) 2.0 (1.1) Medicated w/ inflammation [FA] left parietal and right

occipital ILF, left postcentral

and right parietal SLF, left

cerebellum, and left IFOF.

[MD] left ILF, right SLF, left

cerebellum, and left IFOF

Cousineau

et al. (89)[a]
179 HC

412 PD

<2 1–2 de-novo [FA] CC, CST,

nigro-subthalamo-

putaminal-

thalamocortical

connections

Georgiopoulos

et al. (90)

13 HC

22 PD

68

(65–70)

68 (67–

70)

7 (2) 20 (16–27) 2

(1.5–3)

Medicated

(ON)

w/ olfactory

dysfunction

[FA] n.s.

[MD] left CST,

bilateral PLIC,

neural tracts

adjacent to left SN

Kamagata

et al. (54)

28 HC

30 PD

66.5

(10.8)

67.6 (9.8)

6.4 (3.7) 16.1 (8.8) 2.1 (0.9) Medicated [FA] left temporal, left

limbic, and paralimbic

areas

[MD] left frontal, left

temporal, left limbic, and

paralimbic areas

Lee et al.

(91)

30 HC

21 PD

68.6 (6.0)

66.2 (6.8)

7.0 (4.2) 16.4 (5.1) 1.8 (0.5) medicated w/o visual

hallucination

[FA] the bilateral

fronto-temporo-parietal

areas, midbrain and pons

[MD] n.s.

Luo et al.

(41)

26 HC

30 PD-

TD

53.4 (10)

54.5 (8)

2.0 (1.7) 25.4 (12) 1.6 (0.5) Partly

medicated

(OFF)

[FA] n.s.

[MD] MCP, SCP, cerebral

peduncles, thalamus, IC,

and SCR, fornix, ILF,

and IFOF

Chen et al.

(92)

30 HC

30 PD

58.0 (9.3)

64.3 (10.3)

5.2 (3.6) 17.9 (9.3) 1.8 (0.9) Medicated

(ON)

No psychiatric,

neurological

disorder

[FA] olfactory tract,

hippocampal CG, SLF

(temporal part)

[FA] Corticospinal

tract

Guimaraes

et al. (50)

137 HC

132 PD

57.8 (9.4)

60.9 (9.8)

7.8 (6.4) 16 (8.2) 2.8 (1.3) Medicated

(ON)

[FA] genu, body, and

splenium of CC, IC and

EC, corona radiata, PTR,

SS, CG and SLF

Li et al. (93) 22 HC

31 PD

59.7 (8.6)

60.5 (9.3)

26.4 (10.1) 1.6 (0.5) Not

mentioned

w/ depression,

memory,

olfactory

dysfunction

[FA] bilateral ALIC, bilateral

EC, right ACR, genu, body

and pad of CC, left sagittal

layer.

Minett

et al. (94)

48 HC

93 PD

66.0 (7.9)

64.3 (10.8)

0.5 (0.0) 25.9 (1.1) 1.9 (0.1) Medicated

(ON)

Normal

cognition

[FA] n.s.

[MD] bilateral corona

radiata, IC and EC, CC,

IFOF, SFOF, forceps minor,

CG, SLD, ILF

Pietracupa

et al. (95)

19 HC

16 PD

66.7 (7.7)

69.7 (11)

9.5 (6.2) 29.8 (17) 2.5 (1.1) Medicated

(ON/OFF)

w/o freezing of

gait

[FA] n.s.

[MD] right cingulum

(angular bundle)

Rektor

et al. (96)

21 HC

20 PD

57.9 (7.2)

61.9 (7.6)

<5 1–.5 Medicated

(ON)

normal

cognition

[FA] n.s.

[MD] left SCR, SLF, EC, IC,

temporal, and

prefrontal WM

(Continued)
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TABLE 3 | Continued

Author,

year

Group Age Duration

(years)

UPDRS-III H&Y Medication Non-motor

syndromes

Region of FA

decrease/MD increase

Region of FA

increase/MD

decrease

Taylor et al.

(97)[a]
45 HC

71 PD

59.6 (11)

61.3 (9)

<2 0.7 (1.6)[b]

21.3 (8.9) [b]
Medicated

(OFF)

Normal

cognition

[FA] Midbrain,

CST, pontine and

cerebellar WM,

anterior CC, right

ACR, Left ILF,

IFOF, ACR

Wen et al.

(98)[a]
61 HC

52 PD-

TD

60.2

(10.8)

60.5 (9.6)

0.63(0.7) 0.6 (1.4)[b]

19.8 (9.5) [b]
1–2 de-novo Normal

cognition

[FA] Left ATR,

IFOF, bilateral ILF,

SLF, SS, right CST

[MD] n.s.

Guan et al.

(99)

46 HC

65 PD

57.8 (9.4)

55.5 (9.5)

4.7 (3.9) 27.1 (14.4) 2.3 (0.7) Medicated

(OFF)

[FA] right UF

[MD] right EC and forceps

minor, left CG

This

study[a]
15 YHC

25

YPD(Y0)

19

YPD(Y3)

60 OHC

104

OPD(Y0)

72OPD(Y3)

42.3 (6)

46.1 (4)

50.6 (4)

63.4 (8)

63.8 (7)

67.2 (7)

0.3 (0.2)

4.4 (0.8)

0.4 (0.2)

4.3 (0.7)

0.2 (0.4)[b]

18.0 (7.8[b]

25.2 (12)[b]

0.7 (1.5)[b]

20.5 (8.6)[b]

29.1 (12) [b]

1.6(0.5)

1.8 (0.4)

1.6 (0.5)

1.9 (0.6)

Medicated

(OFF)

Partly

Medicated (OFF)

w/o cognitive

impairment

Mildly

impaired cognition

[FA of YPD] n.s.

[FA of OPD(Y>3)] genu,

body and splenium of CC,

CG, SN, midbrain,

geniculate nuclei of the

thalamus, fronto- parieto-

occipito- temporal

multifocal non-motor areas

[FA of YPD] CST,

ALIC, PLIC,

striatum (Put,

pallidum, caudate),

PTR, SCR, white

matter adjacent to

SMA, MC and

postcentral cortex

[FA of

OPD(Y0-1)] CST

[a]Studies using PPMI data. Other studies in the list were using independent data source. [b]Measured by MDS-UPDRS version. UPDRS-III = motor exams (part-III) of the Unified

Parkinson’s Disease Rating scale (100); MDS-UPDRS-III = motor exams (part-III) of the Movement Disorder Society – sponsored revision of the Unified Parkinson’s Disease Rating

scale (101). n.s., not significant; WM, white matter; CC, corpus callosum; CST, corticospinal tract; Put, putamen; SN, substantia nigra; MC, motor cortex or precentral gyrus; SMA,

supplementary motor areas; IC, internal capsule; EC, external capsule; ALIC, anterior limb of internal capsule; ACR, anterior corona radiata; SS, sagittal stratum; UF, uncinate fasciculus;

CG, cingulum, or cingulate tract; FXST, crus of fornix or stria terminalis; SLF, superior longitudinal fasciculus; PTR, posterior thalamic radiation; ILF, inferior longitudinal fasciculus; IFOF,

inferior fronto-occipital fasciculus; ATR, anterior thalamic radiation; SCR, superior corona radiata; PLIC, posterior limb of internal capsule; GM, gray matter; SFOF, superior fronto-occipital

fasciculus; MCP, middle cerebral peduncle; SCP, superior cerebral peduncle; PD-TD, tremor dominant PD; YPD and OPD, PD onset age ≤ 50 years and > 50 years; YHC and OHC,

healthy controls age ≤ 50 years and > 50 years.

fiber populations with different spatial orientations (so called
“crossing-fibers”) may result in an average increase in FA.
There are about 90% white matter voxels containing crossing-
fibers (105). Crossing-fibers may affect an anisotropy analysis
and might lead to difficulties in interpreting FA increases
(106). In addition, a concomitant FA increase may also
be due to the variability in ROI sizes, with less or more
inclusion of voxels containing surrounding isotropic neurons
with low FA. However, the coexistence of FA increase and
FA reduction in this study is consistent with the previous
meta-analysis (107), which by accounting for heterogeneities
of 39 published articles revealed FA increase in the CST and
caudate nuclei, and FA decrease in the SN, corpus callosum,
cingulate, and temporal areas. With an increasing number of
consistent findings, an elevated FA in early PD cannot merely
be attributed to methodological confounding factors but could
instead indicate some pathophysiological correspondences of
the disease. Possible interpretations of the FA increase include
compensatory responses or excitatory reactions, which have been
proposed by many fMRI (108), perfusion (109), and glucose

metabolic (110) studies as a PD-related anatomical pattern of
motor dysfunction (PDRD). Compensatory increased structural
connectivity could be parallel to hyper-functional activation in
similar motor areas (111) and are particularly activated in young
aged PD (112). A previous study (98), also using PPMI data,
found an FA increase in the tremor dominant (TD) phenotype,
but not in the postural instability and gait difficulty (PIGD)
phenotype of PD, suggesting that the compensatory white matter
reorganization is more specific to the TD type in early PD.
Moreover, an earlier study (73) using pilot data reported a whole-
brain FA increase only in the akinetic-rigid (AR) phenotype of
PD. It is therefore highly encouraged to have more investigations
to validate whether the pattern of FA increase is selectively
associated with a specific phenotype of motor dysfunction (i.e.,
TD vs. PIGD or AR subtypes), in addition to several existing
pilot cohorts showing conflicting results (18, 19, 41, 113).
Although there is a lack of research to date, the pattern of
coexisting FA divergency in early PD is likely also explained
by the pathophysiology of inhibition (reduced white matter
integrity) through direct pathways and disinhibition (increased
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FIGURE 1 | Statistical t-maps of fractional anisotropy (FA) maps, superimposed on a T1WI, of the significant differences between the first-year PD(Y0) or after the

3rd-year PD(Y3) patients and demographically matched HC (ANCOVA p ≤ 0.001, uncorrected for multiple comparison), separated for young onset (YPD) and old

onset (OPD) groups, and demographically matched young (YHC) and old (OHC) controls. Clusters in warm colors indicate regions of higher FA values in PD than HC;

clusters in cool colors indicate the opposite. This figure is illustrative and is created by the author.

white matter integrity) through indirect pathways in the basal
ganglia (114).

Hypothesis Driven DTI Analyses in PD
DTI Changes in SN and SN Subdivisions

In contrast to the voxel-based whole-brain analysis, the
hypothesis-driven region-of-interest (ROI) analysis is often used
to identify DTI abnormalities in patients with PD in regions that
are known to be specific to the characteristic PD pathologies. SN
is one of the main sites of selective loss of dopaminergic neurons
in PD, because there is already a loss of 60–80% dopaminergic
neurons in the SN before PDmotor symptoms emerge (115, 116).
Table 4 lists 32 independent studies that analyzed DTI in the total
SN area and SN sub-regions in order to identify substantial DTI
alterations in patients with PD. These studies were included in
four previous meta-analyses and reviews (104, 131, 135, 136).
Except for two studies that reported elevated FA values in the
SN of PD, 11 studies found no FA abnormalities. The other 19
studies reported significantly reduced FA values in the entire SN.
Aside from FA, only a few studies found an MD increase in the

SN, while most others found no significant MD abnormalities,
suggesting FA is a better contributive index in identifying nigral
abnormalities in PD. However, it remains unclear whether or
not FA alterations in the entire SN (Type A ROI subdivision as
illustrated in Table 4) is sensitive to capture the dopamine loss
in PD.

Molecular and neuropathological studies (137) of PD have
highlighted that progressive loss of dopaminergic neurons is
primarily involved in the pars compacta (SNc), which contains
rich pigment neuromelanin formed by dopaminergic neurons,
and lies in the inferior and posterior part of the SN, in contrast to
the pars reticulata (SNr), which lies lateral to the SNc. Therefore,
focusing the microstructural alterations on SN subregions, such
as the SNc, would appear to be ideal and vital in identifying
dopamine loss-related abnormality. In general practice, it is
challenging to delineate the SNc on DTI image because there
are no well-defined borders of this substructure. An earlier
study (129) reported that reduced FA in the caudal and lateral
sub-regions of the SN could completely separate patients with
PD from HC with 100% diagnostic accuracy. The authors
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FIGURE 2 | Scatter plots and binominal trend lines of FA changes during the course of PD (from 0 to 72 months after PD diagnosis) in the substantia nigra and the

corticospinal tract, separated for young onset (YPD) and old onset (OPD) groups. FA values of the HC subjects are also separated into demographically comparable

groups (OHC and YHC). This figure is illustrative and is created by the author.

proposed that FA measurements in the caudal and lateral sub-
regions of the SN, presumably coinciding with the histological
described SNc location (ROI subdivision Type B1), have the
best diagnostic value for PD. However, eight subsequent studies
with the same SN subdivision (subdivision Type B) reported
discrepant findings: two studies (13, 132) likely replicated the
findings of FA reduction in the dorsal lateral sub-region of the SN
in PD; five other studies (7, 8, 55, 104, 131) found no significant
FA differences between PD and HC in any SN sub-region; and

one (130) reported elevated FA in all the SN sub-regions in
PD. Technical difficulties outlining the sub-regions may explain
these discrepant findings. To combat these issues, several studies
(9, 36, 133) have divided the SN into two or three segments
from the anterior top position through the posterior bottom
position (ROI subdivision Type C). All these studies reported
significantly decreased FA in the caudal (or inferior) segment
of SN in patients with PD as compared with HC. Among these
studies, Langley 2016 (9) used a mask of caudal zone in the
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SN that was previously established in a brain atlas based on
magnetization transfer MRI that is sensitive to neuromelanin.
This mask (i.e., the inferior portion of SN) supposedly coincides
with the neuromelanin accumulation site. Another study (134)
localized SN subfields using DTI tractography to segment the
SN into an internal and an external part (ROI subdivision Type
D), claiming that each part represents the SNc (the internal SN)
and SNr (the external SN), respectively. However, no significant
differences in FA or MD values between patients with PD and
HC were identified in any of these subdivisions. It is likely that
differences in delineating and partitioning the SN sub-regions
across DTI studies are largely responsible for the inconsistent
findings. Further methodological improvements are needed to
ultimately demonstrate that microstructural alterations in SNc
are a sensitive marker for diagnosing PD.

DTI Changes in Dopaminergic Tracts

The classical pathophysiological model of PD and recent updates
have been established based on experimental and clinical
studies (138–141), which consists of functional disabilities of
two main pathways: an “indirect circuit,” which interconnects
neocortex-putamen-external pallidum/subthalamic nucleus-SN,
and a “direct circuit,” which interconnects neocortex-putamen-
internal pallidum-SN-thalamus-neocortex. Under the conditions
of PD, the reduced dopamine (results from neuronal loss in the
SN) inhibits the indirect pathway, resulting in slow movement,
and excites the direct pathway that may lead to unwanted
movement such as resting tremor. Figure 3 (left panel) illustrates
an example of these basial ganglia pathways on DTI imaging.
Neuroanatomically, the dopaminergic pathway, meaning the
structural connection between SN and putamen, has been
assumed to contain dual effects of activities onto the indirect
and direct pathways. Detecting white matter damage to these
neuromodulator pathways could add to the understanding of
PD pathophysiology.

Diffusion tensor tractography, as an alternative DTI-based
approach, offers a possibility to detect the disrupted connections
of the dopaminergic pathway and may aid the early diagnosis
of PD. White matter tracts that connect the SN and striatum,
namely the nigrostriatal tract (NST), are considered one of the
major dopaminergic pathways, and have been shown clinically
applicable in viewing anatomy of the healthy human brain
(142), as well as targeting deep brain stimulation (DBS) (143,
144). Although diffusion tensor tractography could not reach
much detailed pathophysiologic meanings due to the limited
resolution and directional information, it might still indirectly
reflect a functional dysregulation of the dopaminergic circuits
on a neuroanatomical basis. Figure 3 (right panel) shows an
example of the nigrostriatal tractography in a healthy PPMI
subject. An early DTI study (120) measured DTI indices in 11
oval ROIs that were arrayed along a line between the SN and
caudate/putamen complex, and reported significantly lower than
normal FA values in patients with parkinsonism at all disease
stages. With the advances of DTI tractography, recent studies
(13, 59, 89, 145, 146) have assessed the FA and tract connectivity
profiles of the NST in identifying differences of nigrostriatal
connection between patients with PD and healthy subjects. Most

of these studies reported either an FA decrease (along with an
increase in RD) (13, 59) in PD or reduced tract connectivity (59,
145, 146). Some studies (13, 59, 60) also found that reductions
in FA or tract profiles are associated with the severity of motor
dysfunctions in PD patients. These consistent findings provide
a possible explanation of PD pathophysiological mechanism,
that is, the main motor manifestations of PD are related to the
diminished connectivity of this dopaminergic circuit. Although
based on a small sample, Menke et al. (147) demonstrated that
the combination of volumes of the SN and the NST could
achieve 100% sensitivity and 80% specificity for PD classification.
Taken together, these studies suggest that DTI tractography is
a promising, complementary marker of PD diagnosis. On the
other hand, a tractographic analysis of the NST also benefits
new PD treatment strategies that target the nigrostriatal pathway,
such as deep brain stimulation, dopamine graft implantation, and
infusion of glial-cell-line–derived neurotrophic factor.

Other white matter circuits that may be involved in
PD pathology are of research interests. Braak et al. (3)
suggested that Lewy bodies are mainly confined to the medulla
oblongata/pontine tegmentum and olfactory bulb/anterior
olfactory nucleus in the earliest stages of PD. Using voxel-based
analysis, two studies (90, 148) found PD is associated with
abnormal diffusivity in white matter tracts adjacent to the
olfactory sulcus. Although tractography of the olfactory tract
is practically difficult in this area, using ROI drawing, some
studies (92, 119, 122) reported low FA of the olfactory tract in
PD. Another interesting approach is the tractographic analysis in
corticothalamic connections of PD. The reduction of dopamine
in SN results in abnormal activation of connections between
the thalamus and the motor cortices. This may subsequently
lead to inhibition of basal ganglia output and dysfunction in
the cortical-subcortical circuits. Several studies have focused on
the DTI connection of the corticothalamic tracts (14, 60, 85).
However, diverse FA changes were reported in these studies.

DTI ASSESSMENT OF CLINICAL
SYMPTOMATOLOGY AND DOPAMINE
TRANSPORTER

PD is characterized as a wide variety of motor and non-
motor symptoms, while the neuropathological processes
underlying these heterogeneous symptoms are not fully
understood. Assessing imaging-clinical correlations in PD
has been considered useful for adding further insights into
neuropathological underpinnings of PD symptomatology.
Table 2 summarizes the findings of correlations between
available DTI metrics and clinical assessments.

DTI Correlates of Motor Dysfunction
A previous article (102) provided a thorough review of the
correlations between diffusivity abnormalities and PD motor
symptoms, but it lacked information about FA. Many studies,
including the analyses with PPMI data, have reported significant
correlations between decreased FA in the SN and increased
severity of the motor symptoms, which are assessed by the motor
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TABLE 4 | Overview of studies in comparison of FA/MD differences in the SN and SN subregions between PD and HC.

First Author, Year No. of

PD/HC

Age of

PD

Duration

(years)

UPDRS-III H&Y ROI

sub-

division

FA decrease MD increase

Peran et al. (117) 30/22 61.9 (11.1) 4.5 (± 2.5) 12 (± 6) 1.6 Type A1 SN n.s.

Du et al. (118) 16/16 4.8 (3.0) 23.1 (12.3) Type A1 SN

(contra-lateral)

n.s.

Zhan et al. (11) 12/20 67.4 (8.0) 26.3 (12.2) Type A1 SN n.s.

Nagae et al. (113) 21/20 61.1 (7.7) 5.5 (3.4) 31.4 (10)[b] 2.2 Type A1 SN (contra-,

ipsi-lateral)

SN (ipsi-,

contra-lateral)

Johsi et al. (119) 24/26 61.9 (4.9) 2.9 (2.9) 22.2 (11) 1.6 Type A1 n.s. Not tested

Chen et al. (92) 30/30 64.3 (10.3) 5.2 (3.6) 17.9 (9) 1.8 Type A1 n.s. n.s.

This study[a] 482/146[a] 61.5 (9.4) 1.9 (1.4) 23.4 (11)[b] 1.7 Type A1 SN n.s.

Yoshikawa et al. (120) 12/8 71.3 (7.7) 1–3 Type A2 SN Not tested

Chan et al. (121) 73/78 63.6 (9.8) 5.0 (± 4.1) 2.4 Type A2 SN n.s.

Rolheiser et al. (122) 14/14 56.0 (4.8) 2.5 (1.5) 1.3 Type A2 SN n.s.

Wang et al. (123) 30/30 64.5 (3.4) 5.2 (2.0) 33.6 (14.1) 2 Type A2 SN[c] n.s.

Skorpil et al. (124) 14/15 64 (43–73) 32.1 (6) 1.75 Type A2 SN n.s.

Perea et al. (125) 12/13 67.5 (4.0) 19.6 (7.1) Type A2 n.s. n.s.

Li et al. (126) 23/23 65.6

(46–77)

Type A2 SN n.s.

Kamagata et al. (61) 58/36 68.8 (7.5) 7.4 (4.4) 18.0 (8.5) 2.5 Type A2 SN

(contra-lateral)

SN (contra-,

ipsi-, bi-lateral)

Loane et al. (127) 18/14 56.8 (6.8) 3.9 (2.2) 26.2 (9.2) Type A2 n.s. n.s.

Wei et al. (12) 22/22 61.4 (9.7) <2 Type A2 SN Not tested

Gattellaro et al. (128) 10/10 63.8 (15.7) Type A3 not tested SN

Chan et al. (16) 21/19 72.0 (4.8) 2.2 Type A3 n.s. SN

Jiang et al. (79) 31/34 69.4 (8.0) 4.4 20.4 2.6 Type A3 SN n.s.

Vaillancourt et al.

(129)

14/14 57.2 (9.6) 1.3 (± 0.9) 18 (± 8.1) 1.7 Type B1 SN (posterior>

middle>anterior)

Not tested

Prakash et al. (8) 11/12 60.4 (9.3) 5.7 (4.2) 23.5 (9.5) 2.1 Type B1 n.s.(asymmetric) n.s.

(asymmetric)

Schwarz et al. (104) 32/27 64.8 (11.8) 6.4 (± 4.2) 26.1 (13.9) 1.7 Type B1 n.s. SN (all ROIs)

Lenfeldt et al. (130) 122/34 70.3 (9.7) 2.1 (± 2.0) 26.1 (10.6) Type B1 SN (all ROIs)[c] n.s.

Schuff et al. (7)[a] 153/67[a] 61.0 (10) <2 22 (9)[b] 1.6 Type B1 n.s. n.s.

Zhang et al. (53) 72/72 66.8 (5.4) 1.1 (± 0.6) 14.9 (3.9) 1.67 Type B1 SN (averaged

ROIs)

Not tested

Hirata et al. (131) 72/42 62.6 (11.8) 5.7 (± 5.5) 28.7 (14) Type B1 n.s. Not tested

Knossalla et al. (132) 10/10 57.9 (10.6) 12.9 (11) 1.4 Type B1 SNc (posterior) Not tested

Ofori et al. (55)[a] 28/20

78/56 [a]

64.7 (8.2)

61.6 (9.2)

3.4 (± 1.7)

0.7 (± 0.7)

29.8 (9)[b]

22.9 (9) [b]
Type B2

Type B2

n.s.

n.s.

Not tested

Not tested

Du et al. (133) 40/28 60.8 (8.2) 4.2 (± 4.7) 23.5 (15) 1.7 Type C1 SN (inferior) n.s.

Langley et al. (9) 20/17 60.3 (8.4) 23.2 (9) Type C1 NM SN

(inferior)

NM SN (inferior)

Scherfler et al. (36) 16/14 68.1 (6.1) 3.7 (± 3.7) 20 (10.3) 2.3 Type C2 SN

(inferior-medial)

SN (middle,

inferior-medial)

Menke et al. (134) 10/10 63.7 6.7) 6.1 (± 4.4) 2.3 Type D n.s. n.s.

ROI subdivision. Type A1: volume-of-interest of whole SN was auto-transformed from standard atlas; Type A2: manually ROI drawn in a middle slice (or a few slices) of SN; Type A3:

one ball/cubical/ellipsoid ROI manually I drawn in a middle slice on each side of SN; Type B1: Middle segment of bilateral SN: three (anterior-medial, middle and posterior-lateral), or

Type B2: two (anterior-medial and posterior-lateral) ball/cubical ROIs of SN on each side; Type C1: the whole volume of SN was divided into superior (SNr) and inferior (SNc) segments;

Type C2: the whole volume of SN was divided into superior, middle and inferior segment; Type D = SN was divided into lateral SNr (lateral part) and SNc (medial part) based on

connectivity profiles. n.s., not significant; SN, substantia nigra; NM SN, neuromelanin-portion of SN; SNr, substantia nigra pars reticula; SNc, substantia nigra pars compacta. [a]Studies

using PPMI data. [b]Measured by MDS-UPDRS version. [c]PD has significantly increased FA than HC.
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FIGURE 3 | (A) Left half-panel: basal ganglia nuclei and connections of the direct and indirect pathways for movement. Right half-panel: diffusion tensor tractography

of all fiber streamlines that path through the SN. (B) Isolation of the nigrostriatal tract (NST) between SN and inferior Put/GP in a healthy subject. Diffusion tensor

tractographic streamlines on the right hemisphere shows the nigrostriatal tract anatomically connects through brainstem, SN and Put/GP. A part of the streamlines

further connects through the Thal, and finally projects into the premotor cortex. Fiber orientation is R-G-B coded. Note, DTI tractography does not separate the

afferent and efferent directions. SN, substantia nigra; Put, putamen; GP, globus pallidus; Caud, caudate nucleus; Thal, thalamus; STN, subthalamic nuclei. This figure

is illustrative and is created by the author.

exams (part-III) of the Unified Parkinson’s Disease Rating Scale
(UPDRS) (7–12, 61, 92) or H&Y scales (113, 121). However,
some other studies failed to observe significant correlations.
One reason for the discrepant reports of previous studies is
the variation of “on-medication” or “off-medication” conditions
in real-time examination of the PD patients. Dopaminergic
treatments have substantial effects on the clinical measurement
of motor symptoms such as UPDRS, whereas they have less
effects on structural imaging such as DTI. Another complication
is that, unlike quantitative imaging measurement, UPDRS is
a subject measurement and depends on observers’ experiences
(149). Nevertheless, the consistent correlation findings from
many previous studies imply that nigral FA values could offer
an objective assessment of severity of the PD motor dysfunction,
when clinical motor measurement is not affected by real-time
treatment effects.

Investigations of the correlations betweenDTI and subtypes of
motor dysfunctions remain rudimentary. A few studies revealed
significant correlations between DTI changes and severities in
terms of freezing of gait (17, 40), risk of falling (16), severity
of postural instability and gait disturbance (PIGD) symptoms
(18), motor speed and balance (19), and the degree of tremor
(41, 42). Some studies, using DTI for classifying PD motor
subtypes (73, 95), have found differentiable group effects only,
but no substantial clinical correlations were observed in patients.
The abnormal DTI changes in specific regions are considered
useful biomarkers that characterize PD symptomology or
differentiate PD phenotypes, and thus may provide an enormous
potential for managing treatment directions of PD. However,
it should be cautioned that the diversity of the subtype

definition and the substantial instability in motor scoring
might hamper the actual imaging-clinical correlations and
interpretations. More reliable, objective measures of motor
subtypes are necessary to validate these subtype-associated DTI
changes conclusively.

DTI Correlates of Non-motor Dysfunction
Cognitive impairment is one of the major non-motor syndromes
in PD. In patients with non-demented PD, the relationships
between white matter integrity and global cognition, functions
of various cognitive domains have been investigated in
multiple studies (as illustrated in Table 2). For example, global
cognitive function measured by Mini-Mental State Examination
(MMSE) or Montreal Cognitive Assessment (MoCA) has been
found to be associated with abnormal DTI variables in the
bilateral frontal, parietal, and temporal regions, long association
tracts connecting these cortices, and the hippocampus (25,
26, 43, 45, 95). Executive dysfunctions are associated with
abnormal DTI variables widely distributed in the parietal
and frontal regions (20–23, 43–45, 51). Declined verbal and
semantic fluency and visuospatial memory are associated with
abnormal diffusion variables in the parietal and frontal regions
(23, 24, 44, 51). Worsened performance of language and
attention is associated with abnormal diffusivities in frontal and
temporal regions and the fornix (46, 47). Memory impairments
are correlated with the frontal and hippocampal diffusivity
abnormalities (45, 48, 52). Overall, the characteristic white
matter abnormalities associated with cognitive impairment
in PD can be summarized as follows: multiple regions are
involved with a heterogeneous pattern; abnormal diffusion
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variables are widely distributed in white matter adjacent to
cortices and limbic subcortices; the diffusion abnormalities
are predominantly shown as the diffusivity changes but not
the FA.

DTI correlates with other non-motor manifestations
in PD have been comprehensively reviewed in a previous
article (102). Briefly, DTI alterations in the thalamus (27),
damaged long association tracts connecting to the frontal
cortices, are associated with depression (28) and sadness
(29). Diffusion changes of the hippocampus are found to
be related to the impaired visuospatial memory, leading to
visual hallucinations (150) in the advanced stages of PD.
Diffusivity changes in the brainstem, midbrain, and pons are
associated with autonomic dysfunction during a rapid eye
movement (REM) sleep (33), and diffusion alterations of the
limbic fornix are associated with excessive daytime sleepiness
(32). However, most of these studies have been limited to
small sample sizes, resulting in a low statistical power, and
conflictions in terms of findings and interpretations. Further
replication studies are needed to elucidate these abnormalities
in more details and to truly aid the unique insights into
PD symptomology.

DTI Correlates of Striatal DAT-SPECT
Dopamine transporter single photon emission tomography
(DAT-SPECT) provides a meaningful measurement of striatal
dopaminergic deafferentation. The best quantitative assessment
on DAT-SPECT is to measure the striatal dopamine transporters
binding ratio (SBR) in the left and right putamen and caudate
nucleus. Studies have demonstrated substantial SBR signal loss in
early PD patient relative to controls (151, 152). Recent machine
learning techniques (such as using the support vector machine,
SVM) have shown that the SBR measures achieve high accuracies
(97–100%) in predicting early PD (153, 154). Additionally, the
SBR has been shown strongly correlated with the number of
dopaminergic neurons in substantia nigra (155). Pathological
data also confirmed that quantitative measures of SBR enhance
the accuracy of detecting dopaminergic neuron loss in PD (156),
suggesting that SBR might be a reliable diagnostic biomarker
of PD. Therefore, identifying a significant relationship between
abnormal DTI and diminished SBR would support the idea that
DTI alteration in the dopaminergic area is a potential marker
of PD pathology. Recent findings showed a strong relationship
between abnormal DTI [including decreased free water (FW)
(7, 55) and increased FW (157) of the SN] and decreased
putaminal SBR in PD patients. Furthermore, the progressive
reduction of nigral FA has been shown correlated with the rate
of SBR reduction over the first year of the PPMI patients (158).
Aside from a few studies (159, 160) that reported controversial
findings, the strong inter-modality correlations suggest that
the abnormal DTI changes in the SN are, at least indirectly,
associated with the loss of dopaminergic neurons in PD. Thus,
this supports the usefulness of nigral DTI measures in linking
neurodegeneration to the characterized dopaminergic deficiency
in PD.

DTI ASSESSMENT OF PD PROGRESSION
AND TREATMENT EFFECT

Although it remains a question using the DTI as a diagnostic
marker of early PD, many previous studies have reported
stable, region-specific, cross-sectional correlations between DTI
alterations in the dopaminergic regions and motor symptom
severities, suggesting the usefulness of longitudinal DTI as a
reliable biomarker for monitoring PD progression. A recent
longitudinal DTI study (127) has found increased rate of DTI
abnormalities (i.e., FA decrease and MD increase) in the SN
of PD patients over a 19.3-month follow-up. Ofori et al. (161)
reported significant FW increases in the posterior SN at 1-
year follow-up of PD. Further, the same authors’ group (162)
confirmed these longitudinal FW increases using PPMI data
(103 PD at baseline, the 1st, 2nd, and 4th year) in comparison
with unchanged FW in the control group (49 HC at baseline,
the 1st year). Another longitudinal study (158) measuring FA
and diffusivity variables of the PPMI data (122 PD vs. 50 age
matched HC at baseline and 1-year follow-up) reported that PD
has the highest annual rate of 3.6 ± 1.4% FA reduction in the
SN, followed with a moderate rate of FA reduction in the basal
ganglia, in comparison with the non-significant DTI changes in
HC. Several longitudinal DTI studies identified other vulnerable
regions over the PD progression: a recent study (163) found
PD had a greater decrease in FA and increase in MD in the
rostral brainstem, compared to controls; a 2-years longitudinal
DTI study (164) reported a decrease in FA in the putamen of
PD patients; another cohort (94) with 18-month follow-up of
PD patients with cognitive impairment revealed greater MD
increases in frontal white matter than those patients with normal
cognition. These studies have presented a similar topology
(mainly in the SN, also involved in the midbrain, thalamus, and
to some extent to the frontal white matter) of FA decrease/MD
increase over the PD course. This anatomical pattern of
longitudinal DTI changes is consistent with the regional spread
of Lewy body and the accumulation of Lewy neurites during
PD progression (5). According to the generally consistent
findings, longitudinal DTI shows a promising PD progression
marker and could be valuable for monitoring and evaluating
treatment effects.

Outcome measures that are most commonly used for
tracking the PD treatment effects are the standard UPDRS
scores (165, 166) and, sometimes, the dopamine transporter
imaging (167). A PPMI study (168) followed 423 patients from
treatment beginning to year-5 and found that dopaminergic
therapy provides significant improvements in the Movement
Disorder Society revised UPDRS (MDS-UPDRS) scores and the
SBR calculated from DAT-SPECT. However, these functional
outcome measures may appear significantly different depending
on whether they are evaluated at ON or OFF medication
status. Tracking the long-term treatment effects using DTI
measures could be promising as DTI is used to identify chronic
responses of the brain microstructure, and thus is considered
to be less affected by the ON or OFF medication status at
the imaging time. Figure 4 depicts individual trajectories of
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nigral FA values extracted from the PPMI data (134 patients
and 75 healthy subjects) over a maximum of 36 months (data
information is provided in Supplementary Material S1–S3). It
shows that the untreated PD patients exhibit on average a
steeper decline in FA than HC subjects, while the treated PD
patients maintain their respective FA levels to a decline that
begins in the 3rd year of medication. This finding supports
the fact that early PD is generally responsive to medications.
Taken together with recent PPMI findings that nigral FA is
associated with disease duration and motor rating scales (97,
169), we suggest that disease modifying effects of levodopa
treatment can be measured by longitudinal changes of nigral
FA, at least in the first few years of treatment. Further DTI
studies of PD clinical trials are needed to validate whether this is
indeed true.

DTI ASSESSMENT OF DIFFERENTIAL
DIAGNOSIS

Differentiation Between PD and Atypical
PD
It is important to diagnostically differentiate between idiopathic
PD and atypical parkinsonism (aPD), including the three
most common sporadic neurodegenerative syndromes: multiple
system atrophy (MSA), progressive supranuclear palsy (PSP),
and corticobasal syndrome (CBS), because interventional
management and prognosis could be different and difficult for
aPDs. DTI shows a substantial value in such differentiation.

Compared to idiopathic PD, various DTI studies have
demonstrated reduced FA and/or increased MD in the
pons, cerebellum, middle cerebellar peduncles (MCP),
and putamen in patients with a Parkinsonian type of MSA
(MSA-P) (88, 126, 170–174). Several cross-validation studies
(173, 175–178) reported that diffusion measurement has
73–94% sensitivity and 89–94% specificity, and 89–100%
area under curve (AUC) in discriminating MSA-P from
idiopathic PD.

PSP and CBS are neurodegenerative disorders characterized
by abnormal tau pathology in the form of globose neurofibrillary
tangles, tufted astrocytes, coiled bodies, and threads, with a
predominance of 4-repeat (4R) tau isoforms (179). Both diseases
provoke symptoms characteristic of PD. A recent review (180)
suggests that quantitative measures and visual assessments of
atrophy in the superior cerebellar peduncles (SCP) are substantial
for differentiating PSP from PD, suggesting microstructural
analysis of this key anatomymay provide supportive information.
DTI studies (174, 181–183) showed that patients with PSP
present strikingly decreased FA and increased MD in the SCP
in comparison to patients with idiopathic PD. Studies (174, 184)
examining FA of the SCP yielded 86–94% sensitivity and 88–94%
specificity for differentiating PSP from PD. Although there are
few related investigations in literature, a previous study reported
significantly decreased FA and increased MD in the posterior
callosal truncus in CBS patients in comparison to PD. Measuring
MD of the truncus yielded a 78% AUC in discriminating between
CBS and PD.

In summary, PD and aPD are differentiable according to their
unique anatomical distributions of microstructural abnormalities
detected by reduced FA and increased MD. For example,
abnormal DTI in the cerebellum and MCP may be primarily
involved in MSA-P; DTI of the SCP is mostly vulnerable in PSP;
and abnormal DTI in the supratentorial white matter regions
is primarily involved in CBS. Additional evidence that supports
these regionally specific changes in PSP and CBS are the high
progressive rate of DTI abnormalities (185) and the progressive
atrophy (186, 187) in respective key regions of PSP and CBS
observed in previous longitudinal imaging studies. For idiopathic
PD, the predominant DTI changes are characterized in the SN
and the basal ganglia.

Differentiation Between PD and Associated
Cognitive Impairment and Dementia
Cognitive impairment, one of the non-motor symptoms, is
particularly problematic in PD. Mild cognitive impairment
(MCI) occurs in approximately 30% of PD patients (188). Up to
80% of late-staged PD patients eventually develop an associated
dementia (PDD) (189, 190). In general, subtle cognitive deficits
occur in early-staged PD patients, and dementia typically occurs
in elderly patients or patients in advanced stages. With matched
stages and ages, PD patients with MCI (PD-MCI) show a
decreased FA and increased MD compared to cognitively normal
PD (PD-CN) predominantly in the frontal and interhemispheric
white matter (i.e., genu and body of the corpus callosum)
(45, 191–193). The PDD group, when compared to the non-
demented PD group, showed FA decrease and/or MD increase
in the bilateral cingulate tract (194–196), hippocampus (26),
prefrontal white matter, and the genu of the corpus callosum
(196, 197). In addition, cognitive status, measured by MMSE
or MoCA, was associated with abnormal DTI changes in the
corpus callosum, anterior cingulate, and several frontal white
matter areas (26, 195, 196, 198). Moreover, Shchuz’s study (199)
suggested that degeneration of the nucleus basalis of Meynert
measured by DTI predicts the onset of cognitive impairment,
whereas a PPMI study (200) could not confirmDTI as a predictor
for further cognitive decline.

The neuropathological basis of dementia in PD is not yet
clear. Detectable DTI alterations in the white matter connecting
to the neocortex and limbic cortex, including the frontal white
matter, the corpus callosum, cingulum, and hippocampus may
provide meaningful information in identifying dementia from
PD. Consistent with Braak’s stages V-VI (3), when α-synuclein
spreads to neocortex particularly to the frontal, temporal, and
limbic cortices, the abnormal DTI changes in these neuronal
fibers play an important role in manifesting dementia processing
in PD. On the other hand, the primary mechanisms of cognitive
impairment in PD have been manifested by atrophy and
reduced glucose hypometabolism in the cerebral cortices (e.g., the
temporoparietal cortices) and limbic cortices (e.g., the posterior
cingulate gyrus and the hippocampus) (201). White matter
burden might occur secondarily or indirectly after the gray
matter pathologies such as cortical accumulations of amyloid
beta and tau. Further, a study (202) reported that PD with early
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FIGURE 4 | Individual trajectories of the nigral FA changes over time, separately illustrated for HC, treated (medicated), and untreated (de-novo) PD groups. The thick

black lines indicate the mean trajectory of FA changes over time at each group level. Time is represented as the MRI intervals, starting from the baseline MRI through

the latest follow-up MRI. This figure is illustrative and is created by the author.

onset of MCI (onset at PD < 1 year) exhibited lower FA and
higher diffusivities in the frontal white matter than PD with late
onset of MCI (onset at PD ≥1 year). In this context, whether
the cognitive decline and dementia are manifested by age or
dopamine deficiency needs further investigations.

A few studies (25, 203) using DTI in differentiation between
PDD and Lewy body dementia (LBD) found generally similar
regions of reduced FA in both disorders. A few other studies
(51, 125) comparing PDD with Alzheimer’s disease suggested
that PDD may exhibit greater white matter abnormalities than
Alzheimer’s disease, whereas Novellin et al. (204) suggested the
controversial findings. Due to the limited number investigations
and the conflicting results, whether DTI can reliably differentiate
PDD from LBD or Alzheimer’s disease remains unknown.

DEVELOPMENTS IN DTI TECHNIQUES

Advanced Diffusion Imaging Technology
Table 5 lists a comparison of imaging parameters in conventional
DTI, PPMI, and advanced diffusion imaging techniques.
To date, DTI is not broadly applied in clinically standard
MRI examinations. In clinical practice, the conventional DTI
sequence, especially for scanning patients, has to be performed
within 10min or so. The limited scan time results in problems
such as low resolution, noise, artifacts, distortion and crossing-
fibers, and reduces qualities of the DTI image and its
quantitative measures. Technical developments and limitations
of DTI studies in clinical PD have been well-documented
in recent review papers (107, 205). New developments of

diffusion imaging techniques, such as high angular resolution
diffusion imaging (HARDI) (206) and diffusion spectrum
imaging (DSI) (207), have shown improvements including
increased signal sensitivity and resolution, gaining details of
intravoxel directions and allowing a better differentiation of the
crossing fibers or the joining fibers. These novel techniques
are primarily used for mapping human brain connectome and
brain fiber atlas building. Optimization of these sequences to
be a clinically tolerable acquisition will be necessary for their
clinical application.

Variables Beyond Traditional DTI Indices
Beyond the commonly employed DTI metrics including FA and
diffusivities, other quantitative indices that derived from special
diffusion sequence or post-image modeling provide additional
information on PD biomarker research. FW is an index
generated from bi-tensor diffusion model (208) and estimates
fractional volume of free water within a voxel without bias from
directional dependence and cellular environmental restrictions.
FW expresses atrophy-based microstructural degenerations and
is also used to correct partial volume effects on FA and MD
measures. FW has been found more sensitive than FA in
identifying abnormalities in the SN (55), significantly correlated
with UPDRS (157), and persistently increased in 1, 2, and 4
years of PD (161, 209). Diffusion kurtosis (210) is an index
modeled from multiple b-values. Mean kurtosis (MK) estimates
non-gaussian forms of diffusion and indicates microstructural
complexity such as water leakage through cell membranes and
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TABLE 5 | Comparison of DTI scan parameters in conventional DTI, PPMI study,

and advanced diffusion imaging techniques.

Scan

parameters

Conventional DTI

(employed in clinical

PD studies)

PPMI Sophisticated

techniques

(e.g., HARDI,

DSI)

Magnetic fields 1.5–3 Tesla 3 Tesla 3,7 Tesla or

greater

Number of b = 0

(s/mm2 )

Usually one (can be

multiple)

One One or multiple

Maximum b value

(s/mm2 )

800, 1,000, or 2,000 1,000 1,000, 2,000 or

more

Spatial resolution 1 × 1 × 2.5–2 × 2 × 2

mm3 (or larger)

2 × 2 × 2

mm3

3 × 3 × 2 mm3

(or larger)

Number of

directions

12–80 64 256 and more

Approximate

scan time

4–10min (or longer) 8min 20–50min (or

longer)

Tractography Yes (quality depends

on direction number)

Yes Yes, with

improved quality

Clinical feasibility Yes Yes Not yet

myelin breakdown. It resolves the adverse effects of crossing-
fibers, which may influence the accuracy the FA assessment,
and thus provide better efficiency in diagnosing early PD (53,
211). More recently, there are increasing interests in the use of
structural connectome measures to identify abnormal structural
connectivity in PD or in PD motor-subtypes through network-
based statistical analysis (57, 63, 212–217). The commonly
used indices derived from DTI, together with their biological
interpretations and clinical correlations in PD, are summarized
in Table 2. Notably, none of the aforementioned variables
are specific to PD neuropathology. Postmortem studies are
compulsory to confirm these imaging-pathological correlations.

DTI in Gray Matter
Voxel-based whole brain analyses provide fully automated
processing and become popular in DTI studies in PD. However,
these analyses have been predominantly focused on white
matter structures, because the approaches highly depend on
reliable co-registration and spatial normalization methods, while
most image registration algorisms used for DTI analyses are
established based on white matter skeleton (such as TBSS) or
FA intensity, and accompany a use of FA mask (usually sets at
absolute FA > 0.2) to constrain DTI analyses within the white
matter. These techniques provide substantial improvements of
white matter registration, but the accuracy of gray matter
registration is sacrificed. Although the motor dysfunctions in
PD could be examined through white matter in the pyramidal
and extrapyramidal motor pathways, the non-motor symptoms
are primarily driven by abnormalities in the cortical and limbic
subcortical gray matter (218). Specifically, cortical deficits can be
presented in early PD with mild cognitive impairments (219).
Therefore, identifying PD-related gray matter microstructural
abnormality would be crucial, because it can alert treatment
strategies and potentially prevent patients from developing

to dementia. Recent technical advantages in DTI processing,
including cortical surface-based (220) registration, such as
using FreeSurfer (https://surfer.nmr.mgh.harvard.edu/), as well
as gray matter skeleton-based registration, such as using
Gray matter-based Spatial Statistics (GBSS) (221, 222), permit
highly reliable DTI analyses of the gray matter. On the
other hand, diffusivity variables are considered having a better
sensitivity than FA in capturing neurodegenerative abnormalities
in gray matter (223). Using a FreeSurfer registration, and
intracortical MD measures of the PPMI data, two recent
studies (224, 225) with cross-sectional and longitudinal (within
1-year follow up) analyses have found that compared to
controls, PD patients had significantly increased MD in the
frontal and occipital cortices; among PD patients these cortical
MD changes correlated with worsened cognitive performance;
furthermore, the posterior-cortical (i.e., medial temporal and
temporo-occipital)MD significantly correlated with the increases
of serum neurofilament light chain. These DTI studies in
gray matter benefits the understanding of neuropathologic
mechanisms underlying PD, especially those accompanied with
cognitive impairments.

CONCLUSION

This review outlines the clinical utilities of the low-cost, non-
invasive diffusion tensor MRI for biomarker of diagnosing PD,
correlating PD symptomatology, assessing PD progression, and
differentiating atypical types of parkinsonism. The robustness
of the findings provides compelling evidences that DTI may
be a promising marker for monitoring PD progressing and
classifying atypical PD types. Therefore, it provides outcome
measures to clinical trials and helps clinicians find better
patient management. But the utility of DTI for diagnosing
early PD is still challenging. Another merit is that, together
with the findings on PPMI data, this review presented a
divergent pattern of temporal FA changes in the earliest
stage of PD. In particular, FA increase is pronounced in
the young onset PD and in the earliest years of PD.
These observations help to improve understanding of the
pathophysiologic basis (e.g., the compensatory mechanisms,
excitations of the inhibitory circuits) during the earliest stages
of PD.

Limitations of clinical utilities of DTI shall be mentioned:
(1) Because alterations of all DTI variables generally explain
the non-specific biological features, they only permit indirect
interpretations of the pathogenesis underlying PD. More
investigations of imaging-pathological correlations are
needed to corroborate a direct implication. Clinical DTI
scans are subjected to low resolution, crossing-fibers, noise,
and distortions. These factors affect a precise delineation
of the key substructures [e.g., SNc, olfactory bulbs and
tracts, locus coeruleus, nucleus accumbens, and small fiber
connections in the brainstem (226)] that might be specific
to PD pathology. Advanced diffusion techniques, such
as high-resolution, high filed MRI, improved distortion-
corrections, as well as solutions of fiber crossings, will lead
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to better qualities of DTI analyses, but it is rather important
to develop clinically feasible parameters upon these novel
techniques. (3) DTI variables are highly dependent on scan
parameters, such as MRI field strength, number of encoding
directions, and maximum b values. To finally benefit the
individual definition and interventions of PD, DTI measures
across different MRI centers need to be harmonized, and
standardized cutoff points for these DTI measures need to
be established.

Further research studies are required to address (1) whether
anatomically specific DTI changes are related to the core
motor symptom domains (e.g., tremor, rigidity, bradykinesia,
gait or postural problems) of PD and how DTI could be
able to distinguish these motor subtypes; (2) how DTI change
is associated with PD-risks (e.g., prodromal syndromes, risk
genes) and whether this DTI change could predict further
conversions to PD; (3) whether combining DTI analyses with
other imaging modalities (e.g., MRI volumetric and thickness
analyses, task-based and resting-state functional MRI, DAT-
SPECT and neuroimaging of dopamine or alpha-synuclein,
etc.), and clinical evaluations (227) could improve precisions in
diagnosing early PD; (4) whether the advanced DTI analyses
help the understanding of the brainstem reticular circuits and
their roles in the brainstem neurotransmitter systems and
how they impact the PD non-motor features (e.g., autonomic
syndromes, sleep difficult and sleep behavior problems, pain,
fatigue, etc.); and (5) lastly, further validation studies need to
take into account of the age of PD onset, disease duration, and
whether the non-motor features (especially cognitive deficits)
present at the same time as the motor features, whether
the PD patients are examined with MRI under an ON or
OFF medication status, as well as the history and dosage
of medication.
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Parkinson’s disease (PD) and atypical Parkinsonian syndromes are progressive

heterogeneous neurodegenerative diseases that share clinical characteristic of

parkinsonism as a common feature, but are considered distinct clinicopathological

disorders. Based on the predominant protein aggregates observed within the brain,

these disorders are categorized as, (1) α-synucleinopathies, which include PD and

other Lewy body spectrum disorders as well as multiple system atrophy, and

(2) tauopathies, which comprise progressive supranuclear palsy and corticobasal

degeneration. Although, great strides have been made in neurodegenerative disease

research since the first medical description of PD in 1817 by James Parkinson,

these disorders remain a major diagnostic and treatment challenge. A valid diagnosis

at early disease stages is of paramount importance, as it can help accommodate

differential prognostic and disease management approaches, enable the elucidation

of reliable clinicopathological relationships ideally at prodromal stages, as well as

facilitate the evaluation of novel therapeutics in clinical trials. However, the pursuit

for early diagnosis in PD and atypical Parkinsonian syndromes is hindered by

substantial clinical and pathological heterogeneity, which can influence disease

presentation and progression. Therefore, reliable neuroimaging biomarkers are required

in order to enhance diagnostic certainty and ensure more informed diagnostic

decisions. In this article, an updated presentation of well-established and emerging

neuroimaging biomarkers are reviewed from the following modalities: (1) structural

magnetic resonance imaging (MRI), (2) diffusion-weighted and diffusion tensor MRI,

(3) resting-state and task-based functional MRI, (4) proton magnetic resonance

spectroscopy, (5) transcranial B-mode sonography for measuring substantia nigra

and lentiform nucleus echogenicity, (6) single photon emission computed tomography

for assessing the dopaminergic system and cerebral perfusion, and (7) positron

emission tomography for quantifying nigrostriatal functions, glucose metabolism,

amyloid, tau and α-synuclein molecular imaging, as well as neuroinflammation.

Multiple biomarkers obtained from different neuroimaging modalities can provide

distinct yet corroborative information on the underlying neurodegenerative processes.

This integrative “multimodal approach” may prove superior to single modality-based
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methods. Indeed, owing to the international, multi-centered, collaborative research

initiatives as well as refinements in neuroimaging technology that are currently underway,

the upcoming decades will mark a pivotal and exciting era of further advancements in

this field of neuroscience.

Keywords: biomarkers, Parkinson’s disease (PD), atypical Parkinsonian syndromes, magnetic resonance imaging

(MRI), single photon emission computed tomography (SPECT), diffusion-weighted imaging (DWI), transcranial

sonography (TCS), positron emission tomography (PET)

BACKGROUND

Parkinsonism defined by the presence of cardinal clinical
motor features of rigidity, bradykinesia and tremor impacts the
functioning of affected patients and can result in a significant loss
of quality of life. Parkinson’s disease (PD) is the most prevalent
cause of neurodegenerative parkinsonism affecting more than
10 million individuals globally and bears a huge socioeconomic
burden (1). The motor symptoms of PD, especially as seen
in the early stages of the disease, are largely due to the loss
of dopamine-producing neurons within the substantia nigra
pars compacta (SNpc), whereas non-motor features that include
olfactory and autonomic dysfunction, sleep disorders, psychiatric
symptoms, depression, pain, fatigue, and cognitive impairment
result from a more widespread neurodegeneration involving
other neurotransmitter systems (2). On the basis of dopaminergic
denervation, PD patients typically show a good response to
levodopa. Conversely, the atypical Parkinsonian syndromes (PS)
are a group of heterogenous neurodegenerative diseases that
also present with parkinsonism, although they generally do not
respond well to levodopa treatment and are considered distinct
clinicopathological disorders.

Neurodegenerative diseases causing parkinsonism are
categorized based on the predominant protein aggregates found
within the brain, which are believed to be intimately involved
in the underlying pathogenic mechanisms. Lewy body spectrum
disorders (LBSD), including PD with and without cognitive

Abbreviations: AADC, Aromatic amino acid decarboxylase; AD, Alzheimer’s

disease; ADC, Apparent diffusion coefficient; APOE-ε4, Apolipoprotein E

ε4-allele; CBD, Corticobasal degeneration; CBS, Corticobasal syndrome; Cr,

Creatine; D, Mean diffusivity; DAT, Dopamine transporter; DLB, Dementia with

Lewy bodies; DTI, Diffusion tensor imaging; FA, Fractional anisotropy; GM,

Gray matter; LBSD, Lewy body spectrum disorders; LN, Lentiform nucleus;

MAO, Monoamine oxidase; MCP, Middle cerebellar peduncle; MRI, Magnetic

resonance imaging; MSA, Multiple system atrophy; MSA-C, Multiple system

atrophy-cerebellar type; MSA-P, Multiple system atrophy-parkinsonian type;

NAA, N-acetyl aspartate; NPV, Negative predictive value; PD, Parkinson’s

disease; PDD, Parkinson’s disease dementia; PD-MCI, Parkinson’s disease-

mild cognitive impairment; PDRP, Parkinson’s disease-related motor pattern;

PDCP, Parkinson’s disease-related cognitive pattern; PET, Positron emission

tomography; PPV, Positive predictive value; PS, Parkinsonian syndrome;

PSP, Progressive supranuclear palsy; PSP-RS, Progressive supranuclear palsy-

Richardson’s syndrome; RBD, Rapid eye movement sleep behavior disorder;

SCP, Superior cerebellar peduncle; SN, Substantia nigra; SNpc, Substantia nigra

pars compacta; SPECT, Single photon emission computed tomography; TDP-43,

Transactive response DNA binding protein-43 kDa; TSPO, Translocator protein-

18 kDa; VBM, Voxel-based morphometry; VMAT2, Vesicular monoamine

transporter type 2; WM, White matter.

impairment, Parkinson’s disease dementia (PDD) and dementia
with Lewy bodies (DLB) as well as multiple system atrophy
(MSA) are classified as α-synucleinopathies due to the presence
of misfolded α-synuclein aggregates. Progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD) are categorized
as tauopathies due to the preponderance of aggregated tau
inclusions within the brain. With better understanding of
these syndromes, the presence of “mixed” pathologies is
increasingly being recognized. Indeed, concomitant aggregation
of amyloid, tau, and α-synuclein proteins within the brain
contribute to substantial heterogeneity in disease presentation
and progression. The core neuropathological and clinical
characterization of tauopathies and α-synucleinopathies are
detailed in Table 1.

Our understanding of PD and atypical PS has been
significantly enhanced by methodological and analytical
improvements in in vivo neuroimaging techniques.
Neuroimaging can be used to: (1) identify disease-specific
structural and functional biomarkers, some of which have
been incorporated into the diagnostic criteria and may
serve to enhance diagnostic confidence, (2) rule out unrelated
abnormalities (e.g., neoplasms, strokes, extensive cerebrovascular
pathology) as primary or contributory cause of the symptoms,
(3) validate promising prodromal biomarkers for diagnostic
purposes, which may also assist in patient recruitment or sample
enrichment for therapeutic trials, (4) quantify whole-brain
or regional burden of misfolded neuropathological molecules
(e.g., amyloid, tau, or α-synuclein and their co-aggregation) as
well as other physiological processes (e.g., neuroinflammation),
and (5) study disease progression over time or in response to
therapeutic interventions via the evaluation of neuroimaging-
based secondary outcome measures. Several neuroimaging
modalities have been developed and applied to Parkinsonian
disorders, each providing distinct information on the underlying
brain disorders. An overview of the common neuroimaging
techniques is summarized in Table 2.

In this review, a comprehensive presentation of the current
and emerging biomarkers from multiple neuroimaging
modalities in PD and atypical PS will be undertaken with
emphasis on some of the distinguishing characteristics.

SEARCH STRATEGY

The literature search was performed on the PubMed database
using the following disease-specific keywords: “Parkinson∗,”
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TABLE 1 | Neuropathological and clinical characteristics of α-synucleinopathies and tauopathies.

Neuropathological

classifications

α-Synucleinopathies Tauopathies

Neurodegenerative

disorders

Lewy body spectrum disorders Multiple system atrophy (MSA) Progressive supranuclear palsy (PSP) Corticobasal degeneration/syndrome

(CBD/CBS)

Clinical subtypes • Parkinson’s disease (PD)

• Parkinson’s disease-mild cognitive

impairment (PD-MCI)

• Parkinson’s disease dementia (PDD)

• Dementia with Lewy bodies (DLB)

• MSA-parkinsonian (MSA-P)

• MSA-cerebellar (MSA-C)

• MSA with varying degrees of both

parkinsonian and cerebellar features

• PSP-Richardson’s syndrome (PSP-RS)

• PSP-ocular motor

• PSP-postural instability

• PSP-parkinsonism (PSP-P)

• PSP-frontal

• PSP-progressive gait freezing

• PSP-corticobasal syndrome

• PSP-speech/language disorder

• PSP-primary lateral sclerosisa

• PSP-cerebellar ataxia (PSP-C)a (3, 4)

• CBS is clinically defined and is the most

common manifestation of underlying CBD

neuropathology, but it is not specific.

Besides CBS, other presentations

associated with CBD include progressive

non-fluent aphasia, speech apraxia,

posterior cortical atrophy, behavior variant

frontotemporal lobal degeneration, PSP-like

syndrome, among others (5, 6)

Core neuropathological

features

• Intraneuronal fibrillar inclusions composed

predominantly of misfolded α-synuclein

protein within the cell body (Lewy bodies)

and neuronal processes (Lewy neurites) (2)

• Lewy pathology in Lewy body spectrum

disorders may spread in a prion-like fashion

beginning in the peripheral (e.g., enteric)

nervous system and spreading to the lower

brainstem (dorsal motor nucleus of the

cranial nerve IX/X), followed by spread to the

pons, midbrain, and subcortical regions

(affecting dopaminergic neurons in the

substantia nigra pars compacta, as in PD),

eventually reaching the neocortex (as in DLB

and PDD) (7). Whether this sequential spread

is followed in all cases with Lewy body

disorders is unclear

• Based on autopsy, four Lewy-related disease

subtypes have been identified: olfactory bulb

only, amygdala predominant, brainstem,

limbic (transitional), and diffuse neocortical (8)

• Lewy pathology affecting the brainstem,

limbic and neocortical regions is typically

observed in DLB and PDD, whereas,

brainstem Lewy pathology is predominant in

PD (2, 8, 9)

• Mixed AD pathology (amyloid and tau

aggregates) is more frequently observed in

DLB and PDD, which may lead to

heterogeneity in the disease presentation

(2, 10)

• Fibrillar cytoplasmic inclusions composed of

misfolded α-synuclein protein within the

oligodendrocytes (Papp-Lantos bodies) (11)

• Loss of myelin, gliosis, axonal degeneration,

and neuronal loss is observed in the

olivopontocerebellar and striatonigral

regions, hypothalamus, brainstem nuclei, as

well as in the intermediolateral cell columns

of the spinal cord (11, 12)

• Pathogenesis of MSA may involve the

interaction between p25α (a stabilizer of

myelin integrity) and α-synuclein within the

oligodendrocytes. This may initiate a

cascade of events leading to

neuroinflammation, loss of neurotrophic

support, and neuronal dysfunction,

eventually causing neurodegeneration in the

striatonigral and olivopontocerebellar

regions, as well as in the central autonomic

pathways (11)

• Neurofibrillary tangles composed of

hyperphosphorylated 4-repeat tau protein,

neuropil threads, star-shaped tufted

astrocytes, oligodendroglial coiled bodies,

and gliosis are present, primarily in the basal

ganglia, brainstem and diencephalon

(4, 13, 14)

• Hyperphosphorylated 4-repeat tau protein

within the cell bodies in the form of swollen,

achromatic (ballooned) neurons, and in glial

cells as astrocytic plaques. Gross neuronal

loss is seen in an asymmetric fashion in the

frontoparietal lobe (15)

• The diagnosis of CBS is clinical in the

absence of histopathological confirmation,

and may include other pathologies in addition

to the histopathologically-confirmed CBD,

such as those of AD, PSP, Lewy bodies, and

other tau-positive and tau-negative (primarily

TDP-43 positive) forms of frontotemporal

lobar degeneration (6)

(Continued)
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TABLE 1 | Continued

Neuropathological

classifications

α-Synucleinopathies Tauopathies

Predominant clinical

features

• Cardinal motor manifestations of PD consist

of bradykinesia, rigidity, resting tremor, and

postural and gait disturbances

• Non-motor manifestations of PD may involve

olfactory and autonomic dysfunction, sleep

disorders, psychiatric symptoms, pain,

depression, fatigue and cognitive impairment

(2, 16)

• Core clinical features of DLB include

dementia together with cognitive and

alertness fluctuations, recurrent visual

hallucinations, features of parkinsonism,

and/or rapid eye movement sleep behavior

disorder. Other features, including repeated

falls, dysautonomia (syncope, constipation,

orthostatic hypotension, urinary

incontinence), other psychiatric

manifestations (delusion, apathy,

depression), and hypersensitivity to

neuroleptic medications may also be present

in DLB and PDD (8, 12)

• Distinction between PDD and DLB is based

on the arbitrary “1 year” rule: dementia onset

within 12 months of or contemporarily with

motor symptoms qualifies as DLB, whereas

parkinsonism must precede dementia by at

minimum 1 year for PDD diagnosis. The

MDS’s diagnostic criteria for PD (17) do not

apply this 1 year rule; patients can receive a

diagnosis of PD even if they develop

dementia before or within 1 year of

parkinsonism

• It is currently debatable whether PDD and

DLB are distinct disorders with overlapping

features or are the same disease with

variability in clinical presentation (18)

• Non-motor features may precede the motor

abnormalities, however, MSA is diagnosed

and classified based on the predominant

motor symptomology, as follows (19):

1) MSA-P, with parkinsonism as the

predominant feature, which typically

responds poorly to levodopa treatment, and

is associated with marked striatonigral

degeneration

2) MSA-C, with cerebellar syndrome and is

associated with marked

olivopontocerebellar atrophy

3) MSA patients showing varying degrees of

both cerebellar and

parkinsonian symptomology

• Early dysautonomia is a non-motor

characteristic of MSA, which includes

orthostatic hypotension, erectile dysfunction,

constipation, urinary incontinence/retention,

respiratory stridor, and sweat gland

dysfunction, where the latter may lead to

thermoregulatory failure (11, 12, 19)

• Clinical manifestations are classified into four

functional domains that include ocular motor

dysfunction, postural instability, akinesia, and

cognitive dysfunction (see below). Each of

these domains contains features with varying

degrees of certainty for the clinical diagnosis

of PSP. Other supportive clinical and imaging

features have also been incorporated in the

new diagnostic criteria (3)

• Ocular motor dysfunction includes features

of vertical supranuclear gaze palsy, slow

velocity of vertical saccades, and frequent

macro square wave jerks or “eyelid opening

apraxia” (3)

• Postural instability includes symptoms of

repeated unprovoked falls, tendency to fall

on the pull test, and taking greater than two

steps backward on the pull test, all within 3

years of symptom onset (3)

• Akinesia includes the following features (with

diminishing specificity for the diagnosis): (1)

progressive gait freezing within 3 years, (2)

parkinsonism that is akinetic-rigid,

predominantly axial and levodopa resistant,

and/or (3) parkinsonism accompanied by

tremor and/or presence of asymmetry and/or

levodopa responsiveness (3)

• Cognitive dysfunction includes

speech/language disorder, frontal cognitive

or behavioral presentations, or corticobasal

syndrome (3)

• Unlike the classic syndrome PSP-RS,

identified only in 24% of cases (20), the

PSP-P variant presents with more prominent

limb rigidity with bradykinesia and/or tremor

with moderate response to levodopa in

some patients, without early ocular or

postural dysfunction (14)

• Classical syndrome associated with CBD

includes basal ganglionic features, such as

asymmetric limb rigidity, bradykinesia and

dystonia, as well as cortical features, such as

limb apraxia, aphasia, alien limb phenomenon

and stimulus-sensitive myoclonus. Cognitive

and behavioral changes may be seen early in

the course of the disease (5, 10, 15)

• Clinical findings are usually asymmetric,

although this may not always be the case (15)

• A large proportion of CBD cases initially

present with behavioral or cognitive problems,

whereas less than half initially present with

motor involvement (15)

• Clinicopathologic heterogeneity challenges

the development of specific diagnostic

criteria, as the pathology of CBD is predicted

antemortem in only 25–56% of cases

(15, 21)

AD, Alzheimer’s disease; CBD, corticobasal degeneration; CBS, corticobasal syndrome; DLB, dementia with Lewy bodies; MDS, Movement Disorder Society; MSA, multiple system atrophy; MSA-C, MSA-cerebellar type; MSA-

P, MSA-parkinsonian type; PD, Parkinson’s disease; PD-MCI, Parkinson’s disease-mild cognitive impairment; PDD, Parkinson’s disease dementia; PSP, progressive supranuclear palsy; PSP-C, PSP-cerebellar ataxia type; PSP-P,

PSP-parkinsonism type; PSP-RS, PSP-Richardson’s syndrome; TDP-43, transactive response DNA binding protein-43 kDa; a = these phenotypes are not included in the new diagnostic criteria due to low specificity for PSP (3, 4).
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TABLE 2 | An overview of the common neuroimaging modalities discussed in this article.

Neuroimaging modality Measures Description

1) MRI

• Structural MRI Atrophy pattern, volume, cortical

thickness, ventricular enlargement, white

matter hyperintensities, magnetic

inhomogeneity effects

Visualization and quantification of brain’s structural changes using regions-of-interest or

whole-brain approaches. The following MRI sequences are commonly used: T1, T2, T2*, R2*

(R2* = 1/T2*)-weighted, susceptibility-weighted, proton-density-weighted, fluid-attenuated

inversion recovery, and neuromelanin-sensitive sequences

• Diffusion-weighted and

diffusion tensor MRI

Mean diffusivity (D), radial diffusivity, axial

diffusivity, fractional anisotropy (FA)

Measures brain’s microstructural integrity by assessing the movement of water molecules.

Damage to white matter tracts restricts the directional movement of water molecules resulting

in increased D and decreased FA

• Functional MRI Functional connectivity, change or

correlation in

blood-oxygen-level-dependent signal

Evaluates neuronal activity in the brain by measuring the transient variations in the blood flow

and whether this variation correlates in functionally-connected regions. Functional MRI can be

utilized under a variety of experimental paradigms (e.g., task-based vs. control conditions) or

under resting-state conditions

2) Proton magnetic

resonance spectroscopy

Abundance of metabolites Estimates the relative concentrations of proton-containing metabolites in the brain. In

neurodegenerative disorders, the following metabolites are commonly assessed: N-acetyl

aspartate, choline-containing compounds (including free choline, phosphorylcholine and

glycerophosphorylcholine), myo-inositol, and creatine

3) Transcranial

B-mode sonography

Echogenicity Uses an ultrasound machine to measure the echogenicity of brain tissues or structures (e.g.,

substantia nigra, lentiform nucleus, basal ganglia) through the intact cranium. Limitations

include the lack of sufficient bone window rendering this technique infeasible in some subjects,

and the need for trained examiners for reliable detection and measurement of the imaged

features

4) SPECT

• Striatal presynaptic

dopaminergic system

Dopamine transporter (DAT) density Evaluates nigrostriatal integrity by measuring the density of DATs—sodium-coupled

transmembrane protein located at the presynaptic nigrostriatal terminals that mediate the

reuptake of dopamine from the synaptic cleft. The most widely used radioligand for measuring

DAT density has been 123 I-FP-CIT

• Striatal postsynaptic

dopaminergic system

Dopamine D2 receptor density Evaluates nigrostriatal integrity by measuring the density of striatal postsynaptic dopamine D2

receptors (G-protein-coupled) using radioligands, such as 123 I-IBZM and 123 I-IBF

• Cerebral perfusion Metabolic activity (by measuring changes

in the cerebral blood flow)

Provides a measure of the perfusion and metabolic status of the brain tissues, which can be

imaged using lipophilic radiotracers, such as 99mTc-ECD, 99mTc-HMPAO and 123 I-IMP

5) PET

• Striatal presynaptic

dopaminergic system

Aromatic amino acid decarboxylase

(AADC) activity, vesicular monoamine

transporter type 2 (VMAT2) density

Density of presynaptic nigrostriatal axons can be assessed using 18F-dopa radiotracer for PET.

Specifically, the activity of AADC protein is evaluated, which converts 18F-dopa into
18F-dopamine, providing an approximation of dopaminergic storage pool. Presynaptic

monoaminergic system can be assessed using 11C-DTBZ or 18F-labeled analogs (e.g.,
18F-AV133), which binds to VMAT2—a presynaptic transmembrane protein essential for

packaging and storing monoamines (which include dopamine) into synaptic vesicles

• Striatal postsynaptic

dopaminergic system

Dopamine D2 receptor density Density of postsynaptic dopamine D2 receptors can be examined using 11C-raclopride

radiotracer for PET

• Cholinergic system Acetylcholine esterase activity Integrity of cholinergic neurons (e.g., in the nucleus basalis of Meynert) can be assessed using

PET tracers, 11C-NMP4A or 11C-PMP, which measure the activity of acetylcholine esterase

• Serotonergic system Serotonin transporter, 5-HT1A receptor

sites on serotonergic neurons

Serotonergic function can be evaluated by targeting, (1) 5-HT1A autoreceptors found on

serotonergic cell bodies in the median raphe and on pyramidal cells in the limbic cortex using
11C-WAY100635 or 18F-MPPF PET, or (2) serotonin transporters found in the brainstem and

cortex using 11C-DASB PET as well as other SPECT tracers

• Noradrenaline system Noradrenaline transporter Noradrenaline neurotransmitter dysfunction may be quantified using 11C-RTI-32 ligand, which

binds to both dopamine and noradrenaline transporters

• Glucose metabolism Metabolic activity (by measuring changes

in the glucose consumption)

Cerebral glucose metabolism can be measured using 18F-labeled fluorodeoxyglucose

(18F-FDG) radiotracer. Decreased 18F-FDG uptake on PET is indicative of lower regional tissue

metabolism of glucose

• Amyloid Amyloid pathology Cerebral amyloidopathy has commonly been evaluated on PET using Pittsburgh compound B

(11C-PIB)—a 11C-labeled thioflavin analog with a half-life of 20 min—as well as using other
18F-labeled radioligands that have a relatively longer half-life (∼110min), such as
18F-florbetapir, 18F-florbetaben, and 18F-flutemetamol

• Tau Tau pathology Cerebral tauopathy can be visualized using PET radiotracers including 18F-AV-1451 (known as
18F-flortaucipir or 18F-T807), 18F-FDDNP, 18F-THK523, 18F-THK5351, 18F-THK5105, and
11C-PBB3

(Continued)
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TABLE 2 | Continued

Neuroimaging modality Measures Description

• α-Synuclein α-Synuclein pathology Several PET radiolabeled probes for imaging cerebral α-synucleinopathy have been explored

(phenothiazine, indolinone, indolinone-diene and chalcone analogs); however, none have been

approved for use in clinical and research settings

• Neuroinflammation Microglia-mediated inflammatory

processes

Neuroinflammation can be assessed using PET radiotracers including 11C-PK11195,
11C-PBR28 and 18F-FEPPA, which detect the upregulation of TSPO protein located on the

outer mitochondrial membrane of microglia

AADC, aromatic amino acid decarboxylase; D, mean diffusivity; DAT, dopamine transporter; FA, fractional anisotropy; MRI, magnetic resonance imaging; PET, positron emission

tomography; SPECT, single photon emission computed tomography; TSPO, translocator protein-18 kDa; VMAT2, vesicular monoamine transporter type 2.

“Lewy∗,” “multiple system atrophy,” “corticobasal degeneration,”
“progressive supranuclear palsy” —together with one of the
modality-specific keywords: “magnetic resonance imaging,”
“positron emission tomography,” “single-photon emission
computed tomography,” “diffusion tensor,” “diffusion-weighted,”
“proton spectroscopy,” and “transcranial sonography.”
Acronyms, e.g., “PET” for “positron emission tomography,”
were entered as appropriate. The literature search was restricted
to articles written in English, and published between January
1, 1995 and December 31, 2019. All abstracts were screened
for relevance. The most pertinent articles were then read
and discussed.

STRUCTURAL NEUROIMAGING IN
PARKINSONIAN DISORDERS

Parkinson’s Disease (PD)
Structural Magnetic Resonance Imaging in PD

Structural changes on conventional magnetic resonance imaging
(MRI) are minimal and less apparent, especially in early
stages of PD (10). A six-stage model depicting the sequential
progression of α-synuclein pathology in PD has been proposed
by Braak et al. (7) (Figure 1). As per this “gut to brain”
transmission model, neuroimaging studies may predominantly
observe brainstem and subcortical involvement in early PD
stages with greater cortical involvement in late stage PD as
well as in PD-MCI, PDD and DLB cases. Compared to normal
controls, voxel-based morphometry (VBM) studies in PD may
identify atrophy in the basal ganglia (22) (as consistent with
nigrostriatal degeneration and consequential dysfunction in the
basal ganglia thalamocortical circuit), frontal lobe (23), and non-
specifically in the right hippocampus, left anterior cingulate
and superior temporal gyri (24). Although inconsistently shown,
cortical thinning in the orbitofrontal, ventrolateral prefrontal,
and occipitoparietal cortical regions has been identified in PD,
along with volumetric reductions in the caudate and putamen

(25, 26). Some studies do not observe appreciable differences on

conventional MRI compared to controls (27, 28). In PD patients

with olfactory disturbances, reduced volume in the olfactory bulb
and tract was evident vs. MSA and controls (29). In PD patients
with respiratory dysfunction, gray matter (GM) atrophy was
reported in the left parahippocampal formation, right fusiform
gyrus, right cerebellum crus, and left postcentral gyri compared

to PD with normal pulmonary functions (30). Freezing of
gait symptomatology in PD was associated with posterior GM
atrophy (specifically, left cuneus, precuneus, lingual gyrus, and
posterior cingulate cortex) (27). In advanced PD, atrophy in the
subcortical GM structures was found to be more pronounced vs.
those in early PD stages (31) (Figure 2).

Changes within the SN may emerge as promising early
diagnostic biomarkers of PD (10). Within the SNpc, calbindin-
negative pockets termed “nigrosomes” are observed (34).
The greatest loss in neuromelanin containing neurons
takes place in the nigrosome-1, which is located in the
caudal and mediolateral portion of SNpc (35). Nigrosome-
1 shows a significant loss of hyperintensity on T2∗ and
neuromelanin-sensitive MRI in PD, probably caused by
decreased neuromelanin, increased iron content, or loss of
paramagnetic neuromelanin–iron complexes (36–38). On
susceptibility-weighted imaging (modality of choice), healthy
nigrosome-1 and the surrounding neuroanatomy of the
dorsolateral SN may appear as the tail of a swallow bird
(“swallow-tail” sign). Loss of this feature in PD vs. controls may
assist in the differential diagnosis (sensitivity 80%, specificity
89%) (39, 40) (Figure 3). Finally, neuromelanin-sensitive MRI
has shown promise in the differentiation of PD from essential
tremor and normal controls (37, 41), and this technique
may prove invaluable as a marker of disease progression
in PD.

In PD patients with polysomnography-confirmed rapid eye
movement sleep behavior disorder (RBD), cortical thinning
was reported in the right perisylvian and inferior temporal
cortices together with shape changes in the putamen compared
to PD without RBD (42). Likewise, decreased volume in
the right putamen correlating with RBD symptom severity
was identified in PD with RBD vs. those without (43).
On susceptibility-weighted imaging, loss of dorsal nigral
hyperintensity (corresponding to nigrosome-1) was observed in
∼25% of patients with idiopathic RBD, which associated with
lower putaminal dopamine transporter (DAT) binding on single-
photon emission computed tomography (SPECT) (44). This may
suggest nigrosome-1 degeneration in some of the RBD cases,
likely those at risk of progression to PD (44). These studies
propose a link between PD, the presence of RBD, and greater
neurodegeneration especially in subcortical structures.

Volumetric changes in the SN have been inconsistently
reported in PD vs. controls (45–48). A high resolution
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FIGURE 1 | Schematic diagram illustrating the progression of α-synuclein pathology (Lewy bodies and Lewy neurites) in Parkinson’s disease (PD), as proposed by

Braak et al. (7). According to the Braak model, α-synuclein pathology in the brain spreads caudo-rostrally in a characteristic pattern starting in stage I and II in the

lower brainstem regions of medulla oblongata and pons (dorsal motor nucleus of the cranial nerve IX/X, raphe nuclei, gigantocellular reticular nucleus, and

coeruleus-subcoeruleus complex). In stages III and IV, α-synucleinopathy spreads further to the susceptible regions of the midbrain (e.g., dopaminergic neurons in the

substantia nigra pars compacta), forebrain (e.g., hypothalamus, thalamus, and limbic system), as well as involving some of the cortical regions in the temporal

mesocortex (transentorhinal region) and allocortex. In the last two stages (V and VI), α-synuclein pathology reaches the neocortex contributing to cognitive dysfunction

(as seen in dementia with Lewy bodies and PD dementia). It is hypothesized that the initiation site of α-synuclein pathology may be outside the central nervous system

(CNS), probably beginning in the peripheral (enteric) nervous system and gaining access to the CNS through retrograde transport mechanisms in a prion-like fashion.

Whether this sequential spread of α-synuclein pathology as proposed by the Braak model is followed in all cases in Lewy body spectrum disorders is less clear. Figure

adapted from Visanji et al. (32), under the Creative Commons Attribution License (https://creativecommons.org/licenses/by/2.0/).

examination of structural alterations in the SN is possible
using ultra-high-field MRI (49). For example, susceptibility-
weighted imaging at 7T permitted the visualization of the
anatomical layers of the SN, allowing excellent discrimination
between PD and controls (sensitivity 100%, specificity 96.2%)
(50). Correlations between motor symptoms and increased R2∗

(apparent transverse relaxation rate, R2∗ =1/T2∗) values in
the SN have also been reported in PD (46, 51–53), which
may reflect ferritin-induced magnetic field inhomogeneities. A
recent study applied quantitative susceptibility mapping in PD
to evaluate the magnetostatic alterations caused by changes
in the iron distribution across the whole brain (54). The
apparent magnetic susceptibility was found to be elevated in
the dorsal and ventral SN, rostral pontine regions, and the
cortex (primarily in the temporal paralimbic, prefrontal, and
occipitoparietal regions) (54). Conversely, reduced magnetic
susceptibility was detected in the normally iron-rich cerebellar
region of the dentate nucleus suggesting decreased iron
content (54). Interestingly, the striatum as well as the primary
motor and somatosensory fields were spared (54). Future
research will highlight whether iron accumulation is the

consequence or cause of neurodegenerative changes associated
with PD.

Diffusion-Weighted and Diffusion Tensor Imaging in

PD

Reduced fractional anisotropy (FA) in the SN is commonly
observed in PD (55, 56). Increased mean diffusivity (D)
in the olfactory tracts and decreased FA in the anterior
olfactory structures have been reported (57, 58), as consistent
with neuronal loss observed in these regions (29). Significant
differences in D or FA may not be evident in early PD due
to milder neurodegeneration (59, 60). Combined analysis of
diffusion parameters and apparent transverse relaxation rates
was found to be superior in differentiating PD vs. MSA-P
(sensitivity 97%, specificity 100%, positive predictive value [PPV]
100%, negative predictive value [NPV] 93%), and PD vs. MSA-
P/PSP group (sensitivity 86%, specificity 87%, PPV 88%, NPV
84%) (61). In SNpc (delineated using a probabilistic atlas based
on neuromelanin sensitive imaging), asymmetric alterations
predominantly in the diffusion metrices rather than anisotropy
were observed (62).
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FIGURE 2 | Anatomical locations of some of the structures and regions important in Parkinson’s disease and atypical Parkinsonian syndromes, highlighted on a

standard averaged T1-weighted MNI template for normal population. Labeling: a = cerebral gray matter (frontal lobe), b = cerebral white matter (frontal lobe), c =

head of caudate nucleus, d = midbrain, e1 = genu of corpus callosum, e2 = body of corpus callosum, e3 = splenium of corpus callosum, f = anterior limb of internal

capsule, g = globus pallidus, h = hippocampus, i = insular cortex, j = claustrum, k = posterior limb of internal capsule, m = medulla oblongata, n = tail of caudate

nucleus, o = optic radiation, p = putamen, q = crus cerebri (anterior portion of cerebral peduncle), r = red nucleus, s = substantia nigra, t = thalamus, u = pons, v =

anterior horn of lateral ventricle, w = posterior horn of lateral ventricle, x = cerebellum, y = superior cerebellar peduncle, z = cingulate gyrus, * = fourth ventricle.

Note: p and g together constitute the lentiform nucleus; c and p together constitute the dorsal striatum. The template was obtained from McConnell Brain Imaging

Center, Montreal Neurological Institute, McGill University Copyright 1993–2004 Fonov et al. (33).

PD-MCI cases showed increased D as well as lower GM
volume in the nucleus basalis of Meynert vs. cognitively normal
PD (60). The degeneration of this cholinergic structure may
identify patients at risk of more significant cognitive decline
and dementia (60). Another study delineated the cortical
projections of five corpus callosum segments and highlighted the
role of callosal white matter (WM) abnormalities in cognitive
dysfunction, which can occur via disruption of interhemispheric
information transfer along callosal-cortical projections (63). In
PD, increased axial diffusivity was identified in the three anterior
callosal segments (projecting to prefrontal, premotor, motor,
and supplementary motor cortices) vs. controls (63). Cognitive
performance strongly related to diffusion tensor imaging (DTI)
metrics in the most anterior (projecting to prefrontal cortex) and
most posterior callosal sections (projecting to parietal, temporal,
and occipital cortex), which may contribute to “fronto-striatal”
and “posterior cortical” types of cognitive deficits seen in PD,
respectively (63).

Free water was elevated in PD in posterior SN vs. controls
(52, 64, 65). Increase in free water in posterior SN over time
was observed in de novo PD patients, which was associated

with motor severity and putaminal DAT SPECT binding (64).
Given the posterior-to-anterior pattern of degenerative changes
reported in SN, elevated free-water may also be observed in
the anterior SN (66), especially in late-stage idiopathic PD (67).
In contrast, free-water-corrected FA values were found to be
unchanged in PD vs. controls, as assessed using the bi-tensor
diffusion model (66, 68). Free-water and free-water-corrected FA
values beyond SN and from multiple brain regions may help
distinguish PD, MSA, and PSP cases from each other (66).

Proton Magnetic Resonance Spectroscopy in PD

Reduced N-acetyl aspartate/creatine (NAA/Cr) ratios in the SN
have been observed in PD vs. controls, which were shown to
correlate with disease severity (69, 70). Lowered NAA or NAA/Cr
values have also been detected in other regions, including the
lentiform nucleus (LN) (comprises of putamen and globus
pallidus; basic anatomy presented in Figure 2), temporoparietal
and posterior cingulate cortex, and pre-supplementary motor
area vs. controls (71–74). However, the correlation between
NAA/Cr ratios in these regions with disease severity or duration
is inconsistently reported (72, 73). Another study compared
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FIGURE 3 | The “swallow tail” sign. All MRI presented above are taken at the level of substantia nigra in the midbrain. (A) Susceptibility-weighted MRI depicting

dorsolateral nigral hyperintensity (the “swallow tail” sign, red arrows) in a healthy control. Loss of dorsolateral nigral hyperintensity can be seen in PD and may even be

seen in some PSP and MSA cases on susceptibility-weighted MRI. (B) High resolution susceptibility-weighted MRI (gradient echo-echo planar imaging sequence,

magnitude image) is shown for a PD patient and a control. (C) High resolution T2*/susceptibility-weighted MRI (multi-shot fast field echo-echo planar imaging

sequence) is shown for a PD patient and a non-PD case who was diagnosed with aneurysmal subarachnoid hemorrhage. In both (B,C), loss of dorsolateral nigral

hyperintensity (white arrows) corresponding to nigrosome-1 can be seen in PD as compared to control and a non-PD subject. (A) was adapted from Chougar et al.

(40), and (B,C) were adapted from Schwarz et al. (39), under the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). HC, healthy

control; MSA, multiple system atrophy; PD, Parkinson’s disease; PSP, progressive supranuclear palsy.

the NAA/Cr ratios in the rostral and caudal SN, and found
lower values in the rostral region in PD, whereas this pattern
was inverted in the atypical PS group and controls (75). In
tremor-dominant PD, reduced NAA/Cr and Choline/Cr values
were detected in the thalamus vs. patients with essential tremor
presenting with resting tremor (76). Cerebellar NAA/Cr and
NAA/myo-inositol ratios were smaller in the atypical PS group
compared to PD and controls (77). One study has also suggested
the utility of proton magnetic resonance spectroscopy for the
evaluation of treatment efficacy in PD (78). Specifically, the
putaminal levels of myo-inositol, total Cr, and total NAA
metabolites were reduced in the drug-off condition in PD vs.
healthy controls. The administration of levodopa resulted in
the restoration of total Cr and total NAA levels suggesting
therapeutic responsiveness (78).

Lewy Body Spectrum Disorders (LBSD)
Structural Magnetic Resonance Imaging in LBSD

In DLB and PDD, conventional MRI typically shows variable
changes. Compared to controls, VBM studies in PDD have

identified a diffuse pattern of cortical atrophy involving the
occipital, temporal, right frontal, and left parietal lobe (23),
as well as atrophy involving the putamen, hippocampus,
parahippocampal region, anterior cingulate gyrus, nucleus
accumbens and the thalamic nuclei (24). Although inconsistently
reported (23), a greater cortical loss in the temporal, occipital,
and parietal lobes was noted in DLB vs. PDD (79). Indeed,
pathological heterogeneity evident in these two closely related
α-synucleinopathies is in part responsible for variable findings.
Compared to PD, atrophy in the occipital lobe and entorhinal
cortex may help differentiate PDD (23, 80).

The relative preservation of total hippocampus compared to
AD is a supportive diagnostic feature of DLB (8). Within the
hippocampus, the CA1 subfield shows preservation (81), which
aligns with the histopathological evidence showing Lewy body
aggregates and neuronal loss largely localized to the CA2/3
subfields in DLB cases (81, 82). Conversely, atrophy in the
CA1 subfield is indicative of neurofibrillary tangle pathology
as evident in AD. Hippocampal atrophy is in fact observed in
LBSD, controls and AD in a characteristic pattern [controls <
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PD < PDD/DLB < AD (9, 83)] and the extent of atrophy aligns
with the underlying concomitant AD-type pathology (9). Smaller
caudate and putaminal volumes have also been reported in PD
and DLB vs. AD and controls, albeit inconsistently (26, 84). WM
hyperintensities are more prevalent in PDD and DLB vs. PD and
controls (85).

PD-MCI patients may show greater cortical thinning in
temporoparietal, occipital, and supplementary motor area vs.
cognitively-normal PD (86). A recent meta-analysis evaluating
VBM studies identified pronounced GM atrophy in the left
anterior insula in PD-MCI vs. cognitively-normal PD cases (87).
Longitudinal cognitive decline in PD was associated with an AD-
like pattern of cerebral atrophy at baseline, underscoring the
contribution of the hippocampus and temporoparietal cortex in
the cognitive sequelae of PD (88).

The ε4-allele of the apolipoprotein E gene (APOE-ε4) is
a shared risk factor for AD, PDD, and DLB disorders (89).
Therefore, the identification of neuroimaging and cognitive
endophenotypes of APOE-ε4 irrespective of the clinical diagnosis
has been pursued (9). Recent investigations indicate that APOE-
ε4 is related to hippocampal atrophy along with learning
and memory performance in DLB as well as across the
AD/DLB spectrum, implicating APOE-ε4-associated shared
neurodegenerative mechanisms across these disorders (9).
Similarly, MRI-derivedWM hyperintensity burden was inversely
related to learning/memory, attention/executive and language
performances in APOE-ε4 carriers across the AD/DLB spectrum
(90). In addition to the APOE-ε4’s influence on amyloidopathy,
these results are consistent with the emerging evidence
indicating an independent role of APOE-ε4 in modulating α-
synucleinopathy in the brain (91).

Diffusion-Weighted and Diffusion Tensor Imaging in

LBSD

In DLB vs. controls, diffusion imaging studies reveal D and
FA abnormalities in the corpus callosum, pericallosal regions,
caudate nucleus (suggestive of nigrostriatal involvement),
amygdala, inferior longitudinal fasciculus, precuneus, as well
as in the frontal, parietal, and occipital WM with milder
involvement of the temporal lobe early in the disease (92–94). In
DLB, elevated D in the amygdala (a region preferentially affected
by Lewy pathology) was observed in the absence of significant
GM density changes, probably suggesting microvacuolation or
spongiosis as one of the possible mechanisms (93). Increased
D in the longitudinal fasciculus was identified in DLB patients
with hallucinations vs. those without (93). In PDD, reduced FA
in the bilateral posterior cingulate bundle was reported vs. PD
(95). Compared to AD, decreased FA was noted in the pons
and left thalamus in DLB (96). However, given the significant
pathological overlap between AD and DLB, diffusion imaging
studies may not reveal consistent findings, particularly in subjects
at advanced disease stages (94).

Proton Magnetic Resonance Spectroscopy in LBSD

In DLB, lower NAA/Cr ratios in the bilateral hippocampus were
evident relative to controls (97), albeit milder than typically seen

in AD. Lower NAA/Cr ratios were observed in the posterior
cingulate gyrus in PDD vs. cognitively normal PD patients (98).

Multiple System Atrophy (MSA)
Magnetic Resonance Imaging in MSA

Several visible features that may be identifiable on conventional
MRI have been reported. On T2-weighted images, these include
the presence of bilateral hyperintense rim lining the dorsolateral
borders of the putamen (“putaminal rim” sign) and putaminal
hypointensity in MSA-parkinsonian subtype (MSA-P) cases
(11, 99). In addition, atrophy of the putamen, cerebellum,
middle cerebellar peduncles (MCP), or pons may be noticed.
In MSA-cerebellar subtype (MSA-C), visible features on T2-
weighted and fluid-attenuated inversion recovery images may
include cruciform pontine hyperintensity (“hot cross bun” sign;
specificity 100%, sensitivity 58%; Figure 4a) and hyperintensity
in the MCP (MCP sign; specificity 100%, sensitivity 50%;
Figure 4b) (11, 99). Atrophy of the putamen, pons, cerebellum
or MCP may be evident on T1-weighted images (Figure 4c).
Notably, these signs have low sensitivity values and the
appearance of these MRI markers can be influenced by image
acquisition factors. For example, the “hot cross bun” sign was
suggested to be more conspicuous on T2∗-weighted vs. T2-
weighted images (100), probably due to the presence of increased
iron (100, 101).

The volume of the putamen was found to be significantly
reduced in MSA vs. PD cases (102). While putaminal atrophy
has been shown to differentiate MSA/MSA-P from PD with
high specificity (∼92%), a rather low sensitivity (∼44%) was
noted (99, 103). When putaminal changes are present and are
asymmetric, they reliably correlate with the asymmetry of clinical
features in patients with MSA-P. Several studies suggest that
the analysis of multiple biomarkers may improve differentiation.
For example, combined analysis of putaminal hypointensity
visualized on gradient echo sequence along with putaminal
atrophy improved the overall diagnostic accuracy ofMSA-P cases
vs. PD and PSP (104). Likewise, analyzingDTI and R2∗ relaxation
rate together enabled the identification of abnormal patterns
unique to PD, PSP, and MSA disorders (61). On the other hand,
a multimodal study (incorporating R2∗, R1, and R2 mapping,
magnetization transfer and DTI) found elevated putaminal R2∗

values to be superior in the differentiation of MSA-P from PD,
likely representing iron accumulation in the putamen (105).

In MSA vs. controls, volumetric and VBM studies commonly
show striatonigral and olivopontocerebellar atrophy (11).
Reduced volumes in the striatum and brainstem areas were
observed in MSA vs. PD (28, 106), although with extensive
overlap with PSP cases (28). In MSA-P, VBM studies also show
atrophy in the primary motor and supplementary motor cortex
indicating sensorimotor cortical degeneration (106, 107), as well
as in the prefrontal and insular cortices compared to PD (106).
Likewise, VBM analysis in MSA-P vs. PD revealed atrophy in
the superior cerebellar peduncle (SCP), MCP, cerebellum, pons,
midbrain, and putamen, but not in the globus pallidus (71).
Cerebellar atrophy was evident in both MSA-P and MSA-C
subtypes to varying degrees (28, 108). In an analysis of cerebellar
neuroanatomical differences in MSA subtypes, a relatively
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FIGURE 4 | Magnetic resonance imaging of a patient clinically-diagnosed with multiple system atrophy (cerebellar type). (a) Axial proton density weighted sequence is

presented at the level of pons, which shows cruciform pontine T2 hyperintensity as consistent with the “hot cross bun” sign, resulting from selective susceptibility of

the pontocerebellar tract in multiple system atrophy (cerebellar type). In addition, disproportionate atrophy of the pons and partially visible cerebellar hemispheres are

also apparent. (b) Axial fluid-attenuated inversion recovery (FLAIR) sequence is presented with cruciform T2 hyperintensity within the pons and middle cerebellar

peduncles (i.e., “middle cerebellar peduncle” sign) along with marked atrophy. In addition, cerebellar hemispheric and vermian atrophy is evident with ex vacuo

dilatation of the fourth ventricle. (c) Sagittal T1-weighted sequence is presented showing disproportionate atrophy of the brainstem and cerebellar vermis. Figure

reproduced from Saeed et al. (10), under the Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).

greater GM atrophy was observed in MSA-C cases (vs. MSA-P)
in the right Crus II—a cerebellar region involved in executive
motor control (108). Both MSA-P and MSA-C patients may
exhibit putaminal and infratentorial atrophy with considerable
overlap, however, putaminal/supratentorial atrophy was more
predominant in MSA-P subtype, whereas infratentorial atrophy
was more prominent in MSA-C subtype (109, 110).

MSA patients with cognitive impairment showed volumetric
reduction in the left dorsolateral prefrontal cortex vs. cognitively-
normal MSA cases (111). The authors suggested that cortical
pathology contributes minimally to cognitive deficits in MSA,
whereas frontostriatal degeneration may be the primary driver
of cognitive dysfunction (as per the concept of “subcortical
cognitive impairment”) (111). Another study identified cortical
thinning in the parahippocampal and lingual cortices in MSA
with dementia vs. cognitively-normal MSA patients (112).

Diffusion-Weighted and Diffusion Tensor Imaging in

MSA

In MSA-P, higher D was identified in the putamen compared to
subjects with PD, MSA-C and controls (113). Similarly, reduced
FA and elevated apparent diffusion coefficient (ADC) values were
observed in MSA-P in the putamen, cerebellum and pons vs. PD

and controls (114). Combined analysis of elevated T2∗ relaxation
rate and putaminal D allowed discrimination of PD from MSA-
P with high accuracy (113). Likewise, a multiregional evaluation
of diffusivity changes in the pons, putamen and cerebellum
was found to be more useful than single-region analysis (114).
Compared to PSP, increased D was observed in MCP and pons
in MSA cases, which correlated with cerebellar ataxia in these
regions (115). In a comparison between MSA-P and MSA-C
subtypes, elevated ADC values were observed in the putamen
and pons in MSA-P cases vs. MSA-C, and in the cerebellum
and MCP in MSA-C cases vs. MSA-P, highlighting distinct
microstructural damage in these subtypes (116). Microstructural
changes in the WM may be more pronounced early in the
disease in MSA-C than in MSA-P (110). In MSA patients with
cognitive impairment, a greater involvement of the cerebrum
(specifically, reduced FA in the anterior corpus callosum) was
identified compared to cognitively-normal MSA patients (117).

Using the bi-tensor diffusion analysis model, free-water was
found to be elevated in the posterior SN in PSP, MSA, and PD
vs. controls, however, this increase was significantly greater in
PSP than in PD/MSA patients (118). In addition, depending
upon the disease severity, free-water may be elevated in both the
anterior and posterior SN in PD, MSA and PSP vs. controls (66).
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FIGURE 5 | Magnetic resonance imaging of a patient clinically-diagnosed with progressive supranuclear palsy. The left image is a sagittal T1-weighted sequence

showing the “hummingbird” sign (smaller box), while the right image is an axial T1-weighted sequence showing the “morning glory” sign (arrows); both features are

seen in progressive supranuclear palsy. The pons (p) and midbrain (m) areas are also shown (larger box), and their ratios have been used to calculate an index to assist

in the diagnosis (128). Figure adapted from Saeed et al. (10), under the Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).

Free-water-corrected FA was elevated in MSA in the putamen
and caudate vs. controls; whereas, it was decreased in the
thalamus and increased in the SCP in MSA vs. PSP (66). Using
a machine learning algorithm, combined analysis of free-water
and free-water-corrected FA derived from selective regions-of-
interest achieved excellent separation among PD, MSA, and PSP
cases (66). Unsupervisedmachine learning-based classification of
PD,MSA-P andMSA-C patients usingmultimodal neuroimaging
measures (GM density, T2∗ relaxation rate, and DTI) have also
been pursued with favorable results (119). Free-water imaging
using advanced diffusion models may become an effective tool in
the differential diagnosis of parkinsonian disorders in the future.

Proton Magnetic Resonance Spectroscopy in MSA

Compared to controls, NAA/Cr ratios were smaller in the
putamen in MSA-P, and in the pontine base in both MSA-P and
MSA-C cases (120). Lower NAA/Cr ratios in the putamen and
pontine base best discriminated MSA-P cases from PD (120).
In another study, no significant differences were observed in
the metabolites examined between MSA-P and PD, suggesting
similar metabolic alterations in the two disorders (71). Likewise,
cerebellar NAA/Cr and NAA/myo-inositol levels in MSA-P
subjects were similar to those seen in PD (77). In MSA-C
patients, cerebellar NAA/Cr and NAA/myo-inositol ratios were
significantly reduced compared to PD, MSA-P, PSP-Richardson’s
syndrome (PSP-RS), and controls, whereas cerebellar myo-
inositol/Cr ratios were elevated in MSA-C compared to
controls (77).

Progressive Supranuclear Palsy (PSP)
Magnetic Resonance Imaging in PSP

Structural MRI typically shows atrophy of the midbrain and
SCP in PSP compared to PD, MSA-P, CBD/CBS and controls
(121–124). Several morphological markers suggestive of PSP on
MRI have been reported, including midbrain atrophy compared
to pons (“hummingbird” sign; specificity ∼99.5%, sensitivity
∼51%; Figure 5), atrophy of themidbrain tegmentum (“morning
glory” sign, specificity ∼97%, sensitivity ∼37%; visualized as
concavity of the lateral margins of the midbrain tegmentum on
axial images; Figure 5) (125–127), midbrain T2 hyperintensity,
as well as atrophy of the midbrain tegmentum with relative
preservation of the midbrain tectum and cerebral peduncles
(“mickey mouse” sign, visualized as rounded rather than
rectangular midbrain peduncles on axial images) (99, 125).
Importantly, the “hummingbird” and “morning glory” signs had
high specificity but low sensitivity (99). Furthermore, image
acquisition parameters may influence the appearance of these
morphological features (4).

In PSP vs. controls, reduced volumes were reported in the
brainstem, midbrain, and frontal GM (129), however, only the
midbrain volume showedminimal overlap with the normal range
on a case by case basis (129). In PSP-RS, atrophy of the midbrain
was the predominant feature (4, 130). In a pathology-proven
sample, atrophy of the midbrain and SCP was associated with
PSP, whereas frontoparietal and pallidum degeneration in the
absence of significant brainstem atrophy was suggestive of CBD
(123). The premotor cortices and supplementarymotor area were
involved in both PSP and CBD cases (123). Besides midbrain
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atrophy, VBM studies also show degeneration in the subcortical
structures including pons, thalamus and striatum, as well as
widespread cortical atrophy in the frontal, prefrontal, insular,
premotor and supplementary motor areas vs. controls (121, 131,
132). Moreover, WM degeneration was reported in the pulvinar,
dorsomedial and anterior nuclei of the thalamus, superior
and inferior colliculi, as well as in the mesencephalic, and
frontotemporal regions (131, 132). Pontine atrophy rates were
significantly slower in PSP vs.MSA-P, and rates in the frontal lobe
and midbrain in PSP were associated with executive and motor
impairment, respectively (133). The midbrain atrophy rate may
serve as an effective outcome measure in PSP clinical trials (134).
In addition, the support vector machine classification method
yielded accuracy rates >80% for predicting PSP diagnosis using
disease-specific regions-of-interest (pallidum, putamen, caudate
nucleus, thalamus, midbrain and insula) compared to the whole-
brain approach (135).

Predominant midbrain atrophy has been incorporated as
a supportive imaging feature in the Movement Disorders
Society’s PSP diagnostic criteria (3). The ratios of the pons
to midbrain area (P/M) (as shown in Figure 5) and MCP
to SCP widths (MCP/SCP) were found to be larger in PSP
compared to PD, MSA-P and controls (specificity and sensitivity,
100%) (128, 136). Using these ratios, an index was calculated
as [(P/M) x (MCP/SCP)], termed the “magnetic resonance
parkinsonism index,” which proved to be highly sensitive and
specific for distinguishing PSP from PD, MSA-P and controls
(128). A revised version incorporating the width of the third
ventricle has been proposed [“magnetic resonance parkinsonism
index” × (third ventricle width)/(frontal horns width)], which
showed superior sensitivity (100%) and specificity (94.3%)
in differentiating PSP-parkinsonism patients with slowness of
vertical saccades from PD (137). It is important to recognize
that midbrain atrophy may not be evident in all PSP subtypes
and thus, atrophy patterns from other brain regions (such as
the globus pallidus, frontal lobe, and cerebral peduncle) may
provide additional information (138). It is unknown whether the
above quantitative measures can distinguish PSP patients at early
disease stages, or whether PSP subtypes with less pronounced
midbrain atrophy can be distinguished, which provides impetus
for further research.

Diffusion-Weighted and Diffusion Tensor Imaging in

PSP

Compared to controls, diffusion imaging studies in PSP show
variable findings and may reveal the following: increased D
or decreased FA in the decussation of SCP, orbitofrontal
WM, thalamus, cingulum, motor and supplementary motor
area, as well as in the inferior fronto-occipital fasciculus,
superior longitudinal fasciculus, anterior corpus callosum,
arcuate fasciculus, posterior thalamic radiations, and internal
capsule (115, 132, 139, 140). Elevated ADC values were observed
in the putamen in PSP vs. controls over a 2 year period (141).
Increased D in the decussation of SCP may discriminate PSP
from MSA and PD (115), whereas increased ADC values in
the putamen, globus pallidus and caudate nucleus may help
distinguish PSP cases from PD (142). Another study calculated

the FA score per subject for regions hypothesized to be involved
in PSP (i.e., the SCP and frontalWM region), and reported>85%
sensitivity and specificity for differentiating PSP from PD/DLB
cases (143).

A multimodal study integrated volumetric MRI, DTI
and neuromelanin-sensitive imaging, and identified several
predictors for separating PSP-RS from controls (144). The best
predictor was the neuromelanin-based SN volume followed by
FA in the midbrain (144). The separation of PSP-RS cases
from PD was achieved using neuromelanin-based SN volume,
pons FA values, midbrain and globus pallidus volumes, and
basal forebrain FA values (144). Another study identified greater
atrophy, decreased FA, and increased D in the SCPs bilaterally
in PSP-RS patients as compared to PD and controls (145).
More advanced neuroimaging techniques have identified changes
in the free water in the posterior SN (118). Specifically,
free-water values derived from the bi-tensor diffusion model
were significantly elevated in PSP in the posterior SN vs. MSA,
PD and controls, and were observed in a characteristic pattern:
PSP > MSA/PD > HC (118). In addition, free-water-corrected
FA was elevated in PSP in the caudate, putamen, thalamus and
vermis with accompanying decreases seen in the SCP and corpus
callosum compared to controls (66).

Other studies have compared diffusion imaging parameters
in PSP subtypes. Lower FA values were exclusively detected in
the SCP in PSP-RS vs. PSP-parkinsonism patients, implicating
SCP’s involvement in postural instability (146). PSP patients
with vertical supranuclear gaze palsy exhibited lower FA values
in the midbrain vs. those with slowness of vertical saccades,
highlighting the role of midbrain atrophy in vertical ocular
dysfunction (146). PSP-RS patients also showed more severe and
widespread diffusion abnormalities vs. PD, which reflects greater
microstructural damage as consistent with greater overall brain
atrophy often found in PSP-RS than in PD cases (147). Moreover,
damage to the SCPs may be detected in both PSP-RS and
PSP-parkinsonism subtypes (130, 145). When the two subtypes
were directly compared, PSP-RS patients showed decreased FA
and increased D in the left SCP vs. PSP-parkinsonism patients
(145). Computer-aided diagnosis of PSP and its subtypes may be
possible using diffusion-weighted/DTI measures (145, 147).

Proton Magnetic Resonance Spectroscopy in PSP

In PSP, reductions in the NAA/Cr ratios in the LN, brainstem,
centrum semiovale, frontal, and precentral cortex, as well as
reductions in the NAA/choline values in the LN are observed
relative to controls (148, 149). A more prominent decline in
NAA/Cr ratio was noted in the putamen vs. PD and MSA
(150). PSP-RS patients had reduced cerebellar NAA/Cr and
NAA/myo-inositol ratios vs. controls, and reduced cerebellar
NAA/Cr ratio vs. PD patients (77). Compared to controls, PSP
patients also showed a decrease in scyllo-inositol concentration
(a stereoisomer of inositol) and scyllo-inositol/Cr ratio in the
supplementary motor area, and both of these metabolic measures
were directly related to attention and working memory functions
(151). The pathological significance of scyllo-inositol reduction
in PSP is currently uncertain (151).
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FIGURE 6 | Magnetic resonance imaging of a patient with a pathology-proven diagnosis of corticobasal degeneration. Serial axial T1-weighted sequences are

presented showing right greater than left parietofrontal atrophy commonly seen in corticobasal syndrome. Figure reproduced from Saeed et al. (10), under the Creative

Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).

Corticobasal Degeneration/Syndrome
(CBD/CBS)
Magnetic Resonance Imaging in CBD/CBS

In CBS/CBD, asymmetrical cortical atrophy in the frontoparietal
lobe is commonly observed (Figure 6), contralateral to the
clinically more affected side of the body (however, laterality may
not be present in all cases). In CBS vs. controls, an asymmetric
pattern of atrophy in the bilateral premotor cortex, superior
parietal lobules, and striatum was identified (121). Compared
to PSP, greater atrophy was observed in the dorsofrontal
and parietal cortices in CBS (121, 129), whereas midbrain
atrophy was more pronounced in PSP vs. CBS (121). Likewise,
greater asymmetric GM degeneration in the inferior frontal
and premotor cortex, parietal operculum, superior temporal
gyrus, and hippocampus was detected, along with decline in FA
primarily in the frontoparietal region vs. controls (152). In a
meta-analysis of VBM studies, although a significant overlap was
detected among PSP, MSA-P, and CBS cases, more prominent
atrophy in the superior parietal lobe was observed in CBS (153).
Importantly, CBS can be associated with significant pathological
heterogeneity difficult to predict based on clinical presentation
in life (15, 154). Thus, neuroimaging patterns using pathology-
proven samples can improve diagnostic accuracy.

On MRI, the pattern of atrophy in CBS aligns with the “true”
underlying pathology. Although, GM atrophy in a clinically-
diagnosed CBS group was observed in the premotor cortices,
supplemental motor area and insula, the pattern of atrophy
aligned more closely with neuropathological diagnosis (155). For
example, frontotemporal atrophy in CBS was associated with
frontotemporal lobar degeneration with transactive response
DNA binding protein-43 kDa (TDP-43) pathology, whereas
temporoparietal atrophy was related to AD pathology (155). In
contrast, focal atrophy predominantly involving the premotor
cortex and supplementary motor area was observed in those
pathologically diagnosed with CBD and PSP, although more

severe changes in these regions suggested CBD over PSP
(155). The degree of gross global atrophy is typically more
severe in CBD vs. PSP (156). Another pathology-confirmed
study observed GM degeneration in the dorsal prefrontal
and perirolandic cortex, striatum, and brainstem in CBD vs.
controls (6). Furthermore, in CBS due to frontotemporal lobar
degeneration (tau or TDP-43), atrophy pattern progressed into
the prefrontal cortex, striatum and brainstem, while in CBS
due to AD, atrophy stretched into the temporoparietal cortex
and precuneus regions (6). The predominant clinical syndrome
in CBS (extrapyramidal vs. cognitive) was associated closely
to the regional atrophy patterns (123). On fluid-attenuated
inversion recovery images, subcortical WM hyperintensities
with ventricular dilation (greater in the more affected lobe)
were reported (157), however, these changes are not specific
to CBS/CBD.

Diffusion-Weighted and Diffusion Tensor Imaging in

CBD/CBS

Elevated D and reduced FA were detected in the posterior
truncus of the corpus callosum in CBS compared to PD and
controls suggesting transcallosal fiber degeneration (59). In
addition to the corpus callosum (59, 152, 158), decreased FA
in CBS was observed in the long frontoparietal connecting
tracts, intraparietal associative fibers, and sensorimotor cortical
projections (152). Similarly, reduced FA and increased D were
noted in the WM of premotor, prefrontal and motor cortices, as
well as in the middle cingulate bundle vs. controls—changes that
were more pronounced contralateral to the more affected side
(158). Compared to PSP, a more asymmetric, supratentorial and
posterior pattern of WM tract degeneration was reported in CBS
with greater involvement of the splenium of the corpus callosum,
WM of the motor and premotor cortices, as well as the parietal
lobes (158).
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Proton Magnetic Resonance Spectroscopy in

CBD/CBS

NAA/Choline and NAA/Cr levels were reduced in CBS patients
in the frontoparietal cortex, LN and centrum semiovale
vs. controls (149, 159). Lower NAA/Choline levels in the
frontoparietal lobe may help differentiate CBS cases from PSP
(149). In the parietal cortex of CBS patients, the NAA/Choline
values were reduced contralateral to the clinically more affected
side (159). A more pronounced reduction in NAA/Cr values was
observed in the frontal cortex and putamen vs. PD, MSA and
vascular parkinsonism, with prominent asymmetry in NAA/Cr
ratios in the putamen (150). Lower putaminal NAA levels have
been reported across the PD, MSA, PSP and CBS patients to
varying degrees. Thus, laterality of metabolite ratios observed
in the putamen in CBS may be helpful in differentiation in
some cases.

FUNCTIONAL MAGNETIC RESONANCE
IMAGING IN PARKINSONIAN DISORDERS

Using resting-state and task-based functional MRI, several
large-scale networks involved in motor, cognitive, and affective
processes have been identified (Table 3). Impairments in these
networks as well as in specific circuits (e.g., basal ganglia
thalamocortical circuit and cortical-subcortical sensorimotor
circuit) have been associated with motor and non-motor
symptoms in PD and atypical PS. Reduced resting-state
functional connectivity between the striatum and the thalamus,
midbrain, pons and cerebellum was observed in PD, highlighting
connectivity alterations within the brainstem (160). Within
the striatum, a greater change in connectivity was evident
in the posterior putamen, followed by the anterior putamen
and caudate (160) as consistent with the patterns of striatal
dopaminergic dysfunction in PD (161–163). Connectivity
changes between the striatum and sensorimotor and visual
cortical areas as well as the supramarginal gyrus were also
evident (160) probably highlighting dysfunction of the cortical-
subcortical sensorimotor circuit in PD (164). Furthermore,
reduced resting-state functional connectivity within the basal
ganglia network allowed differentiation of PD cases in the
drug-off state from controls (sensitivity 100%, specificity 89.5%)
(165). Conversely, increased functional connectivity was detected
in associative and limbic connections in PD likely indicating
compensatory changes due to dopaminergic deficits and the
ensuing alterations in related circuits (164).

In tremor-dominant PD, the globus pallidus internus and
putamen exhibited elevated functional connectivity with the
cerebellothalamic circuit that modulates tremor amplitude.
It was suggested that basal ganglia degeneration (and the
resulting dopamine deficiency) can cause tremors by disrupting
cerebellothalamic circuit signaling (166). PD patients with
freezing of gait showed abnormal functional connectivity in
the pedunculopontine nucleus, which primarily affected the
corticopontine-cerebellar pathways and visual temporal areas
involved in visual processing (167). These findings are consistent
with observations seen in DTI structural connectivity studies

(168). Furthermore, PD patients with sleep disturbance showed
changes in cortical functional connectivity within the default
mode network, central executive network, and dorsal attention
network vs. PD patients without sleep disturbance (169).
Hallucinations in PD were found to be associated with functional
connectivity changes within the default mode network and visual
processing areas implicating networks involved in perceptual and
attentional processing (170).

Compared to PD, patients with MSA displayed reduced
cerebellar connectivity within multiple brain networks as well
as the striatum (171). Overlap in functional connectivity was
noted in PD and PSP patients within the thalamus, striatum,
and prefrontal cortex, however, not surprisingly, the PSP group
showed more extensive functional connectivity disruptions
throughout the brain (particularly in the midbrain, precentral
gyrus, parietal cortex, basal ganglia, and cerebellum) (172).
Another study identified deficits in the resting-state functional
connectivity in PSP cases in the rostral midbrain tegmentum
network (173). In CBS, decreased functional connectivity was
reported in the right central operculum, middle temporal
gyrus, and posterior insula, whereas an increase in connectivity
was identified in the anterior cingulum, medial superior
frontal gyrus, and bilateral caudate nuclei (174). Thalamic
functional connectivity was decreased in both PSP and CBS
groups in multiple cortical, subcortical, and cerebellar regions
(175). In contrast, whole brain functional connectivity of
the dentate nucleus differed between PSP and CBS: it was
reduced in the subcortical and prefrontal cortical areas in PSP,
whereas it increased asymmetrically in the frontal cortex in
CBS (175).

In a longitudinal task-based functional MRI study that
incorporated a motor control paradigm, a decline in activity
within the putamen and primary motor cortex was identified
over 1 year in PD patients vs. controls (176). Conversely, a
more widespread and unique pattern of functional changes
were observed in MSA and PSP patients compared to
PD. In MSA, changes were exclusively extrastriatal (i.e., the
primary motor cortex, supplementary motor area and superior
cerebellum) (176). In PSP, all regions-of-interest were less active
at 1 year compared to baseline, including the contralateral
putamen, ipsilateral putamen, contralateral primary motor
cortex, contralateral supplementary motor area, and ipsilateral
superior cerebellum (176).

Changes in functional connectivity after symptomatic
treatment interventions have also been observed. For
example, increase in functional connectivity was identified
in the supplementary motor area (part of the sensorimotor
resting-state network) after levodopa administration in

drug-naïve PD patients (177). The sensorimotor system

was suggested to be one of the targets of acute levodopa
treatment (177). Likewise, the administration of dopaminergic
medication resulted in enhanced connectivity within the
basal ganglia network (165). Finally, repetitive transcranial
magnetic stimulation can improve motor symptomatology
by influencing functional hubs connecting to motor-related
networks, including the default mode, cerebellar, and limbic
networks (178).
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TABLE 3 | An overview of 4 core brain networks.

Networks‡ Description Common network-associated regions

Default mode network Involved in endogenously mediated activities at rest including

self-referential and social cognitive processes, and it is inactive during

external goal-oriented processes

Posterior cingulate cortex, medial prefrontal cortex,

precuneus, and inferior parietal and medial temporal cortices

Salience network Involved in the bottom-up detection of salient stimuli that require

dynamic switching between the central executive and default-mode

networks, in order to keep cognitive resources focused on task-relevant

goals

Anterior cingulate and anterior insular cortices, as well as

amygdala, thalamus, hypothalamus, ventral striatum, and

substantia nigra

Central executive

network

Involved in external goal-oriented and cognitively demanding processes

including working memory, planning, and decision making

Dorsolateral prefrontal cortex and posterior parietal cortex

Sensorimotor network Involved in the execution of voluntary motor activities Primary motor cortex, supplementary motor area, primary

and secondary sensory cortices

†
Several other networks, including frontoparietal network, dorsal and ventral attentional networks, and visual network (among others) have also been postulated.

TRANSCRANIAL B-MODE SONOGRAPHIC
IMAGING IN PARKINSONIAN DISORDERS

Echogenicity in Substantia Nigra
In PD, increased echogenicity of the SN is commonly observed,
which can be visualized at the mesencephalic plane as an
enlarged, lighter (i.e., mildly echogenic) region within the darker
mesencephalon (179–182) (Figure 7). Similar to idiopathic PD,
increased SN echogenicity is seen in PD patients carrying LRRK2
and GBA mutations (183). Although, the precise etiology of SN
hyperechogenicity is under research, it is likely due to the known
nigral pathology and associated accumulation of free (unbound)
iron within the SN.

SN hyperechogenicity may be present in preclinical stages as
detected in those with increased risk of PD, e.g., individuals with
a family history of PD (184). The area of SN hyperechogenicity
remained stable in PD over a 5 year period (185) suggesting
that this feature may be considered an early “trait” marker of
vulnerability, as opposed to a marker of progression in PD.
Indeed, studies have not consistently shown a correlation
between SN hyperechogenicity and disease severity or
duration (181, 186–188). Likewise, no correlation has been
observed between SN hyperechogenicity and the degree of
presynaptic DAT loss in PD (189). SN hyperechogenicity
may not differ based on PD laterality and has been observed
in both hemispheres, irrespective of the clinically affected
side (187).

It is also important to note that ∼10% of healthy
controls, as well as ∼16% of patients with essential tremor
may show elevated echogenicity in the SN (190), thus
limiting the utility of this “echofeature” as a standalone
biomarker of PD. For example, in a 3 year longitudinal
study, baseline SN hyperechogenicity was evident not only
in PD, but also in patients with essential tremor, who
subsequently developed parkinsonian symptoms during the
follow-up period (191).

Increased echogenicity of the SN, particularly when marked,
has been reported to differentiate PD cases from atypical PS
(PSP and MSA as a group) with good sensitivity (∼91%) and

specificity (∼82–96%) (179, 192). When experienced examiners
are available, this technique can be resourceful in differentiating
PD from atypical PS. However, patients with DLB and PDD also
present with hyperechogenic SN in frequencies similar to those in
PD. For example,∼80% of DLB cases showed hyperechogenic SN
bilaterally, and thus the differential diagnosis in PDD/DLB relies
upon other clinical features and diagnostic biomarkers (193).
Nevertheless, it is suggested that the discrimination between
DLB and PDD using transcranial sonography may be made by
combining SN echogenic sizes, asymmetry indices, and onset
age (sensitivity 96%, specificity 80%) (193). Hyperechogenic
SN can also be seen in CBS (∼60–80%) and PSP disorders
[∼10–20%, especially in PSP-parkinsonism subtype (194)];
however, studies in CBS and PSP are limited by small sample
sizes and lack of neuropathological confirmation (195–197).

Echogenicity of the Lentiform Nucleus
Increased echogenicity of the LN is a feature noted in
some atypical PS and may be of diagnostic utility when
examined together with SN echogenicity. In healthy individuals,
the LN is visualized as an isoechogenic structure, located
between the caudate nucleus and thalamus. Hyperechogenic LN
may support a diagnosis of atypical PS when seen together
with normoechogenic SN (188). Specifically, this echogenic
profile was observed in MSA-P and PSP patients with good
sensitivity (100%), albeit with a low specificity (∼59%). Normal
echogenicity of the SN alone aligned with a diagnosis of MSA-
P (sensitivity 90%, specificity 98%), while increased echogenicity
of the LN alone was unhelpful in the differential diagnosis
of parkinsonian syndromes since PD and PSP patients may
show this feature to some degree (197). Enlargement of
the third ventricle can also be examined using transcranial
sonography. Ventricular enlargement >10mm together with
LN hyperechogenicity may indicate PSP (197), whereas normal
LN echogenicity was observed in CBS patients (195). Given
the considerable heterogeneity evident in atypical PS, more
studies are needed to develop reliable sonographic profiles of
these disorders.
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FIGURE 7 | Transcranial sonographic image outlining the butterfly-shaped midbrain at the mesencephalic plane. In (A), enlarged area of echogenicity at the

anatomical site of substantia nigra (long arrows) is depicted, as may be seen in Parkinson’s disease patients. In addition, interrupted echogenic line of the raphe can

be observed (short arrows). In (B), normal midbrain echogenicity is shown. The aqueduct is indicated by an asterisk. Figure adapted from Richter et al. (182), under

the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).

SPECT AND PET IMAGING OF THE
DOPAMINERGIC SYSTEM IN
PARKINSONIAN DISORDERS

Presynaptic Dopamine Transporter (DAT)
Normal DAT binding on 123I-FP-CIT SPECT can be visualized
as two bright symmetric “comma-shaped” regions, signifying
intense activity in the striatum (striatum includes caudate
nucleus and putamen; Figure 2). Any change in this activity on
123I-FP-CIT SPECT may indicate presynaptic nigrostriatal
injury (198, 199). Overall, DAT SPECT shows normal
presynaptic nigrostriatal activity in normal individuals, essential
tremor cases, and in drug-induced or psychogenic/functional
parkinsonism (200–202).

Conversely, reduced DAT binding on SPECT has been
observed in PD, DLB/PDD, MSA, and PSP patients to varying
degrees suggesting nigrostriatal degeneration (200, 203–205).
The utility of DAT SPECT in differentiating PD in early stages
from normal subjects and cases with essential tremor and
vascular parkinsonism with high accuracy has been suggested
(206). In PD, the posterior putamen exhibits earlier and more
severe reduction in activity compared to the anterior putamen or
caudate nucleus (161). The decline in DAT signal is often more
pronounced in the hemisphere contralateral to parkinsonian
symptomatology, whereas binding may appear symmetric in
cases with symmetric motor deficits (161). Striatal DAT SPECT
binding has been shown to correlate with PD severity and
motor impairment (202, 207–209). Reduced DAT binding can
differentiate patients with PD and DLB from AD (210, 211). In a

recent population-based study, striatal DAT deficits (particularly
in the caudate nucleus) were associated with shorter survival in
PD patients (212).

Similar to SPECT, 18F-dopa PET studies evaluating the
presynaptic nigrostriatal dopaminergic system have found
reduced radiotracer uptake in PD, MSA-P, PSP and DLB
groups vs. controls, whereas normal uptake was observed
in cases with essential tremor (205, 213). Specifically, 18F-
dopa PET measures the activity of aromatic amino acid
decarboxylase (AADC) enzyme, which converts 18F-dopa into
18F-dopamine, providing an approximation of dopaminergic
storage levels. In PD, decreased 18F-dopa uptake was first
evident in the posterior putamen, followed by anterior putamen
and caudate nucleus, contralateral to the clinically affected
side (162, 163). Striatal and putaminal 18F-dopa uptake have
been shown to associate with PD progression and motor
severity, respectively (163). Other PET radiotracers, such as 11C-
DTBZ, can be used to evaluate the presynaptic monoaminergic
system by labeling the vesicular monoamine transporter type
2 (VMAT2)—a presynaptic transmembrane protein essential
for packaging and storing monoamines (including dopamine)
in synaptic vesicles. Reduced VMAT2 binding in the striatum
was detected in PD on 11C-DTBZ PET (214). As identified
in 18F-dopa PET, the greatest regional decrease in VMAT2
binding in PD (using 18F-AV-133) was observed in the
posterior putamen, followed by the anterior putamen and
caudate nucleus (215). Notably, due to ongoing compensatory
changes in response to neurodegeneration (AADC upregulation,
presynaptic DAT down-regulation), the nigrostriatal presynaptic
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dopaminergic injury may be underestimated using PET and
SPECT imaging (214). Furthermore, an approximated 10–
20% of clinically diagnosed PD cases that were enrolled in
neuroprotective trials of PD and underwent DAT imaging
presented with “scans without evidence of dopaminergic deficit”
(216). Studies have shown this group of cases to be quite
heterogeneous and [among other reasons (10)] represent
a clinical misdiagnosis of PD in most cases (10, 216).
Reduced DAT binding using 11C-methylphenidate PET has
also been identified in clinically-unaffected mutation carriers
of LRRK2 gene associated with dominant inheritance of
PD (217). Elevated dopamine turnover in the putamen was
suggested to be an even more sensitive subclinical indicator
of PD in LRRK2 mutation carriers compared with reduced
dopaminergic terminal integrity as assessed by VMAT2 and DAT
binding (218).

DAT SPECT imaging can be invaluable in differentiating
DLB from other forms of dementia (219). For example, an
abnormal DAT scan can enhance the diagnostic certainty
of DLB from “possible” to “probable” (220), and assist in
differentiating DLB without clinically significant parkinsonism
from AD (221–223). The development of parkinsonism
over 6 months was associated with abnormal baseline
123I-FP-CIT SPECT scan in possible DLB patients (224).
Although, an abnormal DAT scan supports the diagnosis
of DLB, a normal scan does not exclude DLB altogether,
including those cases that present with minimal brainstem
involvement (223).

In MSA-P, signal loss on DAT SPECT was greater over time
in the caudate and anterior putamen vs. PD, as consistent
with a relatively faster rate of disease progression in MSA-
P (225). Patients with CBS may show striatal DAT SPECT
reduction with greater hemispheric asymmetry vs. PD (226,
227). Furthermore, patients with CBS/CBD may show normal
nigrostriatal DAT SPECT scans, especially early in the course
of the disease, suggesting that nigrostriatal degeneration may
be a late pathological feature of CBD (228). Patients with
PSP tend to exhibit more pronounced but fairly uniform DAT
loss in the striatum (204). In contrast to PD, a relatively
uniform involvement of presynaptic striatal dopaminergic
neurons was observed in PSP, as evidenced by lower striatal-
to-occipital but higher putamen-to-caudate DAT binding ratios
(229, 230). Likewise, a more symmetric pattern of DAT loss
was detected in PSP vs. PD and MSA-P (202, 229, 230),
with the index of asymmetry significantly greater in PD
relative to PSP (230). A recent meta-analysis further confirmed
reduced DAT activity in the caudate nucleus and putamen
in PSP vs. PD and MSA-P, and in MSA-P vs. MSA-C (231).
Investigations using 18F-dopa PET mirror these SPECT-based
findings as follows: putaminal uptake was significantly lower
in atypical PS and PD vs. controls (232–234). However,
a more severe decline was noted in the caudate head in
atypical PS vs. PD (234). As compared to PD, putamen and
caudate regions were equally abnormal in PSP (232). Despite
these findings, the presynaptic striatal binding patterns using
PET and SPECT are currently unreliable in differentiating

parkinsonian disorders on a case-by-case basis. Finally, using
99mTc-TRODAT-1 SPECT, lower putaminal DAT uptake was
associated with shorter time of conversion from idiopathic
RBD diagnosis to an α-synucleinopathy vs. those with higher
putaminal DAT uptake (235). This may suggest a predictive
role of nigrostriatal damage in idiopathic RBD in terms
of conversion to an α-synucleinopathy (235). However, an
abnormal DAT scan was found to be less sensitive than
motor features in predicting phenoconversion from idiopathic
RBD to overt neurodegenerative syndrome (of PD, LBSD, and
MSA) (236).

Postsynaptic Dopamine D2 Receptor
In drug-naïve PD patients compared to controls, binding
potential for the G-protein-coupled dopamine D2 receptors
measured using 11C-raclopride PET may appear normal or
upregulated contralateral to the clinically affected side (237–
239). Similarly, striatal dopamine D2 receptor upregulation
was observed in drug-naïve PD patients using SPECT ligands
(123I-IBZM and 123I-IBF) probably suggesting compensatory
changes secondary to nigrostriatal denervation, with higher
upregulation detected in the posterior putamen (161, 240). In
medicated PD cases, postsynaptic D2 receptor binding was
reduced or within the normal range compared to controls in
PET and SPECT studies (161, 200, 237, 241). Normal D2 binding
potential was also observed in patients with DLB and essential
tremor (161, 200), while reductions were reported in atypical PS
cases (239).

In PSP vs. controls, reduced D2 receptor binding was
detected in PET and SPECT studies (200, 239, 242).
Likewise, D2 binding reductions were noted in MSA patients
compared to PD (233, 241) and controls (200, 233, 241, 242)
correlating with striatal glucose hypometabolism (241). In
CBS, studies typically show preservation of postsynaptic D2
receptors, although inconsistently, which is not surprising
given the pathologic heterogeneity evident in this disorder
(200, 203, 243).

The posterior putamen to caudate binding ratios were
>1 in almost all drug-naïve and medicated PD and PSP
cases (161). In contrast, this ratio was <1 in most MSA
cases indicating greater loss of D2 receptors in the posterior
putamen in MSA (161). This finding is consistent with a
11C-raclopride PET study, whereby elevated caudate-to-
putamen and anterior-to-posterior putamen D2 receptor
binding ratios were observed in MSA-P vs. PD suggesting
greater D2 receptor loss in the posterior putamen in MSA-P
cases (244).

Combining SPECT-based presynaptic DAT and
postsynaptic D2 receptor imaging may improve diagnostic
capacity (245). For example, a study suggested increased
accuracy in differentiating PD from atypical PS using a
multidimensional combination of striatal presynaptic DAT
imaging, postsynaptic D2 receptor imaging, and myocardial
scintigraphy [evaluates cardiac postganglionic sympathetic
fiber function, which is significantly impaired in early
PD and LBSD, as reviewed in (10)] (246). Further studies

Frontiers in Neurology | www.frontiersin.org 18 October 2020 | Volume 11 | Article 572976218

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Saeed et al. Neuroimaging in Parkinsonism

with pathology proven samples are needed to improve the
utility of postsynaptic D2 receptor imaging in differentiating
parkinsonian disorders.

SPECT IMAGING OF CEREBRAL
PERFUSION IN PARKINSONIAN
DISORDERS

Cerebral perfusion SPECT evaluates the metabolic status of brain
tissue by quantifying changes in the regional cerebral blood flow
using various radiotracers (Table 2). Occipital hypoperfusion is
frequently observed in DLB, however, it may not be present
in all cases on an individual basis. When present, it should
raise the possibility of DLB as the underlying cause of the
disease. Using 99mTc-HMPAO as a radiotracer, temporoparietal
hypoperfusion was detected in both AD and DLB cases to
varying degrees vs. controls, whereas occipital hypoperfusion
was the differentiating feature in DLB vs. AD (247). Occipital
hypoperfusion has also been detected using other SPECT
radiotracers (e.g., 123I-IMP and 99mTc-ECD). Perfusion SPECT
was unable to differentiate PDD cases from DLB, revealing
similar perfusion profiles in some studies (248, 249). In addition,
hypoperfusion in the left occipital region along with worse
episodic memory performance was found to distinguish DLB
patients without visual hallucinations from CBS at earlier disease
stages (250).

Patients with CBS tend to show asymmetric perfusion
profiles (251, 252), however, asymmetry may not be observed
in all cases. Compared to PSP (using 123I-IMP tracer),
asymmetrically reduced perfusion was noted in CBS in
the inferior prefrontal, sensorimotor, and posterior parietal
cortices, with overlap in the medial frontal region (252).
Perfusion asymmetry may serve as a supportive feature when
differentiating CBS from other atypical PS patients. The
differentiation of LBSD from atypical PS may be feasible
using an automated image-based classification system, which
incorporates striatal DAT uptake and regional perfusion
patterns (253).

Hypoperfusion in the occipital cortex using SPECT has
also been seen in PD vs. controls (249, 254), whereas frontal
lobe hypoperfusion was present in both PD and MSA-P
patients (254). Hypoperfusion in the frontal lobe was observed
in a 1 year longitudinal study in PD (255). In MSA-P
cases, hypoperfusion in the putamen was noted compared to
that in PD (256), whereas hypoperfusion together with local
cerebral atrophy was found in the cerebellum and pons in
MSA-C patients vs. controls (257). The current literature on
perfusion SPECT is limited by lack of pathology-confirmed
investigations, small sample sizes, and a handful of studies in
MSA, PSP, and CBS. Moreover, given the overlap in perfusion
profiles, other techniques (e.g., 123I-metaiodobenzylguanidine
myocardial scintigraphy or DAT imaging) may perform superior
to perfusion SPECT in some cases (258). Multimodal imaging
can provide valuable diagnostic information in uncertain
cases (10).

PET IMAGING OF GLUCOSE METABOLISM
IN PARKINSONIAN DISORDERS

Metabolic Patterns Using Regional and
Voxel-Based Analyses
Cerebral glucose metabolism can be evaluated using 18F-
labeled fluorodeoxyglucose [18F-FDG] where reduced tracer
uptake is indicative of lower glucose utilization by the tissue.
Normal metabolism or hypermetabolism involving the LN
(which includes putamen and globus pallidus) and possibly the
thalamus, motor cortex, and cerebellum may be observed in
PD on 18F-FDG-PET, whereas hypometabolism may be seen
in parieto-occipital association areas and in the dorsolateral
prefrontal cortex (259, 260). Preserved glucose metabolism in
the basal ganglia may differentiate PD from MSA and PSP,
where a corresponding glucose hypometabolism is typically seen
in the latter (259). A meta-analysis found decreased glucose
metabolism in the bilateral inferior parietal cortex and left
caudate nucleus in PD, which was linked to cognitive deficits
and motor symptoms, respectively (261). In MSA, glucose
hypometabolismmay be observed in the putamen and brainstem,
with or without hypometabolism in the cerebellum compared
to PD and controls (259, 262). Glucose hypometabolism may
be more predominant in the bilateral putamen in MSA-P
and bilateral cerebellum in MSA-C (263), based on the most
affected regions in these disorders. In addition, microstructural
damage as assessed using DTI was found to be associated with
glucose hypometabolism in the posterior putamen in MSA-P
patients (264).

In PSP, glucose hypometabolism was evident in the
caudate/basal ganglia, midbrain, thalamus, as well as anterior
cingulate, frontal and primary motor cortices vs. controls
(259, 263, 265). Midbrain hypometabolism visualized as an
oval or round region on 18F-FDG-PET was identified in PSP as
compared to MSA and CBS patients (specificity 100%, sensitivity
29%), and may reflect midbrain atrophy (266). Compared to PD,
MSA, and controls, glucose hypometabolism in PSP was reported
in the caudate nucleus, thalamus, midbrain, and cingulate gyrus
(262). In CBS, an asymmetric glucose hypometabolism in the
basal ganglia and frontoparietal cortices may be apparent,
contralateral to the clinically more affected side (263, 267).
Hypometabolism in the parietal lobe may help discriminate CBS
patients from PSP (268).

Patients with PDD and DLB often show a similar pattern of
bilateral glucose hypometabolism vs. controls in the posterior
cortical areas, including lateral frontal, temporoparietal, and
occipital regions (269, 270). A more prominent hypometabolism
in the anterior cingulate cortex may distinguish DLB from
PDD (270). Occipital hypometabolism combined with less
prominent metabolic decline in the medial temporal lobe
(particularly the hippocampus) may be useful in differentiating
DLB/PDD from AD (269). When differentiating DLB from
AD, hypometabolism in the lateral occipital cortex achieved the
highest sensitivity (88%), while relatively preserved metabolism
in the posterior cingulate cortex (“cingulate island” sign)
attained the highest sensitivity (100%) (271). It is suggested
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that 18F-FDG-PET may perform superior to 123I-IBZM-SPECT
for discriminating Lewy body disorders from atypical PS
(272). Moreover, computer-assisted interpretation of FDG-PET
data may be used for objective evaluation in parkinsonian
disorders, which can provide accuracy equivalent to visual
reading especially in places where skilled readers are not
available (260).

Metabolic Patterns Based on Spatial
Covariance Analysis
The spatial covariance analysis on resting-state 18F-FDG-PET
data has enabled the identification of disease-related metabolic
patterns in PD and atypical PS. In PD, a specific and relatively
stable PD-related motor pattern (PDRP) and PD-related
cognitive pattern (PDCP) have been identified. The PDRP is
characterized by elevated pallidothalamic and pontine metabolic
activity associated with reduction in the supplementary motor
area, premotor cortex, and parietal association areas (273). The
expression level of PDRP correlated with the loss of presynaptic
nigrostriatal dopaminergic integrity andmotor dysfunction (274,
275), and was also elevated in patients with idiopathic RBD (276).
Likewise, the PDCP pattern was characterized by metabolic
reduction in the medial frontal and parietal association regions,
and metabolic increase in cerebellar cortex and dentate nuclei
(273). The PDCP expression was elevated and increased over
time in PD (274) and was higher in those was dementia (277).
The level of PDCP expression correlated with memory and
executive performance in PD (273) and, unlike PDRP, appeared
relatively unaffected by treatments with intravenous levodopa
or deep brain stimulation (278), which supports its utility
as a reproducible imaging biomarker of cognitive dysfunction
in PD.

Specific disease-related metabolic patterns based on 18F-
FDG-PET data have also been reported for MSA, PSP
(279), and CBS (267) disorders. The MSA-related pattern
was elucidated as a metabolic reduction in the putamen
and cerebellum, whereas PSP-related pattern showed decreased
metabolism in the brainstem and medial frontal cortex
compared to normal subjects (273, 279). The CBS-related pattern
was characterized by asymmetric, bilateral hypometabolism
involving the frontal and parietal cortex, thalamus, and
caudate nucleus, where greater abnormalities were found
contralateral to the clinically more affected side (267). Although,
metabolic asymmetry scores for the CBS-related pattern
may help in the differentiation, significant overlap with
PSP patients on a case-by-case basis is often observed
(267). Furthermore, the CBS-related pattern highly correlates
with the features of the clinical syndrome (i.e., where) but
does not provide information on the underlying causative
pathology (i.e., what). In conjunction with other imaging
modalities, these disease-related covariance patterns can be
useful for the assessment of metabolic changes due to the
underlying pathology as well as in response to disease-modifying
therapies (Table 4).

PET IMAGING OF NEUROPATHOLOGY IN
PARKINSONIAN DISORDERS

Amyloid
Cerebral amyloid deposition can be assessed on PET using
11C-PIB (Pittsburgh compound B) as well as using other 18F-
labeled radiotracers (Table 2). Uptake on 11C-PIB PET accurately
reflects amyloid deposition antemortem as validated against
postmortem neuropathologic findings (280). The apparent
gradient of increasing amyloidopathy as visualized on PET can
be conceptualized as PD < PD-MCI < PDD < DLB, which
has been supported by pathology-proven investigations (281,
282). However, inconsistencies in results may be observed in
part due to the substantial pathological heterogeneity evident in
these disorders.

An elevated 11C-PIB binding is typically observed in more
than 50% of DLB cases, which can be of diagnostic relevance.
Compared to controls, studies in DLB have reported elevated
amyloid deposition in cortical association areas, frontal and
temporoparietal cortices, cingulum and striatum, whereas non-
significant differences in 11C-PIB binding were observed in the
majority of PDD and all PD cases (283). Amyloid positivity
on PET may be more frequent in PDD vs. PD cases, however,
such differences were reported inconsistently (284). Compared
to DLB, although most studies have found infrequent and
modest uptakes in PDD cases (283), others have reported non-
significant differences in binding between these two disorders
(285). Similarly, a greater 11C-PIB retention was noted in DLB
compared to PD, PD-MCI, PDD and controls—where the latter
four groups showed no significant differences in the tracer
retention (286). Furthermore, the APOE-ε4 allele has been
associated with greater 11C-PIB binding in DLB, PDD and PD-
MCI cases (286).

Elevated amyloid pathology on PET is most consistently
associated with worse global cognition in LBSD, while its
relationship with the timing of dementia onset, motor functions,
and dementia progression is mixed (285–287). A recent 1 year
study in DLB cases reported greater decline in the mini-mental
state examination scores and daily functioning in those with
amyloid-positive PET scan (288). In PD, the presence of striatal
combined with cortical amyloidopathy was associated with
greater cognitive dysfunction vs. cortical amyloidopathy alone,
which underscores the cumulative and detrimental influence of
amyloid deposition on cognition (289).

Greater 11C-PIB binding has also been associated with lower
cerebrospinal fluid levels of amyloid beta-42 peptide in LBSD
(290, 291). Lower medial temporal lobe perfusion was identified
in amyloid-positive DLB cases (292). Glucose hypometabolism
was found to align with regions of amyloid presence (293). On
the other hand, 11C-PIB retention was virtually absent in MSA
patients (293). Amyloid deposition in the brain quantified using
11C-PIB PET may be seen in PSP, MSA, and CBD/CBS disorders,
although it may be attributable to age-related changes (294).
Importantly, however, significant tracer retention on amyloid
PET combined with cerebrospinal fluid findings (reduced
amyloid beta-42 and elevated total tau/phospho-tau) may point
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toward primary Alzheimer’s disease (AD) pathology, which is
exclusionary to CBD/CBS and PSP diagnoses (3, 15). Thus,
amyloid imaging plays a critical role in this regard and any
future trials of putative tau-based disease modifying therapies
that enroll patients with CBS and PSP would need to exclude AD
using these methods.

Tau
Several PET radiotracers have been developed to image tauopathy
in the brain (Table 2) (295). These first-generation radiotracers
initially developed for AD have generated considerable interest
for their potential to quantify the topological distribution of
tau, which can be valuable in monitoring disease progression
and improving clinical diagnosis of PSP and CBS. However,
several challenges have emerged: 1) lack of specificity and variable
affinities to the multiple conformations of tau fibrils (e.g., 4R
straight chain filaments in PSP vs. 3/4R paired helical filaments
in AD), 2) non-negligible off-target binding to neuromelanin
and monoamine oxidase A/B, and 3) the role of primary age-
related tauopathy, which is not considered pathogenic and may
require careful interpretation of PET data. The first-generation
tau PET tracers are under study to evaluate their usefulness, and
second-generation tracers with improved binding selectivity and
pharmacokinetics are being developed (296).

Overall, tau PET studies reveal distinct patterns of tracer
retention in tauopathies. Compared to controls, elevated 18F-AV-
1451 uptake in PSP cases was observed in the putamen, pallidum,
thalamus, midbrain, and cerebellar dentate nucleus (297–300).
Likewise, increased 18F-AV-1451 retention in PSP was detected
in the basal ganglia, although with extensive overlap and age-
dependent increase in both the PSP and control groups (301).
Another study included 11C-PIB-negative PSP patients and
observed elevated 11C-PBB3 retention in regions similar to those
seen using 18F-AV-1451 tracer (302). The midbrain atrophy rate,
however, was identified to be a superior progression biomarker
for PSP than the change in 18F-AV-1451 tracer retention (299).
In PSP vs. PD, increased uptake in the globus pallidus, midbrain,
and subthalamus was detected (303, 304). Most studies did not
observe a correlation between clinical severity and 18F-AV-1451
uptake in PSP (299, 304), although results are mixed (300).
Midbrain 18F-THK5351 uptake was found to correlate with
clinical severity in PSP cases (305).

In CBS vs. controls, asymmetrically elevated 18F-AV-1451
binding contralateral to the clinically affected side was evident
in the putamen, globus pallidus, and thalamus, as well as in the
motor-related GM and WM subcortical structures, including the
midbrain (306). Similarly, 18F-AV-1451 retention was observed
in the motor cortex, corticospinal tract, and basal ganglia
contralateral to the clinically more affected side in CBS, allowing
differentiation from AD and PSP (307). However, cortical
atrophy on MRI and 18F-FDG-PET reductions were found to
be more widespread compared to the 18F-AV-1451 retention,
making this technique a less sensitive indicator of neuronal loss
(307). This observation may in part be due to the lack of 18F-AV-
1451’s specificity for 4-repeat tauopathies. Indeed, post-mortem
studies have shown significant binding of 18F-AV-1451 to the
AD-related paired helical tau filaments. Conversely, 18F-AV-1451

does not bind appreciably to straight tau filaments associated
with 4-repeat tauopathies including PSP and CBS (297, 308).
Finally, elevated 18F-AV-1451 binding in DLBwas reported in the
primary sensorimotor and visual cortices with less involvement
of the temporal cortex (vs. AD), suggesting a pattern distinct
from AD (309).

The 18F-AV-1451 tracer exhibits an off-target binding to
neuromelanin neurons in the midbrain (308, 310). Compared
to controls, a visually apparent decline in the midbrain 18F-AV-
1451 signal has been reported in PD and PSP patients (310,
311), however, no correlation with disease duration or motor
dysfunction was observed (298, 310). The utility of this off-target
binding in differentiating PD from PSP requires further research
(311). The 18F-AV-1451 tracer also shows an off-target binding to
monoamine oxidase (MAO) A and B (312). Furthermore, recent
investigations have demonstrated the binding of 18F-THK5351
to MAO-B—a marker for astrogliosis (313). Thus, 18F-THK5351
signal may suggest reactive astrocytes expressingMAO-B protein
(314) and the utility of this tracer in monitoring the progression
of astrogliosis in CBS has been proposed (315). Overall, an off-
target binding to MAO (and other targets) can confound PET
data, especially given the abundance of these proteins across the
entire brain, which can fluctuate during the course of the disease
and with treatment interventions.

Recently, it is suggested that 11C-PBB3 and 18F-AV-1451
radioligands may show differential selectivity for the different
tau isoforms, with 18F-AV-1451 binding predominantly to AD-
type tau deposits, whereas 11C-PBB3 and the THK family of
tracers exhibiting a higher affinity for non-AD tau aggregates
(i.e., 4R as seen in CBD/PSP) (316, 317). Moreover, besides
binding tau aggregates in PSP, the 11C-PBB3 tracer also showed
binding in patients expected to have α-synuclein pathology (318).
It was suggested that 11C-PBB3 may exhibit off-target binding
to α-synuclein or other associated proteins (318), although
further studies are required for confirmation. Indeed, given the
conformational diversity of tau fibrils, validating ligands specific
to different tau strains would be promising in the differential
diagnosis of tauopathies, which can be challenging to diagnose
at early stages.

Alpha-Synuclein
Successful imaging of α-synuclein pathology using PET
radiotracers is expected to be transformative in clinical and
research settings. Several radiolabeled probes for imaging
α-synucleinopathy in the brain have been explored, including
the phenothiazine, indolinone, indolinone-diene and chalcone
analogs, and structural congeners (319). However, no radiotracer
has currently been approved for use in humans for diagnostic
or research purposes. A consortium of researchers has been
convened by the Michael J. Fox Foundation to develop α-
synuclein PET radiotracers. When developed, these tracers may
allow, (1) the identification of patients at prodromal or early
stages of an α-synucleinopathy, (2) evaluation of the degree,
location, and progression of the disease, as well as therapeutic
effectiveness, (3) differentiation of α-synucleinopathies (LBSD
and MSA) from tauopathies (PSP and CBD) and AD, and (4)
insights into the contribution of α-synuclein pathology for
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TABLE 4 | Summary of neuroimaging findings in α-synucleinopathies.

Disorder, neuroimaging

modality

Brief summary of findingsa References

Parkinson’s disease

• Structural MRI MRI signs: loss of dorsolateral nigral hyperintensity (swallow tail sign)

↓ in frontal lobe, basal ganglia (pronounced in advanced PD), hippocampus, anterior cingulate and superior

temporal gyri, olfactory bulb and tract volume vs. NC

↓ in orbitofrontal, ventrolateral prefrontal, and occipitoparietal cortex vs. NC

↓ in olfactory bulb and tract volume in PD with olfactory disturbances vs. NC

↓ in left cuneus, precuneus, lingual gyrus and posterior cingulate cortex in PD with freezing of gait vs. PD

without

↓ in right perisylvian and inferior temporal cortex along with putaminal shape changes in PD with RBD vs.

PD without

(22–27, 29, 31, 39, 40, 42)

• Functional MRI Resting-state connectivity changes in several networks (default mode, salience, central executive, sensorimotor)

and in specific circuits (basal ganglia thalamocortical, cortical-subcortical sensorimotor, cerebellothalamic)

(160, 164–170)

• DWI/DTI MRI ↓ FA in SN and anterior olfactory structures and ↑ D in olfactory tract vs. NC

↑ free water in posterior SN over time vs. NC

(52, 55–60, 64, 65)

• Proton MRS ↓ NAA/Cr ratio in SN, LN, temporoparietal and posterior cingulate cortex, and pre-SMA vs. NC (71–74)

• PET and SPECT b Dopaminergic system: b↓ striatal presynaptic DAT binding contralateral to parkinsonian symptomatology with

greater reduction in posterior putamen than in anterior putamen or caudate nucleus; normal or ↑ dopamine D2

receptor binding in drug-naïve PD vs. NC

(161, 202, 205, 206, 213,

237–240)

Glucose metabolism: PD-related spatial covariance pattern may involve ↑ pallidothalamic and pontine activity

associated with ↓ metabolism in SMA, premotor cortex, and parietal association areas

(273)

Neuroinflammation: ↑ microglial activity in pons, basal ganglia, frontal and temporal cortex and midbrain vs. NC (324, 325)

• Transcranial S b
↑ SN echogenicity vs. HC (179, 192)

Lewy body spectrum disorders

• Structural MRI ↓ in temporoparietal and occipital cortex and in SMA in PD-MCI vs. cognitively normal PD. Diffuse atrophy in

occipital, temporal, right frontal and left parietal lobe; and in putamen, hippocampus, parahippocampal region,

anterior cingulate gyrus, nucleus accumbens and thalamic nuclei in PDD vs. NC. Atrophy in occipital lobe and

entorhinal cortex in PDD vs. PD; in temporoparietal and occipital cortex in DLB vs. PDD. Preserved

hippocampal volume (mainly cornu ammonis-1 subfield) in DLB vs. AD. APOE-ε4 may influence hippocampal

atrophy in PDD/DLB

(8, 9, 23, 24, 79, 81, 86)

• DWI/DTI MRI ↑ D in nucleus basalis of Meynert in PD-MCI vs. cognitively normal PD

↑ D and ↓ FA in corpus callosum, pericallosal regions, caudate nucleus, amygdala, inferior longitudinal

fasciculus, precuneus, and frontal, parietal, and occipital white matter with milder mediotemporal involvement in

DLB vs. NC

↓ FA in bilateral posterior cingulate bundle in PDD vs. PD

(9, 60, 92–95)

• Proton MRS ↓ NAA/Cr ratio in hippocampus in DLB vs. NC, albeit to a lesser degree vs. AD

↓ NAA/Cr ratio in posterior cingulate gyrus in PDD vs. PD

(97, 98)

• PET and SPECT b Perfusion: occipital hypoperfusion in DLB vs. NC (247)

Glucose metabolism: occipital hypometabolism with moderate mediotemporal hypometabolism in DLB vs. AD

and HC. Hypometabolism in anterior cingulate cortex may distinguish DLB from PDD

PD-related cognitive spatial covariance pattern may involve metabolic ↓ in medial frontal and parietal

association regions, and metabolic ↑ in cerebellar cortex and dentate nuclei

(269, 270, 273)

Dopaminergic system: b ↓ striatal presynaptic DAT binding in PDD/DLB vs. NC (220–223)

Amyloid: the gradient of increasing amyloidopathy on PET may be conceptualized as PD < PD-MCI < PDD <

DLB

(281–287, 290, 291)

Tau: ↑ binding in primary sensorimotor and visual cortices with less mediotemporal involvement in DLB vs. AD (309)

Neuroinflammation: ↑ microglial activity in frontal and temporal lobe, striatum, precuneus, and dorsolateral

prefrontal cortex in PD-MCI vs. NC; ↑ microglial activity in anterior and posterior cingulate, striatum, and in

frontal, temporal, parietal and occipital cortices with ↑ parieto-occipital binding in PDD vs. NC; the spatial

extent of microglial involvement was ↑ in PDD vs. PD

(327, 330)

• Transcranial S b
↑ SN echogenicity in DLB and PDD vs. HC (193)

Multiple system atrophy

• Structural MRI MRI signs: putaminal rim sign, hot cross bun sign, middle cerebellar peduncles (MCP) sign

Striatonigral and olivopontocerebellar atrophy is observed in MSA vs. NC

↓ in putamen, MCP, cerebellum, and pons in MSA-P vs. PD

Supratentorial atrophy (putamen) in MSA-P, whereas infratentorial atrophy in MSA-C may be more predominant

(11, 28, 71, 99, 102, 103,

106–110)

(Continued)
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TABLE 4 | Continued

Disorder, neuroimaging

modality

Brief summary of findingsa References

Multiple system atrophy

• DWI/DTI MRI ↑ D in putamen in MSA-P vs. PD, MSA-C, and NC. ↓ FA and ↑ ADC in putamen, cerebellum, and pons in

MSA-P vs. PD and NC

↑ D in MCP and pons in MSA vs. PSP

↑ ADC in putamen and pons in MSA-P vs. MSA-C; cerebellum and MCP in MSA-C vs. MSA-P

↑ free water-corrected FA in putamen and caudate nucleus in MSA vs. NC

(66, 113–116)

• Proton MRS ↓ NAA/Cr ratio in putamen in MSA-P, and in pontine base in both MSA-P and MSA-C vs. NC

↓ NAA/Cr ratio in putamen and pontine base may discriminate MSA-P from PD

(120)

• PET and SPECT b Glucose metabolism: MSA-related spatial covariance pattern may involve metabolic ↓ in putamen and

cerebellum

(273, 279)

Dopaminergic system: b ↓ striatal presynaptic DAT binding and ↓ dopamine D2 receptor binding vs. NC (225, 241, 242)

Neuroinflammation: ↑ microglial activity in dorsolateral prefrontal cortex, putamen, pallidum, pons, and SN vs.

NC

(332)

• Transcranial S b
↑ LN echogenicity along with normal or ↑ SN echogenicity may be seen (188, 197)

AD, Alzheimer’s disease; ADC, apparent diffusion coefficient; D, mean diffusivity; DAT, dopamine transporter; DLB, dementia with Lewy bodies; DWI/DTI, diffusion-weighted and diffusion

tensor imaging; FA, fractional anisotropy; LN, lentiform nucleus; MCP, middle cerebellar peduncle; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MSA,

multiple system atrophy; MSA-C, MSA-cerebellar type; MSA-P, MSA-parkinsonian type; NAA, N-acetyl aspartate; NC, normal controls; PD, Parkinson’s disease; PDD, Parkinson’s

disease dementia; PD-MCI, Parkinson’s disease-mild cognitive impairment; PET, positron emission tomography; PSP, progressive supranuclear palsy; RBD, rapid eye movement sleep

behavior disorder; SMA, supplementary motor area; SN, substantia nigra; SPECT, single photon emission computed tomography; transcranial S, transcranial sonography. a = not all

findings discussed in the review are presented; please refer to relevant sections of the review for full details. b = readers are referred to Table 3 in Saeed et al. (10) for further comparisons

of SPECT, PET, and transcranial sonography findings in Parkinson’s disease and atypical Parkinsonian syndromes.

clinical outcomes (320). Some of the developmental challenges
[see reference (321)], although similar to those of tau PET
radiotracers, include the intracellular nature of most α-synuclein
aggregates requiring ideal lipophilicity and molecular size,
multiple α-synuclein strains that may interact differently with
some tracers, colocalization of α-synuclein with other protein
aggregates, relatively less abundance of α-synuclein over amyloid
and tau aggregates requiring higher tracer selectivity, as well
as the potential for off-target binding which may necessitate
further validation.

PET IMAGING OF NEUROINFLAMMATION
IN PARKINSONIAN DISORDERS

Microglia are the primary macrophages involved in the innate
immune response of the central nervous system. It is suggested
that microglia-mediated inflammatory processes can aggravate
injury, leading to events that may result in neurodegeneration
(322). A widely used PET ligand for imaging neuroinflammation
has been 11C-PK11195, which binds to the 18 kDa translocator
protein (TSPO), located on the outer mitochondrial membrane
in microglia. Upregulation of TSPO is suggestive of microglial
activation in the central nervous system. However, there are
several limitations of 11C-PK11195 (e.g., non-specific binding,
low brain penetration, high plasma protein binding), which
has prompted the development of improved second-generation
radiotracers, including 11C-PBR28 and 18F-FEPPA (323).

Compared to controls, increased 11C-PK11195 binding in PD
was observed in the pons, basal ganglia, frontal and temporal
cortices (324), as well as in the midbrain contralateral to the
clinically affected side (325). The correlation of 11C-PK11195

binding with clinical severity or with putaminal presynaptic
dopaminergic integrity is inconsistently reported (324, 325).
Recently, considerable interindividual variability in the binding
affinity of second-generation radiotracers (e.g., 18F-FEPPA) to
the TSPO protein has been observed, which is attributed to a
single nucleotide polymorphism located at exon 4 of the TSPO
gene (rs6971) (323, 326). Three patterns of binding affinities
based on this genetic polymorphism have been identified:
low, high, and mixed affinity binders. This finding suggests
a possible interaction between the rs6791 polymorphism and
neuroinflammation resulting in interindividual variability in the
outcome measures. Further studies are warranted to study this
interaction. Increased 18F-FEPPA binding was also reported in
PD-MCI in the frontal and temporal lobe, striatum, precuneus,
and dorsolateral prefrontal cortex in association with amyloid
deposition in these regions (327), suggesting a link between
amyloidopathy and neuroinflammation.

RBD is a significant risk factor for the development
of α-synucleinopathies (236). In polysomnography-confirmed
cases with idiopathic RBD, elevated 11C-PK11195 binding was
reported in the occipital lobe (probably highlighting those at
increased risk of developing DLB) (328), as well as in the left SN,
although no significant differences in 11C-PK11195 binding were
noted in the putamen or caudate (despite lower putaminal 18F-
dopa uptake) (329). Longitudinal studies are needed to identify
biomarkers for those likely to convert earlier vs. later into an overt
symptomatic synucleinopathy (i.e., dementia or parkinsonism)
when presenting with RBD.

PDD patients exhibited widespread microglial activation vs.
controls in the anterior and posterior cingulate, striatum, as well
as in the frontal, temporal, parietal, and occipital cortices, with
pronounced parieto-occipital binding (330). Compared to PD,
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however, the spatial extent of microglial cortical involvement
was greater in PDD (330). Additionally, an inverse correlation
between microglial activation and glucose metabolism in the
temporoparietal cortex has been reported in PDD (331). As

consistent with the known neuropathological burden, augmented
11C-PK11195 binding compared to controls was evident in
the dorsolateral prefrontal cortex, putamen, pallidum, pons,
and SN in MSA cases (332), and in the basal ganglia,

TABLE 5 | Summary of neuroimaging findings in tauopathies.

Disorder, neuroimaging

modality

Brief summary of findingsa References

Progressive supranuclear palsy

• Structural MRI MRI signs: hummingbird sign, morning glory sign

↓ in midbrain and SCP vs. PD, MSA-P, CBD/CBS, and NC

↓ in brainstem and gray matter of frontal lobe vs. NC

Magnetic resonance parkinsonism index: ratios of pons-to-midbrain area and MCP-to-SCP widths were ↑ in

PSP vs. PD, MSA-P and NC. The revised version of index incorporates third ventricle width and frontal

horns width

(121–129, 131, 132, 136)

• DWI/DTI MRI ↑ D and ↓ FA in multiple regions including midbrain, SCP, orbitofrontal white matter, thalamus, motor and SMA

vs. NC ↑ D in the decussation of SCP vs. MSA and PD

↑ ADC in putamen, globus pallidus, and caudate nucleus vs. PD

↓ FA in SCP in PSP-RS vs. PSP-parkinsonism

↑ free water in posterior SN vs. MSA, PD and NC; ↑ free water-corrected FA in caudate nucleus, putamen,

thalamus and vermis and ↓ in SCP and corpus callosum vs. NC

(66, 115, 118, 132, 139–

142, 145–147)

• Proton MRS ↓ NAA/Cr ratio in LN, brainstem, centrum semiovale, frontal, and precentral cortex vs. NC

↓ NAA/choline ratio in LN vs. NC; ↓ NAA/Cr ratio in putamen vs. PD and MSA

↓ cerebellar NAA/Cr and NAA/myo-inositol ratios in PSP-RS vs. NC, and ↓ cerebellar NAA/Cr ratio in PSP-RS

vs. PD

(77, 148–150)

• PET and SPECT b Dopaminergic system: b ↓ striatal presynaptic DAT binding, with ↑ but fairly uniform DAT loss in striatum

vs. PD

↓ dopamine D2 receptor binding vs. NC

(200, 204, 229, 230, 239,

242)

Glucose metabolism: PSP-related spatial covariance pattern may show hypometabolism in brainstem and

mediofrontal cortex

(273, 279)

Tau: ↑ binding in putamen, pallidum, thalamus, midbrain, cerebellar dentate nucleus, and basal ganglia vs. NC

↑ binding in globus pallidus, midbrain, and subthalamus in PSP vs. PD

(297–301, 303, 304)

Neuroinflammation: ↑ microglial activity in basal ganglia, midbrain, frontal lobe, and cerebellum vs. NC (324)

Corticobasal degeneration/syndrome

• Structural MRI Atrophy patterns align with the “true” underlying pathology

The predominant clinical syndrome in CBS relates closely to regional atrophy patterns

In general, asymmetric cortical atrophy in frontoparietal lobe contralateral to more affected side in CBD/CBS

vs. NC

↓ in bilateral premotor cortex, superior parietal lobules, and striatum in CBS vs. NC

↓ in dorsofrontal and parietal cortex and ↑ global brain atrophy in CBS vs. PSP; ↓ in midbrain in PSP vs. CBS

(6, 121, 123, 129, 152, 153,

155, 156)

• DWI/DTI MRI ↑ D and ↓ FA in posterior truncus of corpus callosum in CBS vs. PD and NC

↓ FA in long frontoparietal connecting tracts, intraparietal associative fibers, corpus callosum, and

sensorimotor cortical projections in CBS vs. NC

(59, 152, 158)

• Proton MRS ↓ NAA/Choline and NAA/Cr ratios in contralateral frontoparietal cortex, LN and centrum semiovale in CBS

vs. NC

↓ NAA/Cr ratio in frontal cortex and asymmetrically in putamen in CBS vs. PD, MSA and vascular parkinsonism

(149, 150, 159)

• PET and SPECT b Glucose metabolism: CBS-related spatial covariance pattern may show asymmetric, bilateral hypometabolism

involving frontal and parietal cortex, thalamus, and caudate nucleus, with ↑ abnormalities contralaterally

(267)

Dopaminergic system: b ↓ striatal presynaptic DAT binding with hemispheric asymmetry vs. PD. (226, 227)

Tau: ↑ asymmetric binding contralateral to the clinically affected side in putamen, globus pallidus, thalamus,

and midbrain vs. NC, and in motor cortex, corticospinal tract, and basal ganglia vs. AD and PSP

(306, 307)

Neuroinflammation: ↑ microglial activity in caudate nucleus, putamen, SN, pons, pre- and post-central gyrus

and frontal lobe vs. NC

(334)

AD, Alzheimer’s disease; ADC, apparent diffusion coefficient; APOE-ε4, apolipoprotein E ε4-allele; CBD, corticobasal degeneration; CBS, corticobasal syndrome; NC, normal controls;

Cr, creatine; D, mean diffusivity; DAT, dopamine transporter; DWI/DTI, diffusion-weighted and diffusion tensor imaging; FA, fractional anisotropy; LN, lentiform nucleus; MCP, middle

cerebellar peduncle; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MSA, multiple system atrophy; MSA-P, MSA-parkinsonian type; NAA, N-acetyl

aspartate; PD, Parkinson’s disease; PET, positron emission tomography; PSP, progressive supranuclear palsy; PSP-RS, PSP-Richardson’s syndrome; SCP, superior cerebellar peduncle;

SMA, supplementary motor area; SN, substantia nigra; SPECT, single photon emission computed tomography. a = not all findings discussed in the review are presented; please refer

to relevant sections of the review for full details. b = readers are referred to Table 3 in Saeed et al. (10) for further comparisons of SPECT, PET, and transcranial sonography findings in

Parkinson’s disease vs. atypical Parkinsonian syndromes.
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midbrain, frontal lobe, and cerebellum in PSP cases (324).
Microglial activity in PSP-RS was identified in the thalamus,
putamen, and pallidum (333). Finally, CBS patients typically
show 11C-PK11195 uptake in the caudate nucleus, putamen,
SN, pons, pre- and post-central gyrus and the frontal lobe
(334). Although, the overall patterns of microglial activity align
with neuropathological findings, these patterns may not allow
differentiation in a clinical setting, and may be more appropriate
as biomarkers of prodromal changes or therapeutic effectiveness
in clinical trials.

Summary of neuroimaging findings in α-synucleinopathies
and tauopathies are presented (Tables 4, 5).

CONCLUSIONS

Research using multimodal neuroimaging has facilitated a
better understanding of the disease processes in PD and
atypical PS—neurodegenerative disorders that often present
with substantial clinical and pathological heterogeneity. As
per the “multimodal approach,” multiple biomarkers obtained
from different neuroimaging modalities can provide distinct
yet corroborative data on the underlying neurodegenerative
processes, and this integrative approach may prove superior
to single-modality-based methods. Future efforts are needed to
validate biomarkers in well-characterized cohorts. Some of these
biomarkers may help improve the current consensus diagnostic
guidelines and allow clinicians to ascertain an optimal approach
for diagnostic purposes in combination with their experience and
professional training.
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Objective: To verify the association of midbrain-based MRI measures as well as

cortical volumes with disease core features and progression in patients with Progressive

Supranuclear Palsy (PSP).

Methods: Sixty-seven patients (52.2% with Richardson’s syndrome) were included in

the present analysis. Available midbrain-based MRI morphometric assessments as well

as cortical lobar volumes were computed. Ocular, gait and postural involvement at the

time of MRI was evaluated with the PSP rating scale. Specific milestones or death were

used to estimate disease progression up to 72 months follow up. Hierarchical regression

models and survival analysis were used for analyzing cross-sectional and longitudinal

data, respectively.

Results: Multivariate models showed vertical supranuclear gaze palsy was associated

with smaller midbrain area (OR: 0.02, 95% CI 0.00–0.175, p = 0.006). Cox regression

adjusted for age, disease duration, and phenotype demonstrated that lower midbrain

area (HR: 0.122, 95% CI 0.030–0.493, p = 0.003) and diameter (HR: 0.313, 95%

CI 0.112–0.878, p = 0.027), higher MR Parkinsonism Index (HR: 6.162, 95% CI

1.790–21.209, p = 0.004) and larger third ventricle width (HR: 2.755, 95% CI

1.068–7.108, p = 0.036) were associated with higher risk of dependency on wheelchair.

Conclusions: Irrespective of disease features and other MRI parameters, reduced

midbrain size is significantly associated with greater ocular motor dysfunction at the time

of MRI and more rapid disease progression over follow up. This is the first comprehensive

study to systematically assess the association of available midbrain-basedMRI measures

and cortical volumes with disease severity and progression in a large cohort of patients

with PSP in a real-world setting.

Keywords: progressive supranuclear palsy, imaging, disease severity, disease progression, milestones
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INTRODUCTION

Progressive Supranuclear Palsy (PSP) is a rare, rapidly
progressive, neurodegenerative disease characterized by
dysfunction in four core domains including ocular motor
function, postural instability, akinesia, and cognition represented
by a number of clinical features (1). The diverse combination
of core clinical features is relevant for the attribution of the
degree of diagnostic certainty as well as the clinical phenotype
of disease (1). While PSP Richardson’s syndrome (PSP-RS) is
the most common clinical phenotype, other distinct variants,
each featured by a specific predominant symptom, have been
described (vPSP) (1). Irrespective of the phenotype, the presence
of either slowing velocity of vertical saccades or vertical
supranuclear gaze palsy (VSGP) is mandatory for the diagnosis
of probable PSP (1).

To date, research studies on magnetic resonance imaging
(MRI) measures in PSP have focused on supporting the
clinical diagnosis of disease. Given the key role of midbrain in
PSP-related pathological process, a number of midbrain-based
MRI morphometric measures have shown adequate diagnostic
accuracy in differentiating PSP-RS from healthy subjects and
other parkinsonian disorders (2–7).

Conversely, few studies focused on the association between
MRI measures and disease severity and progression in
PSP. Evidence showed the MR Parkinsonism Index (MRPI)
anticipated the development of VSGP in 11 out of 21 patients
with PSP with predominant parkinsonism after a mean follow
up of 28.5 months and a decreased midbrain-to-pons area
ratio predicted shorter survival and earlier institutionalization
in 51 patients fulfilling criteria for probable and possible PSP
(8, 9). However, a comprehensive screening of the association
of available midbrain-based MRI measures with disease severity
and progression is lacking.

Demonstrating a relationship between MRI imaging markers
and disease severity and progression in a real-world setting is
pivotal to identify surrogate markers of disease to be used in the
context of clinical trials evaluating disease-modifying treatments
(10). Aim of the present study is to verify the association of
midbrain-based MRI measures with disease core features and
progression in patients with PSP. Asmost novel measures include
a surrogate evaluation of other brain regions involved in the
pathological process (e.g., frontal cortical atrophy in MRPI 2.0),
we also analyzed the impact of cortical lobar atrophy on disease
features and progression. In the cross-sectional phase of the
study, MRI correlates of VSGP, severe postural instability and
gait impairment were investigated. In the longitudinal phase,
relationship between baseline MRI parameters and disease-
specific milestones and survival was explored.

Abbreviations: CI, confidence interval; HR, hazard ratio; MCP/SCP, middle

cerebellar peduncles to superior cerebellar peduncles ratio; MDS, movement

disorder society; MRI, magnetic resonance imaging; MRPI, MR Parkinsonism

index; MRPI 2.0, MR Parkinsonism index 2.0 version; OR, odds ratio; P/M, pons-

to-midbrain area ratio; P/M 2.0, pons-to-midbrain area ratio 2.0 version; PSP,

progressive supranuclear palsy; PSP-RS, PSP Richardson’s syndrome; vPSP, other

variant syndromes of PSP; VSGP, vertical supranuclear gaze palsy.

METHODS

Patients and Clinical Evaluation
Sixty-seven patients with probable or possible PSP according to
the Movement Disorder Society (MDS) criteria were included
in the present analysis. Detailed information on enrollment
and application of the PSP diagnostic criteria to determine
disease phenotype is available elsewhere (7, 11, 12). Briefly, 78
PSP outpatients were enrolled from the Movement Disorders
Centers of the University of Salerno and the University of Pisa
between November 2015 and December 2018. Eleven patients
were excluded because already presented one of the milestones
at baseline (i.e., dementia) (see below). All had diagnosis
of probable PSP but those with corticobasal predominant
phenotype which—by definition—qualifies for possible PSP (1).

In a preliminary exploratory analysis, PSP rating scale
considered as total score did not show any significant relationship
with any MRI measure (data not shown). Thus, for the cross-
sectional phase, severity of disease was evaluated according to
specific items from the PSP rating scale scoring core features of
the disease (13). As for ocular dysfunction, patients presenting
a score >2 on both items 14 and 15 (i.e., saccadic amplitude
reduced by more than 50% on the vertical plane) were considered
affected by VSGP. As for postural instability, patients presenting
a score >2 on item 27 (i.e., must be caught by the examiner on
backward pull or requiring assistance to stand still) were deemed
affected by severe postural instability. As for gait impairment,
patients presenting a score>2 on item 26 (i.e., need for assistance
all or almost all time or inability to walk) were considered affected
by severe gait disturbance.

For the longitudinal phase, PSP rating scale was available only
for a subset of patients (42) and no relationship was evident
between change in PSP rating scale and baseline MRI measure
in an exploratory analysis. Thus, the following milestones
were selected to define disease progression: (1) dependence on
wheelchair; (2) unintelligible speech; (3) dementia (i.e., cognitive
impairment severe enough to significantly affect activities of
daily living). These milestones have been selected because they
are clinically relevant and represent the different domains of
impairment of functioning in PSP (14, 15). All enrolled patients
but 5 were re-evaluated after amean (standard deviation) of 16.36
(11.51) months. Eleven patients (including 8 deceased) were not
available for in-hospital follow up and a telephone assessment
with caregiver was proposed. Thus, milestones were retrieved
from medical records and/or with a semi-structured interview
administered to the caregiver by telephone. Time to development
of each milestone and death were calculated since baseline MRI
(range: 1–72 months).

MRI Imaging Protocol
Brain MRI was performed at the time of baseline evaluation.
Eighty-two percent (55/67) of patients underwent 3T brain MRI
with the same scanner (Skyra, Siemens, Erlangen, Germany);
the remaining patients had MRI with different scanners (1.5
and 3T). On the 3T MRI scanner a volumetric 3D T1-weighted
magnetization prepared rapid gradient echo (MPRAGE)
sequence was acquired with the following parameters: repetition
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FIGURE 1 | Overview of the midbrain-based measures computed. Sagittal (A,B,F), coronal (C) and axial (D,E,G,H) T1-weighted volumetric MR images. Midsagittal

midbrain area (1) and midsagittal pons area (2) used for calculating the pons-to-midbrain area ratio (P/M) are shown in (A). Middle and superior cerebellar peduncles

used to compute middle cerebellar peduncles to superior cerebellar peduncles ratio (MCP/SCP) are shown in (B) and (C), respectively. Third ventricle measurements

at the level of anterior and posterior commissures [third ventricle width derives from the mean of the anterior (1), medium (2), and posterior lines (3)] and frontal horns

width are shown in (D) and (E), respectively. MRPI is calculated with the following formula: (P/M) × (MCP/SCP); MRPI 2.0 is calculated with the following formula:

MRPI × (third ventricle width/frontal horns width); P/M 2.0 is calculated with the following formula: (P/M) × (third ventricle width/frontal horns width). Midbrain and

pons diameters obtained from midsagittal elliptical regions of interests are shown in (F). Minor axes were used to calculate the pons-to-midbrain diameter ratio. The

interpeduncular angle, calculated on a plane parallel to anterior commissure-posterior commissure line and right below the mammillary bodies, is shown in (G). The

length of midbrain tegmentum, measured as the distance between the interpeduncular fossa and the center of the aqueduct at the level of mammillary bodies, on a

plane parallel to the anterior commissure-posterior commissure line is shown in (H). MCP/SCP, middle cerebellar peduncles to superior cerebellar peduncles ratio;

MR, magnetic resonance; MRPI, MR Parkinsonism index; MRPI 2.0, MR Parkinsonism index 2.0 version; P/M, pons-to-midbrain area ratio; P/M 2.0,

pons-to-midbrain area ratio 2.0 version.

time = 2,400ms, echo time = 2.25ms, resolution = 1 ×

1 × 1 mm3, matrix size = 256 × 256, 192 sagittal slices,
anterior–posterior phase-encoding direction, generalized
autocalibrating partially parallel acquisition (GRAPPA) factor of
2 in phase-encoding direction.

Sagittal partitions were obtained and multiplanar
reconstructions were obtained in the conventional transverse
and coronal planes.

Morphometric Measurements
Midbrain-based measures were retrospectively calculated for
all included patients and included midsagittal midbrain area,
length of midbrain tegmentum, midbrain diameter, pons-
to-midbrain diameter ratio, cerebral interpeduncolar angle,
middle cerebellar peduncles to superior cerebellar peduncles
ratio (MCP/SCP), pons-to midbrain area ratio (P/M), and
MRPI as well as P/M 2.0 and MRPI 2.0 (MRPI and P/M
multiplied by third ventricle width/frontal horns width ratio)
(Figure 1) (3, 4, 7, 16–18). Given its relevance in PSP, both

the latter include a surrogate measure of the frontal lobe
volume (4, 10).

All midbrain measures were manually computed according
to published methods by the same neuroradiologist
(R.M.) with more than 15 years of experience in
neurodegenerative diseases (7). Acceptable inter-rater
agreement for manually computed measures between two
different neuroradiologists as well as excellent agreement
between manual and computerized MRPI have been already
demonstrated elsewhere for the data considered in the present
analysis (7).

Cortical volume was evaluated for a subset of 49 patients
(73%).MPRAGE images were processed using FreeSurfer version
6.0 (https://surfer.nmr.mgh.harvard.edu/) using the standard
structural image preprocessing and surface reconstruction
pipeline via the “recon-all” command (for a detailed description
of this procedure please see https://surfer.nmr.mgh.harvard.
edu/fswiki/ReconAllTableStableV5.3) (19–25). Preprocessed
data were visually inspected to assure the quality of each
reconstruction. Cortical volume was extracted for each region of
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the Desikan-Killiany cortical atlas and then regions were merged
(and volumes were summed) to obtain one regional value for
each cerebral lobe (frontal, parietal, occipital, temporal, and
cingulate) (26).

Standard Protocol Approvals,
Registrations, and Patient Consent
The project was approved by the local Ethics Committees
and each subject was included after signing the informed
consent form.

Statistical Analysis
Differences in variables between groups were computed with χ

2

or Mann-Whitney test, as appropriate.

In line with the principles of multilevel modeling, hierarchical
regression has been used for the present analysis (27). For
the cross-sectional phase, multivariate logistic regression was
implemented to explore imaging correlates of VSGP (non-VSGP
= 0 vs. VSGP = 1), severe postural instability (non-severe
postural instability = 0 vs. severe postural instability = 1)
and severe gait impairment (non-severe gait impairment = 0
vs. sever gait impairment = 1). After adjusting for age and
disease duration, the univariate relationship between each clinical
outcome and each imaging parameter was examined. Any
variables that had univariate associations with p values <0.10
were included in a multivariate model, also adjusting for disease
phenotype (PSP-RS vs. vPSP). A backward selection approach
was used to choose the best model. Variables were removed one at

TABLE 1 | Demographic, clinical, imaging features, and time to reach disease milestones and death for the whole cohort and according to disease phenotype.

Whole cohort (67) PSP-RS (35) vPSP (32) p

Demographics

Age, years 70.5 (52–85) 71 (52–79) 70 (56–85) 0.772

Gender (men/women), n (%) 32/35 (47.8–52.2) 16/19 (45.71/54.28) 16/16 (50–50) 0.726

Clinical features

Age at onset, years 66 (47–82) 67 (52–79) 65 (47–76) 0.627

Disease duration, years 4 (1–11) 3 (1–11) 5 (1–8) 0.142

PSP rating scale 43 (10–86) 46 (16–86) 42 (10–82) 0.292

MRI measures

Midbrain area, mm2 0.74 (0.51–1.31) 0.9 (0.5–1.84) 1.1 (0.63–1.84) 0.037

Length of midbrain tegmentum, mm 8.34 (5.07–12.13) 8.01 (5.07–10.63) 9.25 (6.52–12.13) 0.006

Pd/Md 2.06 (1.44–2.92) 2.23 (1.45–2.92) 1.94 (1.44–2.67) 0.006

Cerebral peduncle angle, degree 68 (52–94) 69 (58–94) 66.5 (52–84) 0.218

MCP/SCP 2.67 (1.27–4.1) 2.67 (1.27–4,1) 2.67 (1.54–3.74) 0.87

Pa/Ma 5.68 (2.26–8.96) 6 (2.29–8.96) 5.39 (2.26–8.42) 0.223

MRPI 15.15 (4.2–36.63) 15.82 (4.53–36.63) 13.99 (4.2–31.49) 0.459

Pa/Ma 2.0 1.41 (0.34–2.91) 1.56 (0.57–2,91) 1.28 (0.34–2.63) 0.259

MRPI 2.0 3.74 (0.79–11.89) 4.45 (1.11–11.89) 3.53 (0.79–8.64) 0.393

Frontal volume* 134.51 (78.8–161.58) 134.51 (78.8–153.06) 134.22 (107.79–161.58) 0.920

Parietal volume* 93.10 (54.26–113.68) 94.14 (54.26–113.68) 91.08 (74.29–107.52) 0.342

Temporal volume* 92.26 (35.56–110.49) 93.44 (35.56–110.49) 90.01 (68.75–109.6) 0.585

Occipital volume* 43.73 (30.33–54.14) 43.73 (30.33–54.15) 43.55 (36.35–53.45) 0.467

Cingulate volume* 16.28 (5.28–20.8) 16.28 (5.28–19.5) 16.39 (13.47–20.8) 0.936

Disease milestones

Time to wheelchair, months N = 30 (44.7%) N = 18 (58.1%) N = 12 (40%) 0.204

16 (1–42) 16 (1–42) 16 (5–41) 0.871

Time to unintelligible speech, months N = 32 (47.7%) N = 18 (58.1%) N = 14 (48.3%) 0.605

19 (1–48) 21 (1–48) 18 (5–39) 0.633

Time to dementia, months N = 40 (59.7%) N = 20 (71.4%) N = 20 (69%) 1.000

16 (1–72) 14 (1–72) 18 (5–38) 0.517

Time to death, months N = 9 (13.4%) N = 7 (24.1%) N = 2 (6.9%) 0.144

19 (1–72) 21 (1–72) 18 (5–41) 0.641

Data are expressed in median (range), unless otherwise specified.

vPSP included 13 with predominant parkinsonism, 6 with progressive gait freezing, 9 with predominant corticobasal syndrome and 4 with predominant frontal presentation.

*Data available for 49 subjects (21 PSP-RS and 28 vPSP).

MCP/SCP, middle cerebellar peduncles to superior cerebellar peduncles ratio; MRPI, MR Parkinsonism index; MRPI 2.0, MR Parkinsonism index 2.0 version; Pa/Ma, pons-to midbrain

area ratio; Pa/Ma 2.0, pons-to midbrain area ratio 2.0 version; Pd/Md , pons-to-midbrain diameter ratio; PSP-RS, progressive supranuclear palsy with richardson’s syndrome; vPSP, the

other variant syndromes of Progressive Supranuclear Palsy.

Significant differences are highlighted in bold.
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a time until all variables remaining in the model were significant
at the 0.05 level. To avoid collinearity issues between individual
MRI measures and midbrain ratios, if any individual measures
were significant, they were considered in the multivariate model.
The midbrain ratios were only considered in the multivariate
model if neither of the individual components was significant.
All odds ratio (OR, CI 95%) and p-values are from the backwards
selection models.

For the longitudinal phase, patients were divided into two
subgroups (i.e., less atrophy vs. more atrophy) using the median
value of each imaging parameter at baseline. Kaplan-Meier
curves and log-rank (Mantel-Cox) test were computed to assess
the association of baseline imaging variable with the risk of
developing each disease milestone and the risk of death over the
follow up. For variables significant at the 0.05 level, univariate
Cox proportional hazards regression models were computed and
HRs and 95% CIs were estimated adjusting for age, disease
duration, and phenotype. Statistical significance was set at p ≤

0.05. Data analysis was conducted with SPSS (version 23.0).

RESULTS

Demographics, Clinical, and Imaging
Features
Demographic, clinical, imaging features, and time to reach
disease milestones and death of the 67 PSP patients (52.2% PSP-
RS) included in the analysis are shown in Table 1. Irrespective
of similar demographics and clinical features, PSP-RS had lower
midbrain area and length of midbrain tegmentum and higher
pons-to-midbrain diameter ratio compared to vPSP. Clinical
phenotypes did not differ in time to reach disease milestones
or death.

Association of Imaging Parameters With
Disease Severity at Baseline
Imaging correlates of VSGP, severe postural instability and gait
impairment are shown in Table 2 and Supplementary Table 1.

After adjusting for age and disease duration in the univariate
model, VSGP was associated with PSP-RS phenotype, midbrain
area, midbrain diameter, pons diameter, length of midbrain
tegmentum, MCP, SCP, MRPI, P/M, pons-to-midbrain diameter
ratio, occipital volume (all p< 0.1). Only association with smaller
midbrain area was confirmed in themultivariate model (Table 2).

After adjusting for age and disease duration in the univariate
model, severe postural instability was associated with PSP-
RS phenotype, midbrain area, midbrain diameter, pons-to-
midbrain diameter ratio, M/P, M/P 2.0, MRPI, MRPI 2.0,
length of midbrain tegmentum, MCP/SCP, third ventricle
and frontal horns width and cingulate volume (all p <

0.1). In the multivariate model, all became non-significant
(Supplementary Table 1).

After adjusting for age and disease duration in the univariate
model, severe gait impairment was associated with PSP-
RS phenotype, midbrain area, midbrain diameter, SCP, pons
diameter and M/P (all p < 0.1). In the multivariate model, all
became non-significant (Supplementary Table 1).

TABLE 2 | Imaging correlates of vertical supranuclear gaze palsy.

Variables Univariate p

value

Multivariate

OR (CI 95%)

Multivariate p

value

Vertical supranuclear gaze palsy

Clinical phenotype

(PSP-RS vs. vPSP)

0.012 - NS

Midbrain area 0.003 0.02

(0.00–0.175)

0.006

Pons area 0.120 - -

Pa/Ma 0.022 - Not included

MCP 0.085 - NS

SCP 0.091 - NS

MCP/SCP 0.462 - -

MRPI 0.076 - Not included

Third ventricle width 0.772 - -

Frontal horns width 0.965 - -

Pa/Ma 2.0 0.125 - -

MRPI 2.0 0.175 - -

Interpeduncolar angle 0.117 - -

Pons diameter 0.012 - NS

Midbrain diameter 0.012 - NS

Pd/Md 0.016 - Not included

Lenght of midbrain

tegmentum

0.004 - NS

Frontal volume 0.140 - -

Parietal volume 0.960 - -

Temporal volume 0.662 - -

Occipital volume 0.065 - NS

Cingulate volume 0.252 - -

Each univariate as well as multivariate models were adjusted for age and disease duration.

The midbrain ratios were only considered in the multivariate model if neither of the

individual components was significant.

Md , Midbrain diameter; MCP/SCP, middle cerebellar peduncles to superior cerebellar

peduncles ratio; MRPI, MR Parkinsonism index; MRPI 2.0, MR Parkinsonism index 2.0

version; NS, not significant; OR, odds ratio; Pa/Ma, pons-to midbrain area ratio; Pa/Ma

2.0, pons-to midbrain area ratio 2.0 version; Pd/Md , pons-to-midbrain diameter ratio;

PSP-RS, progressive supranuclear palsy with Richardson’s syndrome; vPSP, the other

variant syndromes of progressive supranuclear palsy.

Association of Imaging Parameters at
Baseline With Disease Progression
Kaplan Meier curves showed lower midbrain area (p = 0.006),
midbrain diameter (p = 0.013), length of midbrain tegmentum
(p = 0.044), higher MRPI (p = 0.008) and larger third ventricle
width (p= 0.029) were associated with higher risk of dependency
on wheelchair (Figure 2). In addition, lower MCP (p = 0.044)
and larger third ventricle width (p = 0.050) were associated with
higher risk of death (Figure 3).

Cox regression analysis adjusted for age, disease duration and
phenotype demonstrated that lower midbrain area (HR: 0.122,
95% CI 0.030–0.493, p = 0.003), midbrain diameter (HR: 0.313,
95% CI 0.112–0.878, p = 0.027), higher MRPI (HR: 6.162, 95%
CI 1.790–21.209, p = 0.004) and larger third ventricle width
(HR: 2.755, 95% CI 1.068–7.108, p = 0.036) but not length of
midbrain tegmentum (HR: 0.431, 95%CI 0.176–1.056, p= 0.066)
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FIGURE 2 | Cumulative risk of dependency on wheelchair by each MRI parameter (less atrophy vs. more atrophy). Only curves with significant log-rank test at 0.05

level are reported. Dotted line: values above median; Continuous line: values below median.

were associated with a significant higher risk of dependency on
wheelchair. On the contrary, neither third ventricle width (HR:
3.328 95% CI 0.358–30.997, p = 0.291) or MCP (HR: 0.263,
95% CI 0.047–1.467, p = 0.128) were associated with higher risk
of death when considering age, disease duration and phenotype
as covariate.

DISCUSSION

Although previous studies have shown association of regional
brain atrophy with disease features in PSP (8, 9, 28, 29),
this is the first comprehensive study to systematically assess
the association of available midbrain-based MRI measures and
cortical volumes with disease severity and progression in a large
cohort of patients with PSP in a real-world setting. Our findings
showed that, irrespective to other disease and imaging features,
reduced midbrain area is significantly associated with greater
ocular motor dysfunction at the time of MRI and more rapid
disease progression on follow up.

In the cross-sectional part of our study, we demonstrated a
direct association between VSGP andmidbrain area. This finding

was not surprising as a large body of evidence confirms that
vertical saccades are triggered by the rostral interstitial nucleus of
the medial longitudinal fasciculus located in the midbrain (30).
As such, vertical saccades as assessed with video-oculography
have been linked with midbrain size as well as midbrain network
dysfunction in PSP (28, 29). Our data are also in line with
previous evidence of reduced midbrain area in patients with
VSGP (O1 domain from MDS criteria) compared to those with
slowing of vertical saccades (O2 domain) (31).

Given our methodological approach, we were able to show
that ocular motor dysfunction is specifically linked to the
midbrain, that is, a brain region crucially involved in the
underlying PSP-related pathological process (2, 32). Several
methodological considerations strengthen our data. First, the
statistical approach provided direct evidence of such relationship
irrespective of age, disease duration, and phenotype as well
as other MRI parameters (28, 29). Second, clinical evaluation
of ocular movements was rated with specific items from
the PSP rating scale, the most used tool in the context of
disease-modifying clinical trials, with no need to use more
sophisticated and time-consuming assessments (13). Finally, our
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FIGURE 3 | Cumulative risk of death by each MRI parameter (less atrophy vs. more atrophy). Only curves with significant log-rank test at 0.05 level are reported.

Dotted line: values above median; Continous line: values below median.

patients were diagnosed and phenotyped with the most up-to-
date set of available criteria (1).

On the other hand, relationship between gait impairment
and postural instability with multiple midbrain parameters
(area, diameter, length of tegmentum) was demonstrated in the
univariate analysis only and not confirmed when accounting
for age, disease duration and phenotype as well as other MRI
parameters. Taken together such findings suggest that a broader
disruption of the complex interplay between different networks
and structures likely underpins the severity of gait and postural
issues in PSP (29).

In the longitudinal part of our study, the relationship between
multiple baseline midbrain-based parameters as well as cortical
lobe volumes and disease-specific milestones was investigated.
Again, irrespective of age, disease duration, and phenotype,
different direct and indirect midbrain parameters (i.e, midbrain
area, midbrain diameter, third ventricle width and MRPI)
predicted higher risk of dependency on wheelchair. On the other
hand, relationship between risk of death with MCP and third
ventricle width was demonstrated in the univariate analysis only
and not confirmed when accounting for age, disease duration and
phenotype. Finally, none of baseline MRI measures were able to
predict either dementia or unintelligible speech or survival.

In line with previous data (8), our findings suggest midbrain
area—the simplest imaging parameter to measure—is able
to predict disease progression. This adds to data from a
previous study showing a relationship between midbrain tau-
PET signal and severity of disease as assessed with PSP rating
scale (33). From a practical point of view, midbrain area
measurement is much easier to perform by neuroradiologists
and general radiologists not specifically working with movement
disorders (it requires only the mid-sagittal image without further
specific reconstructed planes or repetitive and less reproducible

measurements on the superior and middle cerebellar peduncles)
and, thus, might be more appropriate than other measures in a
real-world setting.

Strikingly, we failed to find any relationship between cortical
lobe volumes and development of dementia. A note of caution
on such conclusion, however, is that cortical lobe volumes
were available only for a limited number of subjects (i.e.,
49/67). Also, dementia was evaluated according to clinician-
based opinion instead of using a formal cognitive battery.
Similarly, lack of any association with risk of death may be
related to the lower percentage of deceased in our cohort (13.4%)
over the follow up. Finally, we acknowledge we used a simplistic
approach considering cortical lobe volumes and, as such, we can
not exclude specific cortical regions would be associated with
impairment in specific functional domains. However, this was out
of the scope of the present analysis.

Our study has limitations. First, we recognize the lack of
pathological confirmation of both diagnosis and phenotypic
categorization, still the gold standard for PSP diagnosis. Although
our data are based only on clinical judgment, both the MDS
diagnostic flow chart and phenotypic attribution have been
applied independently by two experts in movement disorders as
detailed elsewhere (7). In addition, evaluation of clinical features
was conducted bymovement disorders specialists withmore than
10 years of experience in movement disorders (MP, RC and DF).

As a second drawback, we acknowledge that merging PSP
with predominant parkinsonism, PSP with progressive gait
freezing, PSP with predominant corticobasal syndrome and
PSP with predominant frontal presentation into a single group
(i.e., vPSP) to increase the statistical power of our analysis
may limit the interpretation of the results for PSP subtype
comparisons. Indeed, further studies enrolling a larger number of
phenotypes other than PSP-RS are needed to better characterize
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the relationship between radiological biomarkers and disease
severity and progression according to phenotype. Also we failed
to report on other important clinical milestones as dysphagia.

From a technical standpoint, we recognize the lack of
longitudinal MRIs from a healthy control group prevent us
from quantifying atrophy rate in PSP compared to age-matched
healthy subjects. However, previous data already shownmidbrain
area had diagnostic value in differentiating PSP vs. healthy
controls and prognostic value as marker of disease progression
in PSP (10, 34, 35). Furthermore, we recognize MRI imaging was
not standardized across the two sites. However, 82% of the cohort
was enrolled at Salerno center and underwent MRI with the
same facility. Also, midbrain-based morphometric assessments
were computed by the same examiner (RM) who received the
whole set of images and personally performed sagittal partitions
and multiplanar reconstructions. Finally, cortical volumes were
available for a subset of 49 patients, all from the center of Salerno.

In conclusion, our study demonstrates that, irrespective of
disease features and other MRI parameters, reduced midbrain
size is significantly associated with greater ocular motor
dysfunction at the time of MRI and more rapid disease
progression on follow up. Longitudinal imaging studies are
required to validate midbrain area as a marker of disease
progression in different phenotypes and accounting for other
disease and imaging features.

This is the first comprehensive study to systematically assess
the association of available midbrain-based MRI measures and
cortical lobe volumes with disease severity and progression in a
large cohort of patients with PSP diagnosed according with MDS
criteria in a real-world setting.
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The cingulate island sign (CIS) on fludeoxyglucose (FDG)-positron emission tomography

(PET) is a supporting biomarker of dementia with Lewy bodies (DLB). Its diagnostic

accuracy has only been investigated in FDG-PET, however. The present prospective

study compared the CIS on I-iodoamphetamine-single photon emission computed

tomography (SPECT) among patients with mild cognitive impairment (MCI), AD, or DLB.

Fifty-eight patients with MCI, 42 with probable AD, and 58 with probable DLB were

enrolled. The “CIScore” used to evaluate the CIS was defined as the ratio of volume of

interest (VOI)-1 (indicating posterior cingulate gyrus [PCG]) to VOI-2 (area of significantly

reduced regional cerebral blood perfusion [rCBF] in DLB patients compared with in

healthy controls). It was calculated using eZIS software. The CIScore for MCI, DLB, and

AD was 0.22, 0.23, and 0.28, respectively. The CIScore in the AD group was significantly

higher than that in the DLB or MCI groups (AD vs. DLB: p < 0.001, AD vs. MCI: p <

0.005). This suggests that the CIScore can discriminate DLB from AD, if the decrease

in rCBF in the PCG is similar between them. We believe that it is difficult to identify MCI

based on the CIScore, as the decrease in rCBF in the PCG is not severe. The diagnostic

accuracy of the CIScore may be low as it often shows an increase in elderly DLB patients,

in whom the pathologically common form is most prevalent (1). Further study should

include assessment of multiple components such as symptom classification and age.

Keywords: cingulate island sign, IMP-SPECT, CIS, Alzheimer’s disease, dementia with Lewy bodies (DLB)

INTRODUCTION

It is clinically important to distinguish dementia with Lewy bodies (DLB) from Alzheimer’s disease
(AD) as the type of treatment required for each differs. There are a number of characteristics
particular to patients with DLB. These include occipital hypoperfusion, and greater preservation
of metabolism in the posterior cingulate gyrus (PCG) than in the precunei, the latter being known
as the cingulate island sign (CIS).

The CIS on FDG-PET is recognized as a supporting biomarker of DLB according to the
International DLB Diagnostic Criteria published in 2017 (2, 3). Although the diagnostic accuracy
of the CIS has been investigated in FDG-PET (4, 5), to our knowledge, it has yet to be determined
in brain perfusion SPECT.
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One previous study (6) investigated the diagnostic accuracy
of the CIS on technetium-99m ethyl cysteinate dimer (ECD)-
SPECT in a cohort of 13 patients with DLB and 13 with AD. The
results revealed DLB-specific VOIs in areas showing a significant
decrease in brain perfusion in the DLB group. As numerators of
these ratios, early Alzheimer’s disease-specific VOIs were used
after subtracting DLB-specific VOIs. The DLB-specific VOIs
were used as the denominator. The CIScore was generated from
the SPECT Z-scores using the Z-score imaging system (eZIS).
The results indicated that DLB could be differentiated from AD
by this method with an accuracy, sensitivity, and specificity of
84.6, 92.3, and 76.9%, respectively, with a threshold value of
0.281 (CIScore).

One study reported that 123-I-iodoamphetamine (IMP)-
SPECT faithfully reflected cerebral blood flow, even in areas
where it was high, whereas ECD showed a weaker correlation (7).
This suggests that IMP is more likely to capture mild change in
blood flow.

It should also be noted that IMP is the more suitable option
in observation of the cerebral cortex, as cerebellar accumulation
is less than that in the cerebral cortex. This modality offers the
best linearity with true cerebral blood flow among the three
formulations of SPECT available. Therefore, we believe that
IMP offers the best means of capturing mild change in cerebral
blood flow.

The purpose of this study was to compare the CIS on IMP-
SPECT among patients with mild cognitive impairment (MCI),
AD, or DLB.

METHODS

Ethics
Written informed consent was obtained from the patients or
their next of kin/legal guardian if they were a minor for the
publication of any potentially identifiable images or data included
in this article.

The study protocol was approved by the Ethics Committee of
Tokyo Medical University (Approval no: 3304).

Patients
The participants in this prospective study comprised patients
with MCI, AD, or DLB attending the Memory Clinic at our
hospital. All MCI patients were categorized as the amnestic
type. The exclusion criteria were any medication such as
benzodiazepine, antidepressants, or antipsychotics.

A total of 58 patients with MCI, 42 with probable AD, and 58
with probable DLB were enrolled (Table 1).

The diagnosis of MCI or AD was based on the National
Institute on Aging and Alzheimer’s Association criteria for a
diagnosis of MCI or probable AD (8). The diagnosis of DLB was
based on the updated diagnostic criteria published in 2017 by the
International DLB Consortium.

None of the patients with MCI or probable AD showed
fluctuating cognition, visual hallucinations, parkinsonism,
or REM sleep behavior disorder (RBD) as determined by
geriatric neurologists.

TABLE 1 | Patient characteristics.

MCI AD DLB

Total: 158 58 42 58

Age (average) 54–97 (77.5) 52–91 (78.8) 70–94 (81.5)#†

MMSE 26.6 ± 1.9 20.9 ± 2.9** 20.5 ± 5.0**

MoCA-J 20.1 ± 3.0 17.5 ± 4.3 14.3 ± 4.6*

ADAS-Jcog 8.8 ± 3.5 16.4 ± 4.8* 16.5 ± 7.3*

WMS-R (logical memory I) 11.5 ± 6.4 5.9 ± 3.4** 7.3 ± 4.8

6.6 ± 6.1 4.0 ± 3.7 3.1 ± 4.4

#p < 0.05, *p < 0.01, **p < 0.001, vs. MCI
†
p < 0.01, vs. AD.

MMSE, Mini-Mental State Examination; MoCA-J, Japanese version of Montreal Cognitive

Assessment; ADAS-Jcog, Alzheimer’s Disease Assessment Scale-cognitive component-

Japanese version; WMS-R, Wechsler Memory Scale-Revised.

Some of the patients with probable DLB showed fluctuating
cognition (22%), visual hallucinations (53%), parkinsonism
(45%); Hoehn & Yahr stage 2.3 ± 1.3, or RBD (40%). None of
the patients were taking any medication such as benzodiazepine,
antidepressants, or antipsychotics.

The mean ages of the patients in the MCI, AD, and DLB
groups were 77.5 ± 8.8, 78.8 ± 7.1, and 81.5 ± 5.5 years,
respectively. Although no significant difference was observed
in age between the MCI and AD groups, it was significantly
higher in the DLB group. All the patients underwent a general
physical examination. They were also required to undergo the
following neurological and neurocognitive tests: Mini-Mental
State Examination, MMSE (9); the Japanese version of the
Montreal Cognitive Assessment,MoCA-J; the Japanese version of
the Alzheimer’s Disease Assessment Scale-cognitive component,
ADAS-Jcog (10); and theWechslerMemory Scale-Revised logical
memory 1, WMS-R (11). All the patients were also required to
undergo IMP-SPECT.

SPECT imaging was performed using a triple-head rotating
gamma camera (PRISM 3000 XP, Picker). Imaging was
commenced at 15min following intravenous administration of
222 MBq of N-isopropyl-p-[123I] iodoamphetamine. The slice
thickness was 4.3mm (128× 128 matrix).

Regarding the Z-Score, eZIS System, and
CIScore
The details of the eZIS have been described previously (12,
13). Briefly, voxel-by-voxel Z-score analysis was performed after
voxel normalization to global mean or cerebellar values. The Z-
score was derived according to the following formula: ([healthy
control mean]—[individual patient value])/(healthy control SD).

A database of values obtained from healthy controls was then
constructed by Matsuda et al. (12) at the National Center of
Neurology and Psychiatry, which included data on 40 cognitively
healthy individuals aged between 70 and 87 years.

The eZIS is considered to be very useful in diagnosing
dementia in routine studies, because the degree of expertise of the
observer does not influence the result, and a common database is
available for converting site-specific SPECT data to core data.
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FIGURE 1 | (A) VOI-1, shown in red, was defined as indicating PCG, an area characteristically involved in AD. (B) VOI-2, shown in red, was defined as area indicating

significant reduction in cerebral perfusion in DLB patients compared with in healthy controls (Quotes from reference 5).

This program also allows statistical parametric mapping
results to be incorporated into an automated analysis of the Z-
score values in the volume of interest (VOI). The new version
of the eZIS program has the following two types of VOI: VOI-
1, which indicates the PCG, an area characteristically involved
in AD; and VOI-2, an area defined as indicating a significant
reduction in cerebral perfusion in DLB patients compared with
in healthy controls (Figure 1). The CIScore is defined as the
ratio of the VOI-2 to the VOI-1 Z-score, and is automatically
calculated by the eZIS software, as is the Z-score for each VOI.
The CIS is only a visual assessment, while the CIScore is a
quantitative parameter.

Statistical Analysis
Values are expressed as the mean± SD. Comparisons among the
three groups were performed with a one-way analysis of variance
(ANOVA); a post-hoc Tukey-Kramer test was used to analyze
changes in the multidimensional rating scales in each group.

A p-value of < 0.05 was considered to indicate a statistically
significant difference between two groups. All the analyses were
performed with “IBM SPSS Statistics (Chicago, IL).”

The discrimination rate of the CIScore between AD and DLB
was determined using ROC analysis. The cutoff value was defined
by the Youden index.

RESULTS

The results of the neurological and neurocognitive tests were as
follows: the MMSE scores in the MCI, AD, and DLB groups were
26.6± 1.9, 20.9± 2.9, and 20.5± 5.0; the MoCA-J scores 20.1±
3.0, 17.5 ± 4.3, and 14.3 ± 4.6; the ADAS-Jcog scores 8.8 ± 3.5,
16.4 ± 4.8, and 16.5 ± 7.3; and the WMS-R scores 6.6 ± 6.1, 4.0
± 3.7, and 3.1± 4.4, respectively.

The ANOVA revealed a significant difference in the CIScore
among the three groups (p < 0.001). The CIScore in the MCI,
AD, and DLB groups was 0.22 ± 0.07, 0.28 ± 0.11, and 0.23
± 0.06, respectively (Figure 2A). The CIScore in the AD group
was significantly higher than that in the DLB or MCI groups
(AD vs. DLB: p < 0.001, AD vs. MCI: p < 0.005). Receiver
operating characteristic analysis revealed a significant difference
in the CIScore between the AD and DLB groups. The cut-off
value of the CIScore was determined to 0.23 according to the
ROC analysis (Youden index). The area under the curve was
0.620 (p < 0.05); and sensitivity and specificity were 0.50 and
0.73, respectively. No significant difference was observed between
the MCI and DLB groups, however.

The Z-scores in the MCI, AD, and DLB groups were 2.1
± 0.5, 2.7 ± 0.7, and 3.0 ± 0.9, respectively (Figure 2B). A
significant difference was observed in the Z-scores for VOI-
1 (which demonstrated a decrease in blood perfusion flow in
the PCG) between the MCI group and each other group (p
< 0.001 by ANOVA). The scores in the AD and DLB groups
were significantly higher than that in the MCI group (AD vs.
MCI: p < 0.005, DLB vs. MCI: p < 0.001). No significant
difference was observed between the scores in the AD and DLB
groups, however.

DISCUSSION

The present results suggest that the CIScore can be used to
differentiate DLB from AD when patients show similar levels
of decrease in regional cerebral blood flow (rCBF) in the PCG.
In Japan, SPECT is widely used in the diagnosis of dementia.
Although a diagnosis may be possible by gross examination in
some typical cases (Figure 3), a qualitative diagnosis offers the
potential of improved efficiency in this respect. Analysis of the
CIScore may increase the value and usefulness of IMP-SPECT as
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FIGURE 2 | (A) CIScore in MCI, AD, and DLB groups was 0.22 ± 0.07, 0.28 ± 0.11, and 0.23 ± 0.06, respectively. CIScore in AD group was significantly higher than

that in DLB or MCI group (AD vs. DLB: p < 0.001, AD vs. MCI: p < 0.005). No significant difference was observed between MCI and DLB groups, however. (B)

Z-scores of VOI-1 in MCI, AD, and DLB groups were 2.1 ± 0.5, 2.7 ± 0.7, and 3.0 ± 0.9, respectively. Scores in AD and DLB groups were significantly higher than

that in MCI group (AD vs. MCI: p < 0.005, DLB vs. MCI: p < 0.001). No significant difference was observed between scores in AD and DLB groups, however.

FIGURE 3 | (A–C) Several Alzheimer’s disease (AD) patients showed no CIS. (D–F) Typical dementia with Lewy bodies (DLB) cases showed CIS on IMP-SPECT. CIS

is indicated by white arrow in these images. There were some cases that it is hard to detect CIS like case-(f). CIS, Cingulate Island sign; MMSE, Mini-Mental

State Examination.

Frontiers in Neurology | www.frontiersin.org 4 November 2020 | Volume 11 | Article 568438247

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kanetaka et al. Cingulate Island Sign on IMP-SPECT

an inexpensive and simple method of differentiating DLB from
AD (14, 15).

In the present study, the CIScore in the MCI patients
was low, making it difficult to detect. This was because the
decrease in rCBF in the PCG was not severe. However, as DLB
patients may be affected by the coexistence of AD pathologies,
there is a significant difference in the PCG between MCI
and DLB.

As rCBF in VOI-1 (PCG) in theMCI patients was maintained,
no significant difference was observed in the CIScore. This
suggests that it is difficult to detect DLB when it is at the MCI
stage. Therefore, observing the progress of dementia may be
required to avoid misdiagnosis. In addition, the diagnostic
accuracy of the CIScore may be low. The diagnostic accuracy of
the CIScore may be low as it often shows an increase in elderly
DLB patients, in whom the pathologically common form is
most prevalent (1). Further study should include assessment
of multiple components such as symptom classification
and age.

The ability to cross-reference different databases using the
eZIS system may greatly enhance the diagnostic value of brain
SPECT imaging, however. It is possible that defining an IMP-
SPECT-specific VOI would improve the identification rate
between MCI, AD, and DLB, although further study is required
to confirm this.

Future studies assessing multiple components (such as
symptom classification, age, etc.) are required to determine
the accuracy of the present method. The presence or absence
of hallucinations, in particular, may be affected by occipital
lobe blood flow. Determining the clinical characteristics in
DLB patients with low CIScores may lead to greater accuracy
in diagnosis.

This study had several crucial limitations. Firstly, the
diagnostic utility of the CIScore in discriminating DLB from
AD may not be high due to the coexistence of DLB and
AD pathologies. Here, the diagnosis of AD or DLB was
based on diagnostic criteria (those of the National Institute
of Neurological and Communicative Disorders and Stroke and
Alzheimer’s Disease and Related Disorders Association, and the
DLB International Workshop), and complications could not be
completely ruled out. The DLB International Workshop criteria
revealed the coexistence of DLB and AD pathologies. Most
patients with DLB also demonstrate AD pathology, including
cortical amyloid plaques and neurofibrillary tangles. Therefore,
we hypothesized that the absence of the CIS in DLB patients
would suggest the coexistence of DLB and AD pathologies,
whereas its presence would indicate DLB alone. Our next step
in future study, therefore, will be to investigate the CIScore in
patients in whom DLB is confirmed pathologically.

Secondly, the absence of healthy controls in the present study
is not a trivial limitation. However, fundamental ethical problems
associated with the use of imaging techniques in healthy controls
in the field of nuclear medicine make this problematic.

Thirdly, this study was carried out at a single memory
disorder clinic; therefore, the number of patients enrolled

was relatively small, and the age of the patients in the
DLB group was significantly higher than that in the AD or
MCI groups.

Fourthly, only clinical interviews were used to
assess the DLB patients. Further study should also
incorporate objective measurements such as the Cognitive
Fluctuation Inventory and the Unified Parkinson’s Disease
Rating Scale.

Further study should also include additional amyloid PET.
Such studies should also be multi-center and include larger
patient cohorts, including a healthy control group. The results
of pathological examination will also be required to confirm the
validity of the results.

In conclusion, the present results showed a significant
difference among the three groups using IMP. This suggests
that the diagnostic power of IMP is not inferior to that
of ECD. They also suggest that the CIScore in brain
perfusion IMP-SPECT is useful in clinically differentiating DLB
from AD.
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Background: Walking becomes more and more degraded as Parkinson’s Disease (PD)

progresses. Previous research examined factors contributing to this deterioration. Among

them, changes in brain cortical activity during walking have been less studied in this

clinical population.

Objectives: This study aimed to: (1) investigate changes in dorsolateral prefrontal cortex

(DLPFC) activation during usual walking and dual-task walking conditions in patients

with PD; (2) examine the association between cortical activity and behavioral/cognitive

outcomes; and (3) explore which factors best predict increased activation of the DLPFC

during usual walking.

Methods: Eighteen patients with early stage PD and 18 controls performed 4

conditions: (1) standing while subtracting, (2) usual walking, (3) walking while counting

forward, and (4) walking while subtracting. Cortical activity in DLPFC, assessed by

changes in oxy-hemoglobin (1HbO2) and deoxy-hemoglobin (1HbR), was measured

using functional near infrared spectroscopy (fNIRS). Gait performance was recorded

using wearables sensors. Cognition was also assessed using neuropsychological tests,

including the Trail Making Test (TMT).

Results: DLPFC activity was higher in patients compared to controls during both

usual walking and walking while subtracting conditions. Patients had impaired walking

performance compared to controls only during walking while subtracting task.

Moderate-to-strong correlations between 1HbO2 and coefficients of variation of all gait

parameters were found for usual walking and during walking while counting forward

conditions. Part-B of TMT predicted 21% of the variance of 1HbO2 during usual walking

after adjustment for group status.
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Conclusions: The increased DLPFC activity in patients during usual walking suggests a

potential compensation for executive deficits. Understanding changes in DLPFC activity

during walking may have implications for rehabilitation of gait in patients with PD.

Keywords: Parkinson’s disease, fNIRS, walking, cognition, dual-task walking, gait

INTRODUCTION

Walking in everyday life may be a complex task for individuals
with Parkinson’s Disease (PD). Patients with PD have gait
problems, such as reduced gait speed and step length (1), that
worsen as the disease progresses. These gait problems may
be exacerbated during dual-task (DT) walking combining both
motor and cognitive activities. This may lead to a higher risk of
falls (2), reduced mobility and quality of life (3).

Previous studies have investigated behavioral (e.g., cognitive,
motor) and neurophysiological measures [e.g., functional
magnetic resonance imagery (fMRI), electroencephalography
(EEG)] that could predict impaired walking or falls risk in
patients with PD (2, 4–6). Among neurophysiological measures,
changes in brain cortical activity during walking have been less
studied in patients with PD (7). Different neurophysiological
techniques have been proposed to better examine changes in
brain activation during walking in PD.

Evidence from functional magnetic resonance imagery
(fMRI) suggest that patients with PD had higher activation in
frontal, parietal, temporal, and occipital lobes than healthy older
adults during imagined usual walking (6). The increased cortical
activation in patients with PD may reflect a compensatory
mechanism to overcome inefficient neural activation. Although
fMRI has adequate spatial resolution, changes in brain activation
during real walking conditions in patients with PD are
unfeasible to capture in such neuroimaging studies. Portable
electroencephalography (EEG) or functional near-infrared
spectroscopy (fNIRS) techniques have allowed investigation of
cortical activity during real-time walking (8). Using EEG, specific
changes in electrical brain activity during DT walking were
found in patients with PD (9). Patients with PD showed reduced
P300 amplitude during DT walking compared to standing. This
reduced P300 amplitude reflects unsynchronized activation
of various resources (lower timing and coordination between
different brain regions), suggesting less neural recruitment
during DT walking. EEG has a good temporal resolution
compared to other neuroimaging techniques. However, the
spatial resolution of EEG is relatively low compared to fNIRS
and neck muscles as well as artifacts such as eye movements
can affect the quality of the recordings. With recent advances
in technology, fNIRS allows an indirect evaluation of brain
activation by measuring changes in brain blood oxygen levels.
The fNIRS technique emits light with different wavelengths that
is partly absorbed by the chromophores such as oxygenated
and deoxygenated hemoglobin (HbO2 and HbR, respectively).
Increased brain activation induces an intensified blood flow in
the active brain regions leading to an increase in HbO2 and
decrease of HbR (10).

To date, few studies have explored cortical activity during
walking in patients with PD, using fNIRS (6, 11–18). Some
studies reported both HbO2 and HbR (12) and only one
study used reference channels to correct for superficial
hemodynamic interferences (15). Furthermore, the associations
between neurophysiological and behavioral outcomes during
usual and DT walking tasks were poorly understood (19) in
patients with PD (20, 21). Under challenging tasks [e.g., obstacle
negotiation (20) or DT walking while subtracting (12, 14)],
patients showed an increased activation of prefrontal cortex
(PFC) that may affect walking performance. An explanation to
this increased activation in the PFC could be that basal ganglia
dysfunction leads to reduced movement automaticity, which
increases reliance on executive resources to control movements.
The PFC, specifically the DLPFC plays a major role in executive
functions, essential for the management of cognitive functions
including planning, working memory and cognitive flexibility
(22). Compared to healthy older adults, patients with PD
showed a higher activation in the PFC compared to controls,
even during usual walking (12, 20). This may reduce the
functional reserve needed during more demanding tasks which
may contribute to high prevalence of falls and DT difficulties
among patients with PD (6). The role of DLPFC activity during
usual walking should therefore better be explored in individuals
with PD.

The objectives of this study were (1) to investigate changes
in DLPFC activation during usual walking and DT walking
conditions in patients with PD compared to controls, (2)
to examine the association between cortical activity and
behavioral/cognitive outcomes, and (3) to explore which
factors best predict increased activation of the DLPFC during
usual walking.

MATERIALS AND METHODS

Participants
Patients were recruited from the Henry-Gabrielle Hospital,
Lyon and healthy older adults (controls) were recruited
through advertisements between September 1, 2018 to December
17, 2019.

General inclusion criteria were: 50 years old and above and
able to walk unassisted for at least 20mins. All participants
had normal-to-corrected vision. All participants had no
other visual, neurological (other than PD for the PD group),
internal or psychiatric conditions that may interfere with
walking. Patients with PD were excluded if they had Montreal
Cognitive Assessment (MOCA) scores ≤ 15, other parkinsonian
syndromes, severe dyskinesia, deep brain stimulation,
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FIGURE 1 | (A) Walking path configuration. (B) Optodes configuration. The right panels show the optodes with respect to the Fz locations of the international 10-10

system. Red circles represent the sources and blue circles represent the detectors. The numbers in gray represent the channels. Channels 9 and 10 represent the

short separation channels.

unpredictable motor fluctuations, or ocular diseases causing
significant visual impairment.

Fear of falling was assessed by the Falls Efficacy Scale
International (FES-I) and symptoms of depression were
measured by the Beck Depression Inventory scale. Total daily
levodopa-equivalent dose was calculated for each PD patient
(23). All patients were medicated and tested in the “on”
medication state. The “on” state was defined by a doctor (MC
or TD) during the medical examination that preceded the
experiment. Patients were tested between 1 and 3 h after taking
their medication.

The study was approved by the French biomedical ethics
committee on March, 9 2018 (Comité de Protection des
Personnes Nord Ouest III Réf. CPP: 2018-01 N◦ ID RCB:
2017-A03187-46). Informed written consent was obtained from
all participants.

Protocol
Participants performed in a single session 4 conditions: (1)
standing while subtracting, (2) usual walking, (3) walking while
counting forward, and (4) walking while subtracting. In the
standing while subtracting condition, participants were required
to stand still while subtracting 7 to a 3-digit number out loud.
In the usual walking condition, participants were asked to walk
at their “normal pace.” In the walking condition while counting
forward, they were instructed to walk while counting forward out
loud from a random 3-digit number. In the walking condition
while subtracting, they were asked to subtract 7 from a random
3-digit number out loud. No instructions about priorization were
given for the DT walking conditions. Each condition included 5
trials of 30 s. The duration of rest periods between trials ranged
from 25 to 35 s in order to avoid anticipation of block onset.
During rest periods, participants were instructed to stand still
quietly. During the standing while subtracting and the two DT
walking conditions, cognitive performance was measured and
defined as the number of correct operations. The order of each
condition was randomized between participants. Each condition
started with 45 s of standing quietly (resting state period), with
the instruction to refrain from talking and moving the head. The
walking path configuration was an oval shape whose dimensions

are displayed in Figure 1A. In order to assist participants to
walk on the path, there were markings on the floor. Participants
were allowed to take breaks between conditions. Furthermore,
all experiments took place in the morning, the fatigue being less
pronounced than in the afternoon.

Gait was assessed using two wearable sensors placed on
the shoes (Physiolog R©5, Gait Up, Switzerland). Walking
performance parameters included mean gait speed (m/s),
cadence (step/min), stride length (m), gait cycle time (s), and
their coefficient of variation (CV) calculated as (standard
deviation/mean)∗100. For each condition, gait outcome
measures were averaged over the 5 trials.

Relative concentration changes of HbO2 and HbR (1HbO2

and 1HbR in µmol/L, respectively) in the DLPFC were
measured using a wireless continuous waves fNIRS device
(NIRSport, NIRx Medical Technologies) with 16 optodes (8
sources and 8 detectors).

Functional Near Infrared Spectroscopy
An increase of1HbO2 associated with a slight decrease of1HbR
reflects a functional activation for the task (24). Fourteen optodes,
corresponding to the 8 sources and 6 detectors separated by
∼30mm, were placed on the DLPFC according to the modified
international EEG 10-10 system. Two short separation channels
(channels 9 and 10, see Figure 1B) with an interoptode distance
of 15mm were used in order to account for peripheral tissue
signals. The near infrared light was emitted by sources with
wavelengths of 760 and 850 nm at a sampling rate of 7.81Hz.
Textile EEG caps in 3 different sizes (i.e., circumference of 54, 56,
58 cm) were used in order to fix the sources and detectors on the
participant’s head. An overcap was used to prevent ambient-light
contamination. Raw intensities were recorded using the software
provided by the manufacturer (NIRStar, version 15.1 and 15.2).

Data Processing
The data were analyzed using the open-access software Homer 2
within MATLAB (R2019b, Mathworks). The first processing step
was to convert raw data into optical density. Then, a low pass
filter with a cut-off of 0.1Hz was applied to attenuate respiration
and cardiac activity and high frequency noise (25). The next
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step was a motion artifact correction using wavelet-based filters
(iqr = 1.5) (26, 27). After motion correction, optical density was
converted into relative concentration changes of HbO2 and HbR
using the modified Beer-Lambert law with constant differential
path length factors (DPF) values of 6 (28). Finally, contribution
of short separation channels was removed from the signal using
a Kalman filter dynamic estimator (29). Using the block average
method, mean amplitude difference of 1HbO2 and 1HbR for
each channel was obtained using the last 5 s of the resting state
before each trial and 30 s after the “start” instruction. Signal
quality of each channel was visually checked to ensure divergence
between the HbO2 and HbR traces (15) and extreme values
were detected using the box-plot method. When the number
of extreme values were inferior or equal to 3 (≤10%) for a
channel, values were replaced by mean values of the group
in the specific condition. Otherwise, the channel was removed
for all participants. For the subtraction task, C5 and C12 were
therefore removed for all participants. Signals from channels
were averaged over the PFC (channels 1–8; 11–18), in line with
previous research (21). Recommendations and good practices
were followed according to a recent consensus paper (30).

Neuropsychological Tasks
Participants completed a series of tests assessing global cognition
(MOCA) (31), inhibition (Stroop test; inhibition cost) (32),
psychomotor speed, working memory, and attentional shift
[Trail Making Test (TMT) part A and B, TMT (B-A)] (33),
attention and processing speed [Digit Symbol Substitution Test
(DSST)] (34), mental flexibility (Plus Minus Task; shift cost)
(35) and visuospatial abilities (Bells Test) (36). The order of
neuropsychological tasks was randomized between participants.
They were administered before or after the walking task.

Statistical Analyses
Kolmogorov-Smirnov tests were used to determine the normality
of variables. For demographic, clinical, and neuropsychological
variables, between-group differences were examined using
Fisher’s Exact tests, independent student t-tests or Wilcoxon
rank-sum tests, as appropriate. For neuropsychological tests, p-
values were corrected for multiple comparisons using Bonferroni
adjustment. A score is significant only if the corresponding
p-value is ≤0.05/5 (p ≤ 0.01).

Repeated measures univariate analyses of variance (ANOVA)
with group (patients vs. controls) as between subject factor and
condition (standing while subtracting, usual walking and the two
DT walking) as within subject factor, and group by condition as
interaction effect, were applied on fNIRS data, as recommended
in a previous study (37). Dependent variables were 1HbO2

and 1HbR.
Repeated measures multivariate ANOVA with group as a

between subject factor and condition as within subject factor,
and group by condition, were applied on gait parameters
(gait speed, cadence, stride length and gait cycle time).
Dependent variables were mean gait parameters and CV of gait
parameters, respectively.

For each ANOVA, effect sizes (η2) were reported and were
interpreted as small (0.02), medium (0.13), and large (0.26)

TABLE 1 | Demographic and clinical characteristics for all participants.

Variables PD patients

N = 18

Controls

N = 18

P-value

Age, years 68 ± 8 66 ± 7 0.48

Gender (M/F) 11/7 11/7 1.00

Education, years 14.5 ± 3 14.5 ± 2 0.85

MOCA score (0–30) 27.5 (26–29) 27 (26–29) 0.82

BDI score 21 items 6 ± 4 2 ± 2 0.001

FES-I score (maximum score, 64) 25 ± 8 19 ± 3 0.02

Disease duration, years 5 (2–8) NA

Hoehn and Yahr stage (on) (2–2) NA

UPDRS motor (on) 17 (12–26) NA

LED, mg/day 604

(310–898)

NA

Values are expressed as mean ± SD or median (Q1–Q3). Values in bold are significant.

BDI, Beck Depression Inventory; LED, L-Dopa Equivalent Dosage; M, Male; F, Female;

FES-I, Falls Efficacy Scale International; MOCA, Montreal Cognitive Assessment; NA, not

applicable; UPDRS, Unified Parkinson Disease Rating Scale.

(38). Bonferroni correction for multiple comparisons was applied
during the post-hoc analyses.

In all participants, Pearson or Spearman rank correlations
were analyzed to investigate associations between cortical
activity (1HbO2) and behavioral performance (gait and
neuropsychological outcomes) within condition. Pearson
correlations (r) were used when data was distributed normally
whereas Spearman rank correlations (ρ) were used when
data was not distributed normally. Correlations (ρ or r) were
considered weak below 0.10, moderate between 0.10 and 0.49
and strong between 0.50 and 1.00 (39). To determine which
factors (age, gender, years of education, BDI, FES-I or/and
neuropsychological factors) were the best predictors of HbO2

levels during usual walking, stepwise linear regression model
was employed with group as a covariate. Only variables that
significantly correlated with 1HbO2 during usual walking and
did not show strong intercorrelations (r < 0.80) were selected
for entry in the model. P < 0.05 were considered significant. All
statistical analyses were conducted using SPSS, version 26.0.

RESULTS

Participants
Eighteen patients with early stage PD and 18 controls matched
for age, sex and education level were included (Table 1). Patients
were categorized into 3 clinical subtypes: 3 patients were classified
as postural instability and gait difficulty-predominant disease,
8 patients were classified as tremor-dominant disease, and 7
patients were rigidity-dominant disease. Scores on BDI and FES-
I scale were significantly higher in patients with PD, compared
to controls. Patients were in early stages of the disease, based on
disease duration, the Hoehn and Yahr scale and themotor section
of the Unified Parkinson’s Disease Rating Scale (UPDRS). Three
patients had a Hoehn and Yahr rating at stage 1, 13 were at stage
2, and 2 were at stage 3.
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FIGURE 2 | Mean (SD) changes (1) in HbO2 and HbR during the 4 conditions in both groups. *p < 0.05, **p < 0.01. P-values adjusted for Bonferroni correction. Red

bars represent 1HbO2 and blue bars represent 1HbR. Red lines represent significant within-group differences in 1HbO2 between 2 conditions.

Changes in Dorsolateral Prefrontal Cortex
Activation
1HbO2 and 1HbR

Group Effect
Patients had higher 1HbO2 than controls [F(1, 34) = 7.11, p =

0.01, η
2
= 0.17]. No between-group differences were found for

1HbR [F(1, 34) = 0.54, p= 0.47, η2
= 0.02].

Condition Effect
Furthermore, significant differences in 1HbO2 and in 1HbR
between conditions [F(3, 102) = 7.71, p < 0.001, η

2
= 0.19;

F(3, 102) = 8.91, p < 0.001, η2
= 0.21, respectively] were found.

1HbO2 significantly increased during walking while counting
forward compared to usual walking (p = 0.02). 1HbO2 tended
to increase during walking while subtracting condition compared
to usual walking (p = 0.06). 1HbO2 also increased during both
DT walking conditions compared to standing while subtracting
condition (p < 0.01). 1HbR significantly decreased during
walking while subtracting compared to usual walking (p < 0.001)
and walking while counting (p < 0.001) (Figure 2).

Group∗ Condition Interaction
In addition, the interaction between condition and group on
1HbO2 was significant [F(3, 102) = 3.34, p = 0.02, η

2
= 0.09].

Patients had higher 1HbO2 than controls during usual walking
(p = 0.001) and in DT-walking while subtracting (p = 0.02)
(Figure 2). In controls, 1HbO2 increased during both DT
walking conditions compared to usual walking, which was not

the case for the patients (p = 1.00). Only in patients, 1HbO2

was significantly higher during the 2 DT walking conditions
compared to the standing while subtracting condition. No
significant interaction between condition and group was found
on 1HbR [F(3, 102) = 1.65, p = 0. 18, η2

= 0.05]. The Figure 3
shows the averaged time courses of HbO2 andHbR in the DLPFC
for the 4 conditions in both groups. For all conditions, the average
relative concentration changes of HbO2 increased after starting
the task. The average relative concentration changes of HbR
showed slight reductions or remained relatively stable during
the task.

Behavioral Performance
Gait Performance

Group Effect
Patients had reduced stride length compared to controls (p <

0.05) (Table 2).

Condition Effect
Speed, cadence, stride length, as well as gait cycle time were
altered as the walking task difficulty increased (see Table 2). CV
of cadence, speed and gait cycle time were greater during the 2
DT walking conditions than during the usual walking (CV of
cadence, speed, and gait cycle time, p ≤ 0.001). CV of stride
length was greater during walking while subtracting condition
than during walking while counting (p = 0.04) or during usual
walking (p < 0.001).
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FIGURE 3 | Averaged time courses of HbO2 and HbR in the DLPFC for each condition in both groups. Vertical dashed lines indicate start of the task. Rel.

concentrations, Relative concentrations.

Group∗Condition Interaction
No interaction between group and condition was found in any
of the mean gait parameters (p > 0.12) (Table 2). However, two
interactions between group and condition on CV of speed (p
= 0.04) and CV of gait cycle time (p = 0.007) were significant.
In patients, CV of speed increased during both DT walking
conditions compared to usual walking whereas no pairwise
comparisons for the CV of speed were found for the controls.
Furthermore, patients had greater CV of speed than controls
during the walking while subtracting condition (p = 0.02)

(Figure 4). In patients, CV of gait cycle time increased as walking
task difficulty increased whereas in controls, CV of gait cycle time
increased during DT walking while counting forward compared
to usual walking (p= 0.03). Patients also had a greater CV of gait
cycle time than controls during the DT walking while subtracting
(p= 0.04).

Cognitive Performance
No significant between-group differences in cognitive
performance were found during the standing while subtracting
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TABLE 2 | Repeated analyses of variance for gait parameters.

Gait parameters Condition Group Condition*Group Pairwise

comparisons 1–2; 1–3; 2-3a p-valueb

Speed Mean F(2,68) = 50.08, p < 0.001, η
2

= 0.60 F(1,34) = 3.51, p= 0.07, η2
= 0.09 F (2,68) = 1.98, p = 0.15, η

2
= 0.06

CV F(2,68) = 15.74, p < 0.001, η
2

= 0.32 F(1,34) = 4.28, p = 0.046, η
2

= 0.11 F(2,68) = 3.32, p = 0.04, η
2

= 0.09

For patients: 0.002; <0.001; NS

For controls: NS; NS; NS

Cadence Mean F(2,68) = 45.18, p < 0.001, η
2

= 0.57 F (1,34) = 0.83, p = 0.37, η
2
= 0.02 F (2,68) = 1.43, p = 0.25, η

2
= 0.04

CV F(2,68) = 20.84, p < 0.001, η
2

= 0.38 F (1,34) = 1.06, p = 0.31, η
2
= 0.03 F (2,68) = 2.87, p = 0.06, η

2
= 0.08

Stride length Mean F(2,68) = 29.27, p < 0.001, η
2

= 0.46 F(1,34) = 4.35, p = 0.045, η
2

= 0.11 F (2,68) = 2.20, p = 0.12, η
2
= 0.06

CV F(2,68) = 12.25, p < 0.001, η
2

= 0.27 F (1,34) = 2.00, p = 0.17, η
2
= 0.06 F (2,68) = 2.35, p = 0.10, η

2
= 0.07

Gait cycle time Mean F(2,68) = 36.31, p < 0.001, η
2

= 0.52 F (1,34) = 1.06, p = 0.31, η
2
= 0.03 F (2,68) = 1.72, p = 0.19, η

2
= 0.048

CV F(2,68) = 16.93, p < 0.001, η
2

= 0.33 F (1,34) = 1.20, p = 0.28, η
2
= 0.03 F(2,68) = 5.38, p = 0.007, η

2
= 0.14

For patients: 0.001; <0.001; 0.001

For controls: 0.03; NS; NS

Values in bold are significant. a (1) Usual walking; (2) Walking while counting forward; (3) Walking while subtracting. bAdjusted for multiple comparisons using Bonferroni correction. NS,

Not Significant; CV, Coefficient of variation.

FIGURE 4 | Gait performance in patients and controls. 1 = Usual walking; 2 = Walking while counting forward; 3 = Walking while subtracting. *p < 0.05, **p < 0.01;

P-values adjusted for Bonferroni correction. Only significant between-group differences are presented in the figure.

and walking while subtracting conditions (standing while
subtracting: Controls: 5.61 ± 3.19; patients: 5.91 ± 3.22, p =

0.83; walking while subtracting: Controls: 4.85 ± 2.74; patients:
5.28 ± 3.11, p = 0.67). Patients were significantly better than
controls in the walking while counting forward condition (27.31
± 5.60 vs. 22.42± 7.17, p= 0.02).

Patients were significantly slower than controls to
perform the Stroop test (word reading conditions), the
TMT (part A and B), and the PMT (the addition list)
(see Table 3). They performed worse than controls on
the DSST.

Correlations Between 1HbO2 and
Behavioral Measures
Strong correlations between 1HbO2 during usual walking
and CV of cadence, stride length and gait cycle time were
found (Table 4). Moderate correlations were also found between
1HbO2 during walking while counting forward and CV of all
gait parameters. No significant correlations between 1HbO2

during walking while subtracting condition and gait outcomes
were found. A higher number of significant correlations between
1HbO2 and cognitive performance was found for the usual
walking condition than for the other conditions. Increased
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1HbO2 during usual walking was negatively correlated with
worse performance on TMT, DSST, and Stroop test (color and
word conditions). Note that no significant correlations between

TABLE 3 | Comparison of performance on neuropsychological tests between PD

patients and controls.

PD patients N = 18 Controls N = 18 P-valueb

Stroop color, s (1) 68.00 (62.00–75.00) 58.50 (54.00–72.00) 0.03

Stroop word, s 48.00 (45.00–53.00) 42.00 (38.00–46.00) 0.002

Stroop C/W, s (2) 132.50 (108.00–140.00) 102.50 (89.00–135.00) 0.06

Inhibition cost, s (2)–(1) 55.50 (47.00–74.00) 45.00 (33.00–58.00) 0.24

TMT A, s (3) 53.50 (44.00–72.00) 40.50 (35.00–45.00) 0.009

TMT B, s (4) 119.00 (94.00–157.00) 67.50 (60.00–88.00) 0.002

TMT (B-A), s (4)–(3) 67.50 (50.00–83.00) 29.50 (25.00–44.00) 0.004

DSST, score 50.11 ± 14.00 66.78 ± 16.32 0.002

PMT—addition list, s (5) 68.00 (54.00–78.00) 50.50 (43.00–58.00) 0.006

PMT—subtraction list, s (6) 102.50 (74.00–117.00) 74.00 (54.00–100.00) 0.04

PMT—alternance list, s (7) 109.50 (87.00–133.00) 78.00 (72.00–101.00) 0.05

PMT—shift cost, sa 18.25 (9.00–28.50) 18.75 (10.50–29.00) 0.85

Bells, score 34.00 (33.00–35.00) 34.00 (33.00–35.00) 0.48

Bells, time 153.13 ± 38.11 137.89 ± 51.52 0.31

Values are expressed in mean ± SD or median (Q1–Q3). Values in bold are significant. a

(7) – [(6) +(5)]/2 badjusted for Bonferroni correction.

DSST, Digit Symbol Substitution Test; PMT, Plus-Minus Task; Stroop C/W, Color-Word

condition of the Stroop Test; TMT, Trail Making Test.

1HbO2 and behavioral measures were found when conducting
correlation analyses in each group (data available upon request).

Linear Regression Analysis
Among demographic variables, age and years of education were
also significantly correlated with 1HbO2 during usual walking
(age: r = 0.37, p= 0.03; level of education: r =−0.39, p= 0.02).

Age, years of education, time to complete the color condition
of the Stroop test, times to complete part A and B of the TMT,
CV of cadence, CV of stride length were included in the model,
with the group as a covariate. Stepwise linear regression revealed
that part B of TMT was the most significant predictor of 1HbO2

during usual walking. This test explained 21% of the variance.
Years of education was then introduced in addition to part B of
TMT, explaining an additional 6% of the variance (Table 5). Note
that part B of TMT was the most significant predictor, explaining
27% of the variance when the stepwise linear regression was
performed in PD patients only.

DISCUSSION

In this study, we aimed to investigate changes in cortical
activity of the DLPFC during usual walking and DT walking
conditions in patients with PD in comparison with controls.

TABLE 4 | Associations between 1HbO2 and behavioral performance.

HbO2

Standing while subtracting Usual walking Walking while counting forward Walking while subtracting

Speed Mean NA −0.23 −0.04 −0.09

CV (%) −0.008 0.45*** 0.25

Cadence Mean −0.05 −0.01 0.006

CV (%) −0.12 −0.39* 0.11

Stride length Mean −0.28 −0.05 −0.14

CV (%) 0.18 −0.50** 0.14

Gait cycle time Mean 0.06 0.08 0.06

CV (%) −0.11 0.42** 0.18

MOCA score −0.01 −0.17 0.04 −0.04

Stroop color 0.26 0.40* 0.27 0.33

Stroop word 0.36* 0.35* 0.24 0.33

Stroop C/W 0.22 0.24 0.12 0.16

Inhibition cost 0.09 −0.18 −0.06 0.08

TMT A 0.31 0.55*** 0.33* 0.46**

TMT B 0.11 0.64*** 0.29 0.39*

TMT (B-A) −0.08 0.62*** 0.25 0.33

DSST −0.04 −0.40* −0.11 −0.33*

PMT—addition list 0.11 0.16 0.07 0.17

PMT—subtraction list 0.19 0.10 0.24 0.03

PMT—alternance 0.21 0.20 0.07 0.22

PMT—shift cost 0.14 0.18 0.06 0.09

Bells score −0.15 −0.10 −0.08 −0.27

Bells time 0.30 0.30 0.12 0.18

The values correspond to Pearson correlations except for the ones in italics which represent Spearman correlations. Values in bold are significant. *p < 0.05; **p < 0.01; ***p < 0.001.

DSST, Digit Symbol Substitution Test; NA, Not Applicable; PMT, Plus-Minus Task; TMT, Trail Making Test.
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TABLE 5 | Predictors of 1HbO2 during usual walking.

Independent

variables included in

the model

R2 R2 change B t P-value

Step 1

Groupa 0.29 0.29 0.21 3.66 <0.001

Step 2

Group 0.49 0.21 0.13 2.29 0.03

TMT-B 0.001 3.60 0.001

Step 3

Group 0.56 0.06 0.14 2.67 0.01

TMT- B 0.001 2.91 0.007

Years of education −0.02 −2.08 0.04

∆HbO2 was the dependent variable. Values in bold are significant. a Included in the model

as a covariate.

Associations between cortical activity in the DLPFC during
usual and DT walking and behavioral/cognitive outcomes were
also examined. A third objective was to determine the best
predictors of an increased activation in the DLPFC during usual
walking. The novelty of this research is that we further explored
the determinants of an increased cortical activity during usual
walking. This may help to better understand falls risk or gait
deficits before they emerge.

Increased Brain Activity in DLPFC in
Patients With PD During Walking
Usual Walking

Moderate to strong associations were found during usual walking
between increased cortical activity and poorer performance in
neuropsychological tests assessing executive functions, speed of
processing and psychomotor speed (i.e., TMT, DSST, and color
and word conditions of the Stroop test). These findings suggest
that normal walking is already a complex process that requires
input from executive functions (40), that is carried out by DLPFC
with other projections to various cortical and subcortical regions
(41). As expected, patients had executive deficits and processing
speed slowness compared to controls.

Patients with PD had also higher levels of DLPFC activation
in comparison with controls, even during usual walking, which is
consistent with previous studies (6, 11, 13, 21, 42, 43). However,
patients did not show decreased walking performance compared
to controls during usual walking. These results are not consistent
with previous studies reporting decreased walking performance
in patients already during the usual walking condition (20,
44). An explanation could be due to clinical and demographic
characteristics of our group of patients. Our patients were at
the earliest stages of PD, based on disease duration and motor
score of UPDRS. They were also younger than those recruited in
previous studies (20, 44). Furthermore, they were all volunteers
to participate in this study and physically active. As in most
research, there is a recruitment bias: it is often the fittest patients
who agree to participate. It is therefore not excluded that these
patients represent a special category, not quite representative
of PD patients’ population. It is also possible that our path

configuration with markings on the floor helped patients to walk.
Other measures, such as measures of arm swing while walking
could be used in future studies, to better discriminate patients
with PD from controls. Indeed, this measure has been shown as a
new prodomal marker of PD (45).

Finally, this increased cortical activity in the DLPFC in
absence of gait impairments during usual walking may reflect
a compensatory mechanism to overcome executive deficits,
processing speed slowness and deficits inmovement automaticity
in early stage PD (46).

DT Walking

No significant increase of DLPFC activity in patients was
found from usual walking to DT walking conditions whereas
in controls, significant increase appeared from usual walking to
DT walking conditions. Findings on patients are consistent with
previous studies that used the same type of DT walking (20).
These results suggest that patients are unable to further increase
DLPFC activity, due to a reduction of their cognitive resources
and their limited cognitive capacity. Results in controls are
consistent with previous studies reporting a significant increase
in PFC, as a compensatory mechanism in healthy older adults
during DT walking (e.g., walking while serially subtracting 3s)
(47–50). This is also in line with the cognitive resource theories
of aging which postulated that brain activity will be more
pronounced with increasing task demands in older adults (51).
Increased prefrontal activity in older adults may also be due to
the fact that most of healthy older adults in the present study were
younger than 70s. A recent study suggested that healthy older
adults in the 70s were unable to further increase prefrontal cortex
activity, leading to a decrease of walking performance (52).

During walking while counting forward, no significant
between-group differences were observed for DLPFC activity
and gait measures. Furthermore, patients performed better in
the counting forward condition while walking than controls.
It is possible that patients prioritize the counting task at the
expense of the walking task. Patients are globally slower, with a
reduced cadence and shorter stride length than controls during
this condition although no significant between-group differences
in gait performance were found. Another explanation could
be that patients had sufficient cognitive resources to perform
both the counting forward condition and the walking task.
Association between cortical activity in the DLPFC and cognitive
measures revealed that increased DLPFC activity during walking
while counting forward condition is rather associated with
psychomotor slowness than executive functions. This result also
highlights the major role of this cortical area on psychomotor
functioning (53). The lack of significant differences between
groups in cortical activity and gait measures may also be due to a
high heterogeneity in the performance.

Patients with PD had higher levels of DLPFC activation
than controls during walking while subtracting condition.
As expected, increased DLPFC activity during walking while
subtracting condition was found to be associated with executive
deficits and psychomotor slowness. Furthermore, patients
performed as well as controls the subtraction task while walking.
However, they walked slower and had shorter stride length than
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controls. Patients were also more irregular than controls, as
reflected by a greater variability of speed and gait cycle time.
Based on the concept that attentional capacity is limited, it is
possible that patients allocated their available cognitive resources
to the subtraction task at the expense of the walking task.
Increased DLPFC activation in patients during this complex
DT condition is therefore insufficient to compensate for motor
and executive deficits and may lead to decreased walking
performance (12).

Associations Between Cortical Activity and
Gait Parameters
Associations between increased activation in the DLPFC and
higher gait variability in all participants were already found
during usual walking. Similar findings were found in previous
studies in older adults during obstacle negotiation (48). These
authors discussed the fact that increased activation in the DLPFC
may reflect a compensatory attempt to overcome inefficient
neural activation in the face of demanding tasks. The inefficiency
was unable to cope with the motor needs. During the walking
while counting forward condition, increased cortical activity
was associated with lower variability of their cadence and
stride length as well as a greater variability of speed and gait
cycle time. A possible explanation of the lower variability of
cadence and stride length is that counting forward may induce
a rhythm on which participants paced their walking. However,
higher variability in their speed and gait cycle time seems to
be moderately associated with increased cortical activity in the
DLPFC during walking while counting forward. The lack of
significant correlations between HbO2 and gait parameters in the
DT walking while subtracting condition could be explained by
the fact that patients with PD are unable to further increase their
cortical activity in the DLPFC.

In the literature, measures of gait variability were found
to be closely related to instability and fall risk (54). Strong
relationships between high gait variability and increased cortical
activity during usual walking supports the notion that subtle
variations in the gait during usual walking, particularly in older
individuals with PD, may precede disturbances in DT walking,
leading to a higher risk of falls. To our knowledge, few studies
explored associations between cortical activity and behavioral
measures in walking tasks in older individuals with or without
PD (52, 55). Further studies with larger sample size are needed to
better understand the relationships between cortical activity and
gait parameters in this population.

Best Predictors of Increased Cortical
Activity During Usual Walking
Poorer performances on part B of TMT, and a low level of
education significantly contributed to explain increased cortical
activity in the DLPFC during usual walking. Particularly,
the TMT-B explained 21% of the variance after adjusting
for group status. These findings highlight the major role of
TMT-B in predicting cortical activity of the DLPFC during
usual walking. This complex test requires executive functions
(updating information in working memory, shifting attention
between letters and number as well as inhibit non-relevant
information), which is affected by PD. This test in clinic may

prove useful to determine difficulties in activities of daily living
in patients with PD, as previously reported in a driving context
(56). Yet, caution with the interpretation is warranted as the
sample of the study was relatively small. Finally, a lower level
of education also contributed to increased cortical activity in
the DLPFC which is in accordance with the evidence that
better executive functions are related to an increased number of
education years (57). Further studies should therefore consider
the level of education of patients with PDwhen exploring changes
in brain activity in the DLPFC.

Methodological Considerations
Methodological considerations of this study included the use
of short-separation reference channels (1.5 cm apart) to remove
for peripheral hemodynamic response (i.e., artifact caused by
breathing, cardiac cycle or other error related to movement)
which has been used only once in patients with PD (15).
Furthermore, both Hb species were reported. 1HbO2 was found
to be the most sensitive indicator of regional cerebral blood flow
in NIRS measurements (58) whereas 1HbR better reflects the
match between oxygen supply and demand (59). In this study,
fNIRS processing was the same for patients with PD and healthy
older individuals. Although a recent study showed few effects of
different processing methods on fNIRS signals assessed during
active walking tasks in older adults (60), future studies applying
specific fNIRS processing (e.g., age-dependent DPF values) are
warranted. Furthermore, it would have been interesting to
include a standing while counting forward condition in order to
determine different patterns of task prioritization between groups
(61). However, as the duration of the experiment was already
long, we preferred to limit the number of conditions. The small
sample size including volunteers with well-preserved cognitive
abilities among PD participants limits the generalizability of the
results. One limitation of the present study is that only the activity
of DLPFC cortex is recorded. Further studies should assess
multiple cognitive regions while walking to provide a greater
understanding of the contribution of brain areas to walking and
dual tasking (62). Finally, except the fear-of-falling inventory, no
direct measures on the number of falls in patients with PD was
reported in this study. Further studies should include a detailed
questionnaire reporting the number of falls.

Clinical Implications
These findings may have important clinical implications for
training program: it is possible that cognitive intervention
decreases DLPFC activity and therefore improve the ability to
walk in usual and complex situations. However, the increased
cortical activity in the DLPFC is also due to deficits in
automaticity (46). Multimodal intervention that targets both
motor and cognitive aspects should therefore be developed to
improve cognition and movement automaticity and promote
mobility in individuals with PD. As a consequence, a reduction
in the DLPFC activity while walking after the intervention should
be expected. Further studies investigating the effect of training
programs on cortical activity in DLPFC in patients with PD are
therefore warranted.

Frontiers in Neurology | www.frontiersin.org 10 December 2020 | Volume 11 | Article 601686259

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ranchet et al. Brain Activity, Walking, and PD

CONCLUSIONS

This present study shows that patients with early stage PD
increased their DLPFC activity, already during usual walking to
compensate for subcortical dysfunction and executive deficits.
Furthermore, strong relationships between cortical activity in
the DLPFC during usual walking and behavioral measures were
found in all participants. Finally, longer times to complete part
B of TMT, and lower number of education years were found
to be the best predictors of an increased of 1HbO2 during
usual walking.
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Background: Patients with Parkinson’s disease (PD) and progressive supranuclear palsy

Richardson’s syndrome (PSP-RS) often show overlapping clinical features, leading to

misdiagnoses. The objective of this study was to investigate the feasibility and utility of

using multi-modal MRI datasets for an automatic differentiation of PD patients, PSP-RS

patients, and healthy control (HC) subjects.

Material and Methods: T1-weighted, T2-weighted, and diffusion-tensor (DTI) MRI

datasets from 45 PD patients, 20 PSP-RS patients, and 38 HC subjects were available

for this study. Using an atlas-based approach, regional values of brain morphology

(T1-weighted), brain iron metabolism (T2-weighted), and microstructural integrity (DTI)

were measured and employed for feature selection and subsequent classification using

combinations of various established machine learning methods.

Results: The optimal machine learning model using regional morphology features only

achieved a classification accuracy of 65% (67/103 correct classifications) differentiating

PD patients, PSP-RS patients, and HC subjects. The optimal machine learning model

using only quantitative T2 values performed slightly better and achieved an accuracy of

75.7% (78/103). The optimal classifier using DTI features alone performed considerably

better with 95.1% accuracy (98/103). The optimal multi-modal classifier using all features

also achieved an accuracy of 95.1% but required more features and achieved a slightly

lower F1-score compared to the optimal model using DTI features alone.

Conclusion: Machine learning models using multi-modal MRI perform significantly

better than uni-modal machine learning models using morphological parameters based

on T1-weighted MRI datasets alone or brain iron metabolism markers based on

T2-weighted MRI datasets alone. However, machine learnig models using regional brain

microstructural integrity metrics computed from DTI datasets perform similar to the

optimal multi-modal machine learning model. Thus, given the results from this study

cohort, it appears that morphology and brain iron metabolism markers may not provide

additional value for classification compared to using DTI metrics alone.

Keywords: machine learning, magnetic resonance imaging, computer-assisted image analysis, Parkinson’s

disease, progressive supranuclear palsy
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INTRODUCTION

The early differential diagnosis of classical Parkinson’s disease
(PD) and progressive supranuclear palsy (PSP)—in particular
the Richardson’s syndrome (PSP-RS)—is often limited by
overlapping symptom profiles, which are not effectively captured
by existing clinical scores or established diagnostic methods.
Within this context, failure rates of up to 24% have been
reported, even by movement disorders specialists (1). In clinical
practice, diagnosis of PD and PSP-RS is mostly based on clinical
examination including key features, response to levodopa, and
established scores such as the Unified PD Rating Scale (UPDRS)
(2). However, due to significant overlap of clinical symptoms
and inadequate accuracy of bedside tests, differential diagnosis
is often challenging, particularly in the early disease course. The
relevance of an accurate early diagnosis is closely related to
better disease management via appropriate drug administration,
patient care protocols, and might improve disease prognosis
considerably. Furthermore, the identification of early disease
manifestations may lead to better targeted pharmaceutical
therapies and enable advancements in developing more effective
drug therapies in this domain.

In this context, group-wise studies using various magnetic
resonance imaging (MRI) modalities such as T1-weighted (3, 4),
T2-weighted (5, 6), and diffusion-tensor MRI (DTI) (7, 8) have
shown significant differences between PD and PSP-RS patients
and healthy control (HC) subjects. These differences indicate
alterations in regional brain volume, brain iron metabolism, and
microstructural brain tissue degradation, all off which are closely
related to the neurodegenerative profiles of PD and PSP-RS
compared to HC subjects (9–11). Supervised machine learning
techniques are capable of identifying complex patterns in high-
dimensional data, whereas the identified patterns can then be
used to make patient-specific predictions on new unseen cases
(12). Machine learning has been used successfully for various
precision medicine problems (13) and multiple studies have
attempted to utilize features obtained from the aforementioned
group-wise studies to classify individual PD and PSP-RS patients
[e.g., (14–16)].

However, only a few scientific studies have truly tried to
harness the power of multi-modal imaging features to improve
differential classification of patients with PD and PSP-RS so far
[e.g., (17, 18)]. Moreover, the true benefit of using multi-modal
imaging over single modality imaging information has not been
explored in detail yet. Therefore, this study aims to present a
comprehensive end-to-end framework to classify patients with
PD, patients with PSP-RS, and HC subjects using T1-weighted,
T2-weighted, and DTI datasets and evaluate the accuracy of
optimal machine learning models trained using individual single
modality features as well as multi-modality features.

MATERIALS AND METHODS

Patients and Imaging
The study cohort used for this work has been previously
described in detail by Boelmans et al. (16). Briefly described, 45
PD, 20 PSP-RS, and 38 HC subjects presenting to the movement

disorder outpatient clinic of the Neurology Department of
the University Medical Center Hamburg-Eppendorf between
July 2009 and September 2010 were used for this secondary,
retrospective study. No sample size estimates were computed
or required for the primary observational study. The clinical
diagnosis of PD and PSP-RS was conducted according to the
UK Brain Bank criteria (19) and the National Institute of
Neurological Disorders and Stroke and Society for PSP (NINDS-
SPSP) (20), respectively. The inclusion criteria for the PSP-RS
group were probable PSP-RS subjects presenting as classical
Richardson’s syndrome with vertical palsy, axial rigidity, and
balance instability with early falls. PSP-RS patients who exhibited
prominent freezing phenomena, asymmetric clinical features,
and a clinically relevant levodopa response were excluded from
the study. The clinical characteristics of the study participants
are summarized in Table 1. The study was approved by the
local ethics committee and informed consent was attained from
all subjects.

All participants were scanned at the University Medical
Center Hamburg-Eppendorf, Germany, using a 3T Siemens
Skyra MR scanner (Figure 1). Among others, T1-weighted
MPRAGE, DTI, and triple-echo T2- and T2∗-weighted MRI
datasets were acquired for each patient. The high-resolution T1-
weighted MPRAGE dataset was acquired using TR = 1,900ms,
TE = 2.46ms, flip angle = 90◦, TI = 900ms, image in-plane
resolution of 0.94× 0.94 mm², and 0.94mm slice thickness.

T2-weighted and T2∗-weighted image sequences were
acquired for this study for R2, R2∗, and R2′ mapping. In detail,
for R2 mapping, a spin-echo sequence with 15 echoes per shot
was employed to record images using echo times of 12, 85,
and 158ms. A total of 24 slices with a thickness of 5mm with
a field-of-view of 240mm were acquired using a repetition
time of 4,590ms and a flip angle of 150◦. The T2∗-weighted
images were acquired with the same settings except for using a
single shot echo-planar sequence with TEs of 21, 52, and 88ms.

TABLE 1 | Demographic and clinical characteristics of study participants.

Parkinson’s

disease

Progressive

supranuclear palsy

Healthy

controls

Number of patients 45 20 38

Sex, M/F 33/12 9/11 24/14

Age at examination,

y, mean ± SD

(range)

66.1 ± 7.2 (45–77) 71.2 ± 5.7 (59–79) 61.9 ± 11.3

(41–80)

Disease duration, y,

mean ± SD (range)

13.7 ± 6.6 (2–30) 6.1 ± 3.4 (1–12) -

Hoehn&Yahr, mean

± SD (range)

2.6 ± 0.8 (1–4) 2.6 ± 0.8 (1–4) -

UPDRS motor score

(OFF condition),

mean ± SD (range)

37.4 ± 13.1

(14–63)

32.8 ± 12.0 (9–52) -

UPDRS motor score

(ON condition),

mean ± SD (range)

20.0 ± 10.7

(5–52)

28.9 ± 10.8 (6–48) -

MMSE, mean ± SD

(range)

28.1 ± 1.4 (23–30) 25.1 ± 2.8 (19–29) -
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FIGURE 1 | Selected slice from a multi-modal MRI dataset of a patient with Parkinson’s disease.

The R2 map was calculated by fitting the exponential function
SI(t) = SI0 exp(−t/T2) to the signal intensity decay curve SI(t)
given by the three TE images for each voxel of the T2-weighted
sequence, whereas R2 is defined by R2 = 1/T2. The R2∗ map
was calculated in the same fashion using the three TE images of
the T2∗-weighted sequence. Finally, the R2′ map was calculated
using the formula: 1/T2′ = 1/qT2∗ − 1/qT2, whereas R2′ is
defined by R2′ = 1/T2′. All computations required for R2/T2
mapping were performed using the in-house developed software
tool Antonia (21).

The DTI sequence was acquired using a single-shot balanced
echo-planar imaging sequence with TR = 4,500ms, TE = 83ms,
and flip angle = 90◦. A total of 27 slices with a thickness
of 5mm with an image in-plane resolution of 1.875 × 1.875
mm2 were acquired without diffusion gradients (b = 0 s/mm2)
and with diffusion gradients (b = 1,000 s/mm2) applied along
20 non-collinear directions, averaged over two acquisitions.
The DTI preprocess tool (22) was used for DTI processing to
generate the diffusion parameter maps (mean diffusivity [MD],
fractional anisotropy [FA], radial diffusivity [RD], and axial
diffusivity [AD]).

Image Registration
The automatic segmentation of anatomical brain regions was
performed by registration of the Montreal Neurological Institute
(MNI 152) brain atlas to each T1-weighted MPRAGE image
using NiftyReg (23), which allows transforming atlas brain
regions defined in the MNI space to each individual dataset
for volumetric analysis. More precisely, the MNI brain atlas
was registered to each T1-weighted MRI dataset using a
rigid transformation followed by an affine transformation. The
resulting affine transformation was then used for initialization of
a non-linear registration using a cubic B-Spline parametrisation
(free-form deformation). After this, the Harvard-Oxford cortical,
Harvard-Oxford subcortical, MNI, and the Johns Hopkins

University (JHU) white matter tractography atlas brain regions
were transformed to each T1-weighted MRI dataset using the
corresponding non-linear transformation and a nearest-neighbor
interpolation. In addition to the parcellated atlas brain regions,
the non-linear deformation field was also used for transforming
a binary segmentation of the total intracranial volume to the
T1-weighted dataset of each patient.

After this, the T2-weighted and diffusion-weighted datasets
were non-linearly registered to the corresponding T1-weighted
MRI dataset from the same patients using ANTs (24) to enable
a combined analysis. More precisely, the average (b = 1,000
s/mm2) DTI image was used as the reference for this due to
improved anatomical details and higher similarity to the T1-
weighted dataset. This registration also consisted of a rigid
followed by an affine transformation used for initialization
of the non-linear registration, which was performed using a
symmetric diffeomorphic image registration method, to allow
correcting for distortion artifacts. The resulting transformation
was then used to transform the DTI-derived parameter maps
(MD, FA, RD, AD) to the corresponding T1-weighted MRI
dataset from the same patient. The same approach was used for
registration of the T2-weighted datasets to the T1-weighted MRI
dataset whereas the dataset from the triple-echo T2-weighted
sequence acquired with the longest echo time was used as the
reference in this case. The resulting transformation was then
used to transform the T2 parameter maps (R2, R2∗, R2′) to the
corresponding T1-weighted MRI dataset. All registration results
were visually checked to ensure optimal registration quality, so
that no missing values or significant outliers were present in the
extracted features.

Feature Extraction
An overview of the extracted features using the different brain
atlas regions is presented in Table 2. In detail, the Harvard-
Oxford subcortical atlas defined in the MNI reference space
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TABLE 2 | Overview of atlases and number of features extracted for regional analysis of morphology, brain iron accumulation/deposition, and microstructural integrity.

Modality Type of feature Atlases used Total number of

extracted features

T1-weighted MRI Morphology:

Regional Volume (V)

Regional Brain Surface (SA)

Regional Surface area to

Volume Ratio (SA:V)

Harvard-Oxford Cortical 234

Harvard-Oxford Sub Cortical

MNI brain regions

T2-weighted MRI Brain iron content:

R2, R2*, R2′
Harvard-Oxford Cortical 396

Harvard-Oxford Sub Cortical

Johns Hopkins University

White Matter Tractography

Diffusion-tensor MRI Microstructural integrity:

Mean diffusivity (MD)

Fractional anisotropy (FA)

Radial diffusivity (RD)

Axial diffusivity (AD)

Harvard-Oxford Cortical 520

Harvard-Oxford Sub Cortical

Johns Hopkins University

White Matter Tractography

consists of 21 brain regions such as the thalamus, caudate,
hippocampus, and brainstem. The Harvard-Oxford cortical atlas
consists of 48 brain regions such as the insular cortex, precentral
gyrus, and temporal pole. The MNI brain regions (not to
be confused with the MNI 152 atlas used for registration)
include nine well-known large structures such as the cerebellum,
frontal lobe, temporal lobe, and others. Finally, the JHU atlas
includes 20 structural white matter tracts such as anterior
thalamic radiation, forceps major/minor, superior longitudinal
fasciculus and others, which have been widely used in DTI-
based studies.

In a first step, the registered Harvard-Oxford cortical,
Harvard-Oxford sub-cortical, and MNI brain regions were used
to quantify the volumes of the corresponding brain regions. To
account for different global head sizes, the extracted volumes
were normalized using the full intracranial volumes as described
previously (25). Apart from the volume, the surface area as well
as the surface-area-to-volume ratio (SA:V) was also determined
for each brain region in the Harvard-Oxford cortical, Harvard-
Oxford sub-cortical, and MNI brain atlas. For calculation of the
SA:V, the raw regional volumes instead of the volumes corrected
for the full intracranial volume were used since the SA:V metric
is intrinsically normalized by dividing the surface area by the
corresponding volume and would be skewed otherwise. Since
the morphological parameters are of reduced interest for white
matter tract analysis, the JHU atlas regions were not considered
for morphological analysis. It should be noted that the regions
used from the MNI brain atlas for the morphological analysis
include the large lobes and cerebellum, which are composed of
many of the smaller structures defined in the other atlases. These
larger structures were included for the morphological analysis to
quantify more global atrophy effects that might be missed when
analyzing the small structures only. As each lobe contains a large
number of the smaller structures defined in the other atlases, the
measured morphological parameters for the large lobes are not
likely to show high redundancy despite the overlap.

After this, the registered Harvard-Oxford cortical, Harvard-
Oxford sub-cortical, and JHU atlas brain regions were used to

quantify the corresponding median DTI parameters (MD, FA,
RD, AD) and T2 parameters (R2, R2∗, R2′) in the corresponding
atlas brain regions. Median instead of average values were
used to account for potential non-normal value distribution
and partial volume effects at the border of brain structures.
The MNI brain regions were not used for analysis of the
DTI and T2-weighted datasets because the corresponding brain
regions are rather large, so that localized microstructural and
iron deposition differences would not be captured. Using this
approach, a total of 1,150 features describing the regional
morphology, iron accumulation/deposition, and microstructural
integrity were extracted and used for training and testing of
machine learning models described below.

Machine Learning Pipeline
The machine learning framework implemented for this study
consists of a feature ranking/selection and classification stage.
In detail, features are initially ranked based on their relevance
for the classification task using each of the following feature
selection algorithms: correlation attribute evaluator, gain
ratio/information gain evaluator, principle component analysis,
RELIEFF, and support vector machine attribute evaluator.
After this, the 100 highest ranked features for each ranking
method were selected for initial inclusion for classification.
This number was selected to decrease computational processing
times associated with higher number of features but also to
ensure that more observations than features are available to
solve the classification problems. Each set of ranked features
was then used to train each of the following classification
models: simple decision tree, random forest, logistic model
tree, k-nearest neighbors, naive Bayes, support vector machine
(SVM), and multi-layer perceptron. All models were trained
using the models implemented in Weka (26) with standard
hyper-parameter values to reduce the risk of overfitting.

A leave-one-out cross validation routine was employed for
classifier performance evaluation. To prevent double dipping, the
leave-one-out cross validation also included the feature ranking.
The optimal number of highest ranked features used for training
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TABLE 3 | Confusion matrix following a gain ratio + SVM classification combination using morphological features only.

Morphology Features (Surface area, Volume, and Surface-Area-to-Volume Ratio Features)

Class TP Rate FP Rate Precision Recall F-Measure MCC ROC Area Confusion Matrix Accuracy

HC PD PSP-RS

HC 0.605 0.185 0.657 0.605 0.630 0.429 0.710 23 12 3 65.0%

PD 0.622 0.241 0.667 0.622 0.644 0.384 0.690 10 28 7

PSP-RS 0.800 0.120 0.615 0.800 0.696 0.619 0.840 2 2 16

TP, True Positive; FP, False Positive; MCC, Matthews Correlation Coefficient; ROC AUC, Area under the receiver operating characteristic curve; HC, Healthy Controls; PD, Parkinson’s

disease; PSP-RS, Progressive supranuclear palsy Richardson’s syndrome.

TABLE 4 | Confusion matrix following a PCA + LMT classification combination using brain iron content measures only.

T2-weighted Image Features (based on quantitative R2, R2′, and R2* Features)

Class TP Rate FP Rate Precision Recall F-Measure MCC ROC Area Confusion Matrix Accuracy

HC PD PSP-RS

HC 0.763 0.108 0.806 0.763 0.784 0.663 0.875 29 7 2 75.7%

PD 0.756 0.207 0.739 0.756 0.747 0.547 0.845 7 34 4

PSP-RS 0.750 0.072 0.714 0.750 0.732 0.665 0.948 0 5 15

TP, True Positive; FP, False Positive; MCC, Matthews Correlation Coefficient; ROC AUC, Area under the receiver operating characteristic curve; HC, Healthy Controls; PD, Parkinson’s

disease; PSP-RS, Progressive supranuclear palsy Richardson’s syndrome.

and testing of the classifier was systematically optimized by
iteratively removing the lowest ranked feature from the training
and testing sets. This recursive feature elimination approach was
performed by continuously removing the features from the initial
100 highest ranked features until only a single feature was left in
the training and testing sets.

In order to identify the optimal combination of feature
selection and classification method, the overall 3-level
classification accuracy was used as the main evaluation metric. In
case of equal classification performance, the feature selection and
classification method combination requiring the lowest number
of features is reported following the Occam’s razor principle (27).

The pipeline described above was applied four times: (1)
using the morphological features only, (2) using the R2 features
only, (3) using the diffusion features only, and (4) using all
features together.

RESULTS

In the following, the results of the best performing feature
selection and classification combination using the singlemodality
features and the combined multi-modal features, as well as the
corresponding selected features are described.

T1-Weighted MRI
Regional brain volume, surface area, and surface area to volume
ratio features derived from structural T1-weighted MRI datasets
resulted in a top overall accuracy of 65% differentiating PD, PSP-
RS, and HC subjects, respectively. The confusion matrix and
additional evaluation metrics for the optimal machine learning
model are presented in Table 3. This accuracy was achieved when

the top 40 features were selected using a combination of the
gain ratio feature ranking and linear kernel SVM classification
approach. In detail, the differentiation of HC subjects and
patients with PD or PSP-RS was rather poor, with a total of 15
out of 38 misclassified HC subjects. Furthermore, classification
of PD was also sub-optimal, resulting in 10 and seven PD
patients wrongly classified as HC and PSP-RS, respectively. The
top ranked features consisted mainly of sub-cortical structures
such as brainstem, pallidum, putamen, thalamus, and cortical
structures, including the occipital pole, frontal and temporal
gyrus, and opercular gyrus. In addition, volume, surface area, and
SA:V features were equally present in the ranking, indicating the
importance of including various multi-aspect (not multi-modal)
T1-weighted features and not only the simple volumes.

T2-Weighted MRI
The classification results using the regional R2, R2∗, and
R2′ features are described in Table 4. In this case, the
highest classification accuracy of 75.7% was obtained using the
top 30 features selected by the principle component feature
selection method in combination with a logistic model tree
(LMT) classification model. In detail, nine HC subjects were
misclassified as patients (7 PD and 2 PSP-RS), seven PD patients
were wrongly classified as HC, and two PD patients wrongly
classified as PSP-RS. In addition, five patients with PSP-RS were
wrongly classified as PD. Overall, weighted combinations of brain
iron metabolism measures in the cerebral cortex, left accumbens,
left amygdala, and left hippocampus were present in the highest
ranked principle component features.
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TABLE 5 | Confusion matrix following an information gain + LMT classification combination using DTI maps only.

Diffusion Tensor Imaging Features (MD, FA, RD, AD Features)

Class TP Rate FP Rate Precision Recall F-Measure MCC ROC Area Confusion Matrix Accuracy

HC PD PSP-RS

HC 1.000 0.000 1.000 1.000 1.000 1.000 1.000 38 0 0 95.1%

PD 0.933 0.034 0.955 0.933 0.944 0.901 0.975 0 42 3

PSP-RS 0.900 0.036 0.857 0.900 0.878 0.848 0.968 0 2 18

TP, True Positive; FP, False Positive; MCC, Matthews Correlation Coefficient; ROC AUC, Area under the receiver operating characteristic curve; HC, Healthy Controls; PD, Parkinson’s

disease; PSP-RS, Progressive supranuclear palsy Richardson’s syndrome; MD, Mean diffusivity; FA, Fractional anisotropy; RD, Radial diffusivity; AD, Axial diffusivity.

Diffusion-Tensor Imaging (DTI)
The classification results based on the DTI measurements alone
(MD, FA, RD, AD maps) are shown in Table 5. The highest
classification accuracy was obtained when the top 69 features
were used. In detail, the information gain-based feature ranking
method in combination with a logistic model tree (LMT)
classification resulted in a classification accuracy of 95.1%.
Overall, a total of five subjects were misclassified (three PD and
two PSP-RS patients), whereas no HC subjects were misclassified.
The highest-ranking diffusion features included mostly cortical
regions such as the parahipocampal gyrus, cingulum, cingulate
gyrus, opercular cortex as well as sub-cortical structures such as
the thalamus, brainstem, and pallidum.

Combining Multiple Modalities
The classification results based on the complete multi-modal
feature set utilizing features from T1-weighted MRI (brain
surface area, brain volume, SA:V), T2-weighted MRI (R2, R2∗,
and R2′), as well as DTI (MD, FA, RD, AD maps) are shown in
Table 6. The highest classification accuracy in this multi-modal
model was obtained when the top 79 features were used. In
detail, the support vector machine feature ranking method in
combination with a multi layer perceptron (MLP) classification
resulted in the highest performance of 95%. Overall, a total of five
subjects were misclassified including one PD and four PSP-RS
patients, whereas none of the HC subjects were misclassified.

The selected features included features from all three MRI
sequences (see Table 7). In detail, eleven features from the total
set of 79 were morphological features, including deep gray
matter regions such as the left pallidum, left and right thalamus,
left caudate, and brainstem. Several cortical structures such as
precentral and supramarginal gyrus, angular gyrus, temporal
fusiform cortex, and planum polare were also among the top
ranked features. Moreover, most of the morphological features
selected for this classification problem included volume values
rather than brain surface area or the SA:V. In terms of brain
iron metabolism markers, a total of 12 features were present in
the optimal feature set. Brain iron metabolism markers in areas
such as the temporal fusiform, parahippocampal gyrus, frontal
gyrus, and others were ranked highly according to the SVM-
based feature selector with R2′ features being selected more than
twice as often as R2 and R2∗ features. All remaining top ranked
features (n = 56) were diffusion features. Diffusion attributes in

regions such as parahippocampal gyrus, insular cortex, pallidum,
thalamus, brainstem, putamen, and others were ranked as the
most discriminative features. Similar numbers of all diffusion
parameters were selected.

DISCUSSION

Low accuracies of differential diagnosis between classical PD and
PSP-RS based on established criteria, even when combined with
standard anatomical MRI, have promoted the development of
sophisticated machine learning frameworks for assisting with
clinical diagnosis. Neuro-imaging data obtained from various
MRI modalities have been widely employed for this purpose,
whereas T1-, T2-, and diffusion-tensor MRI have been used most
frequently. The main contribution of this work is that, for the
first time, the benefit of a multi-parametric machine learning
approach compared to uni-modal machine learning models was
systematically investigated, whereas the results indicate that brain
morphology and brain iron metabolism markers do not lead to
quantitative benefits compared to using DTI features alone for
an automatic classification of PD patients, PSP-RS patients, and
HC subjects.

Overall, the results of this study are generally well in line
with previous research as discussed in the following. However,
it should be noted that it is not possible to directly compare
the individual classification results of this study with others due
to different patient samples, different evaluation schemes, and
specific aims.

T1-Weighted MRI
Most previously described classification models are based on
morphological parameters determined using T1-weighted MRI
datasets.While several other individual level classification studies
using volumetric features have reported accuracies differentiating
Parkinsonian syndromes ranging from <50% up to 86% [e.g.,
(14, 28)], previously described volumetric-based studies mostly
report low accuracies differentiating patients with PD from HC
subjects using volume-based features. The optimal morphology-
based classifier in this study performed poorly classifying PD
patients andHC subjects resulting in a∼26% error rate. Thus, the
results obtained in this study for classifying PD patients and HC
subjects using morphology features are consistent with previous
studies. One potential reason for the poor ability of morphology
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TABLE 6 | Confusion matrix following an SVM based feature selection + MLP classification combination using features from multiple MRI modalities.

Combination of All Imaging Features (Morphology, Brain Iron Content Marker, Diffusion)

Class TP Rate FP Rate Precision Recall F-Measure MCC ROC AUC Confusion Matrix Accuracy

HC PD PSP-RS

HC 1.000 0.000 1.000 1.000 1.000 1.000 1.000 38 0 0 95.1%

PD 0.978 0.069 0.917 0.978 0.946 0.904 0.986 0 44 1

PSP-RS 0.800 0.012 0.941 0.800 0.865 0.840 0.983 0 4 16

TP, True Positive; FP, False Positive; MCC, Matthews Correlation Coefficient; ROC AUC, Area under the receiver operating characteristic curve; HC Healthy Controls; PD, Parkinson’s

disease; PSP-RS, Progressive supranuclear palsy Richardson’s syndrome.

TABLE 7 | Feature composition of the SVM based feature selection + MLP classification combination using features from multiple MRI modalities.

Modality V SA SA:V R2 R2* R2′ FA MD AD RD Total

T1-weighted 6 2 3 – – – – – – – 11

T2-weighted – – – 2 3 7 – – – – 12

DTI – – – – – – 15 12 13 16 56

V, Volume; SA, Surface Area; SA:V, Surface-Area-to-Volume ratio; FA, Fractional Anisotropy; MD, Mean Diffusivity; AD, Axial Diffusivity; RD, Radial Diffusivity.

metrics to differentiate PD patients and HC subjects could be
related to less pronounced structural differences in these groups
(29). Consequently, macro-structural features (i.e., morphology)
do not seem sensitive enough to differentiate PD patients from
HC subjects. In terms of PD vs. PSP classification, individual
level classification methods using morphology features as, for
example, previously described by Scherfler et al. (30), Sarica
et al. (31), and Focke et al. (32) all reported comparably high
classification accuracies. Unlike the PD vs. HC classification, it
appears that features derived from high-resolution T1-weighted
images are indeed valuable for differentiation of these two
entities. Similarly, the optimal machine learning model in this
work performed relatively well, only misclassifying 13% of the
patients. Finally, studies focusing on PSP vs. HC classification
have resulted in even higher accuracies of up to 94%. In detail,
the highest accuracy for classification of PSP vs. HC with 93.98%
was previously reported by Sarica et al. (31) by using volumetric
features in a naive Bayes classifier validated by a 10-fold cross
validation in a relatively large cohort of 46 HC, 65 PD, and 32
PSP. These results are to be expected considering the significant
structural and functional differences in PSP patients compared to
HC subjects. In the present study, a classification accuracy of 89%
was achieved for the PSP-RS vs. HC classification in a three-level
classification routine, also including HC subjects. Due to the clear
potential for differentiating PSP-RS patients from PD patients
and HC subjects, incorporation of morphological features within
a computer-aided diagnosis framework appears still valuable and
can add predictive value to such tools.

The main findings of this research project with implications
to future developments of classification methods for PD vs.
PSP-RS vs. HC differentiation using morphology features are
2-fold. First, the inclusion of the surface area and SA:V
values provide complimentary information compared to using
volumetric features only as the top features for this classification
task consist (almost evenly) of a wide variety of all three

morphological metrics, which is in line with findings from
another recent study (25). Second, adding the morphological
profiles of cortical structures for classification does not seem
to improve the classification accuracy as most selected features
belong to sub-cortical rather than cortical regions, which is in line
with previous findings (25).

T2-Weighted MRI
In a similar study, Boelmans et al. utilized brain iron metabolism
markers in a logistic discriminant analysis approach to classify
24 HC, 30 PD, and 12 PSP subjects (16). Subsequently, the
classification resulted in an overall accuracy of 74.2%. Using
a similar classification pipeline, Eckert et al. achieved a total
accuracy of 75.4% based on a sample of 20 HC, 15 PD, 10
PSP, and 12 multiple system atrophy (MSA) subjects (33).
However, the two studies mentioned did not utilize a feature
section method but employed a manual selection of a few
brain regions. In this study, a similar accuracy of 75.7% was
obtained using a sample size of 45 PD, 20 PSP-RS, and 38
HC subjects following an automatic PCA feature selection and
LMT classification method. While the accuracies obtained are
similar, there are three significant differences between the other
two studies and ours. First, the patient sample used in this
study is considerably larger. Second, the previous studies did not
perform cross validation, whereas leave-one-out-cross-validation
was used in this study. Third, the features used for classification in
the two previous studies were handpicked and not automatically
identified as done in this work, which could introduce a
selection bias.

In terms of PD vs. HC classification, the optimal machine
learning model identified in this study performs rather poorly
with seven PD wrongly classified as HC subjects and vice
versa. The misclassification in this category was also the
main contributor for downgrading the overall classification
performance. A potential explanation for this result could
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be that iron metabolism markers do not differ considerably
between HC subjects and PD patients, therefore resulting in
sub-optimal classification performance. Similar tomorphological
information, brain iron metabolism markers, seem to be
inadequate features to differentiate between PD patients and
HC subjects. Likewise, the differentiation of PSP-RS vs. PD
patients was rather modest with four PD and five PSP-RS patients
wrongly classified as PSP-RS and PD, respectively. While the
optimal classifier using morphological features also resulted in
a total of nine misclassified instances differentiating PD vs.
PSP-RS, the difference is that misclassified patients using brain
iron metabolism features were rather balanced between the two
diseases, whereas morphological features exhibited a weaker PSP-
RS classification ability. In addition, the differentiation of HC
subjects vs. PSP-RS patients was far better resulting in only
two PSP-RS subjects misclassified as HC. Thus, regional iron
metabolism markers seem to differ considerably between PSP-
RS patients and HC subjects, which is consistent with current
literature (34).

Overall, brain iron metabolism markers do not seem to
be good predictors for the differentiation of HC subjects
from PD patients and PSP-RS from PD patients. Finally, it
should be mentioned that the optimal feature selection method
used for this classification task (PCA: principle component
analysis) composes new features from a linear combination
of the original features, which makes it more complicated to
investigate how individual features from the initial feature set
contribute to the overall classification. Generally, more research
needs to be focused on investigating the association of the
regional brain atrophy (i.e., morphological cell loss) and tissue
iron accumulation.

Diffusion-Tensor MRI
Various previous studies have shown that diffusion-based
features can be used for a classification of PD patients and
HC subjects. For example, Scherfler et al. (35), Salamanca et
al. (36), and Banerjee et al. (37) used diffusion metrics such as
MD (synonym: apparent diffusion coefficient [ADC]) and FA
parameter maps for classification and obtained accuracies of up
to 98%. This is generally in line with the findings of this work,
with a top accuracy of 100% achieved for the classification of
PD patients and HC subjects using an information gain feature
ranking and LMT classification approach with a sample size of 45
PD patients and 38 HC subjects. Thus, it may be concluded that
the differentiation potential of DTImeasurements is much higher
than the previously discussed regional brain morphological and
iron metabolism features. One potential explanation for this
finding is that micro-structural changes are assumed to occur
earlier than macro-structural changes or measurable tissue iron
accumulation (38).

With respect to differentiating PD and PSP-RS syndromes,
two PSP-RS and three PD patients were wrongly classified
as PD and PSP-RS, respectively. The obtained sub-syndrome
classification accuracy is among the top results reported in
literature thus far. However, it should be noted that this is not
the first work to employ DTI measurements for classification of
PD and PSP-RS subjects although previous research on this is

rather scarce. For example, Haller et al. presented an approach
to classify PD subjects (n = 17) and subjects with atypical forms
(n = 23) of Parkinsonism using the RELIEFF feature selection
method and a support vector machine classifier, and voxel-wise
FA values as features (15). A correct classification between PD
patients vs. patients with atypical forms was achieved in up to
97.5 ± 7.5%. However, it should be noted that the group of
23 subjects with atypical forms of Parkinsonism included only
one patient with PSP while the other subjects in this group
were, for example, diagnosed with MSA, dementia with Lewy
bodies, vascular Parkinsonism, and even traumatic brain injury.
Thus, the results are not really comparable to those described in
this work.

Several interesting conclusions can be made by investigating
the results of the optimal classification model and selected
features in more detail. First, it appears that diffusion changes
are a global effect since cortical as well as sub-cortical structures
brain regions can be found among the highest ranked features
selected for the classification. The 69 selected features used
for classification included brain regions that are well-known
to be affected in by PD such as the brainstem, and deep
gray matter structures including the thalamus, putamen, and
pallidum. Additionally, brain regions that are part of the frontal
cortex, namely the superior frontal gyrus and frontal medial
cortex are among the selected regions, which are part of
the prefrontal dopaminergic system. Additionally, it appears
useful to investigate all four diffusion parameters as similar
numbers of the four DTI features were selected for the optimal
machine learning model. Within this context, it should be
noted that most previous studies have only used FA and MD
values for classification or group-wise studies. Similar to the
different morphological features, the incorporation of multi-
facet DTI features seems to have the potential to improve
machine learning models by elucidating several aspects of
PD syndromes.

Multi-Modal Features
Several studies have been performed in the past aiming to classify
patients with PD and HC patients by combining multi-modal
image features. For example, Long et al. utilized structural and
functional MRI information to classify PD patients and HC
subjects (17). The results reported show that the combination of
features leads to an improved classification accuracy of 86.9%.
In a study similar to this work, Peran et al. combined T1-
weighted, T2-weighted, and diffusion-weightedMRI features and
reported a PD vs. HC classification accuracy of 95% for the
corresponding machine learning model (18). In line with these
findings, the optimal PD vs. HC classification model developed
in this work using the multi-modal MRI data achieved a slightly
better accuracy of 100% for differentiating PD patients and
HC subjects. However, unlike the aforementioned studies that
performed binary classifications, the differentiation task in this
study was inherently more complex as three classes (PD, PSP-
RS, HC) were considered. While the differentiation of PD vs.
HC using the full multi-modal feature set outperformed single
modality machine learning models using morphological and iron
content markers alone, it was not superior compared to the
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machine learning model using only DTI features. In line with
this finding, most of the features selected for the final model were
DTI parameters.

Similarly, multiple studies have also attempted to develop and
evaluate multi-modal machine learning models for classification
of PD vs. PSP. For example, Morisi et al. combined volumetric,
diffusion, and proton spectroscopy measures within a linear
kernel SVM model and obtained an accuracy of 98% (39).
Cherubini et al. used volumetric and diffusion features from
a large sample of 57 PD and 21 PSP patients and achieved
an accuracy of 100% using only white matter features (40).
In the present study, a PSP vs. PD differentiation of 93%
was achieved using multi-modal MRI features, which is in the
range of the previously described results of binary classification
problems. While the multi-modal machine learning model
clearly outperforms the corresponding machine learning models
using morphology or brain iron accumulation features alone,
the accuracy is on par with the machine learning model using
DTI parameters only. However, themulti-modal model wasmore
precise correctly classifying PD patients, but less precise correctly
classifying PSP patients compared to the machine learning model
using DTI metrics only.

Classification Model
A large number of feature selection methods such as information
gain, principal component analysis, linear-kernel SVM based
feature selection, RELIEFF, Fisher vector algorithm, evolutionary
based techniques, fuzzy based data transformation, graph
theory methods, and others have been employed in previous
studies. At the same time, many previous studies did not
incorporate any feature selection algorithm and simply
employed pre-selected sub-syndrome specific features from
a limited number of regions-of-interest instead. Within this
context, the use of feature selection methods allows identifying
important regions in a data-driven way, while manually
selecting brain regions for a machine learning model might miss
important regions.

Similar to the feature selection methods, a wide range
of classification techniques such as support vector machines,
different types of decision trees, linear and logistic regression,
multi-layer perceptron models, and others have been used in
previous machine learning models.

The fact that different setups of feature selection methods
and machine learning models were found to be optimal for
the different classification tasks in this work shows that it is
important to test and evaluate different setups to identify the
optimal setup for a given classification task. Within this context,
it is important to ensure that the developed models do not
overfit the training data. For this reason, the machine learning
models were trained and tested only using the standard hyper
parameters in this work. Additionally, the results of all machine
learning models were carefully checked and none of the models
reported outperformed the next best machine learning model by
far. Thus, further classification improvements might be possible
by further fine-tuning of the hyper-parameters. Nevertheless, we

are confident that the main findings of this research study will
still hold true.

Limitations
This study has some limitations that should be discussed.
First, the study cohort used in this work, while relatively large
compared to similar studies, is still not large enough to fully
expand on the generalizability of the proposed model. This
limitation is further perpetuated by the lower incidences for PSP-
RS compared to PD. Furthermore, an independent validation
dataset, preferably acquired in different imaging centers, would
be a more rigorous approach of model verification. However,
this separate dataset was not available for this present study
to further test the proposed model. We opted not to separate
the current dataset into completely separate training and
validation sub-groups as the training cohort would not have
been sufficiently large enough to train a generalized classifier,
potentially resulting in an over-fitted model. It is worth noting
that studies employing separate validation datasets are rather
scarce in this context, so that cross validation methods are used
most frequently for classifier validation. Second, the ground truth
classifications were determined by an expert clinician according
to established consensus criteria without neuropathological
proofs. Thus, there may be still a minor level of uncertainty
left regarding the ground truth classification used for training
and evaluation of the classifier. It should also be mentioned
that due to the retrospective design of this study, the ground
truth diagnoses were not based on the most recent guidelines
for PD and PSP-RS diagnosis (41–43). However, all patients and
participants included in this study were seen by two movement
disorder specialists at least two times ensuring highly probable
ground truth classifications. Third, the patient groups differed
considerably regarding the age and sex distribution, which might
bias the results obtained in this research project towards higher
accuracies. Ideally, datasets from subjects with similar age and
sex distributions should be used for training and testing to
obtain more accurate and generalizable classification models.
However, this is not an easy task as obtaining data with such
strict specifications is time-consuming and expensive and is
an undertaking that was not feasible for this research project
due to the retrospective data analysis. Finally, it should be
mentioned that only conventional machine learning techniques
were used in this study instead of sophisticated deep learning
models, which have recently shown good achievements for PD
classification (44). However, the machine learning models used
in this work require less data compared to novel deep learning
models and, thus, allowed investigating different imaging setups
in detail given the sample size available. We believe that the
main findings of this study also hold true for novel deep learning
methods with a deep learning model using DTI parameter maps
performing on par or outperforming deep learning models based
on T1-weighted datasets or T2-weighted datasets alone or a
combination of all of these images. Nevertheless, this needs to
be investigated in future studies with larger sample sizes as
deep learning models are assumed to be more “data-hungry”
compared to traditional machine learning techniques.
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CONCLUSION

The results of this study suggest that machine learning models
using regional brain microstructural integrity metrics computed
from DTI datasets perform similar to multi-modal machine
learning models incorporating additional imaging metrics such
as brain morphology and iron metabolism to differentiate PD,
PSP-RS, and HC subjects.
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Freezing of gait (FOG) has devastating consequences for patients with Parkinson’s

disease (PD), but the underlying pathophysiological mechanism is unclear. This was

investigated in the present study by integrated structural and functional connectivity

analyses of PD patients with or without FOG (PD FOG+ and PD FOG–, respectively)

and healthy control (HC) subjects. We performed resting-state functional magnetic

resonance imaging (fMRI) and diffusion tensor imaging of 24 PD FOG+ patients, 37 PD

FOG– patients, and 24 HCs. Tract-based spatial statistics was applied to identify white

matter (WM) abnormalities across the whole brain. Fractional anisotropy (FA) and mean

diffusivity (MD) of abnormal WM areas were compared among groups, and correlations

between these parameters and clinical severity as determined by FOG Questionnaire

(FOGQ) score were analyzed. Voxel-mirrored homotopic connectivity (VMHC) was

calculated to identify brain regions with abnormal interhemispheric connectivity.

Structural and functional measures were integrated by calculating correlations between

VMHC and FOGQ score and between FA, MD, and VMHC. The results showed that

PD FOG+ and PD FOG– patients had decreased FA in the corpus callosum (CC),

cingulum (hippocampus), and superior longitudinal fasciculus and increased MD in the

CC, internal capsule, corona radiata, superior longitudinal fasciculus, and thalamus.

PD FOG+ patients had more WM abnormalities than PD FOG– patients. FA and MD

differed significantly among the splenium, body, and genu of the CC in all three groups

(P < 0.05). The decreased FA in the CC was positively correlated with FOGQ score. PD

FOG+ patients showed decreased VMHC in the post-central gyrus (PCG), pre-central

gyrus, and parietal inferior margin. In PD FOG+ patients, VMHC in the PCG was

negatively correlated with FOGQ score but positively correlated with FA in CC. Thus,

FOG is associated with impaired interhemispheric brain connectivity measured by FA,

MD, and VMHC, which are related to clinical FOG severity. These results demonstrate

that integrating structural and functional MRI data can provide new insight into the

pathophysiological mechanism of FOG in PD.

Keywords: Parkinson’s disease, freezing of gait, diffusion tensor imaging, resting state fMRI, voxel-mirrored

homotopic connectivity
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INTRODUCTION

Freezing of gait (FOG), which is among the most serious
symptoms of Parkinson’s disease (PD) (1), is defined as the
inability to achieve an effective gait when walking (2). PD
with FOG (PD FOG+) is characterized by severe and sudden
gait disorder, with patients describing a feeling that their feet
are glued to the floor. The duration of FOG is usually a few
seconds but occasionally lasts for dozens of seconds or more.
Unlike other cardinal symptoms, FOG is difficult to manage with
dopaminergic drugs or deep brain stimulation (3).

FOG is considered a mysterious clinical phenomenon, and the
underlying pathophysiological mechanism is unclear (1, 2, 4).
One explanation that has been proposed is that the difficulty
of performing movements autonomously results in an increased
reliance on attention to execute movements (5). It has also been
suggested that executive dysfunction prevents PD patients from
performing an action when it is required (6). Impaired control of
rhythmicity, bilateral coordination, and gait asymmetry are also
important aspects of freezing (7).

Brain white matter (WM) abnormalities in PD FOG+
rarely overlap. Altered WM connectivity has been observed in
the bilateral pedunculopontine nucleus and superior premotor
cortex and left supplementary motor area (8). One study found
no difference in the tract projecting from the supplementary
motor region to subcortical regions between PD FOG+ and
PD without FOG (PD FOG–) (9). However, damage to multiple
cortical areas involved in high-level gait control along with
WM disruption in motor, cognitive, and limbic structures may
constitute the anatomic correlates of FOG (10).

Voxel-mirrored homotopic connectivity (VMHC) analysis
based on resting-state functional magnetic resonance imaging
(fMRI) data has been proposed as a means of measuring
the synchronization of spontaneous neural activity [functional
connectivity (FC)] between interhemispheric regions (11).
Specifically, Pearson’s correlation coefficient between the time
series of the low-frequency (0.01–0.08Hz) blood oxygen level-
dependent signal of each voxel and that of its spatially symmetric
counterpart in the contralateral hemisphere is calculated, and
the VMHC value is calculated by Fisher’s Z transformation and
weighting by voxel-wise gray matter probability. Further group-
level analysis is performed to identify clusters or brain regions
with significantly different VMHC (12, 13). A decreased VMHC
has been reported in PD in brain regions related to information
processing, sensory integration, and motor coordination (11)

Abbreviations: CC, corpus callosum; CSF, cerebrospinal fluid; DTI, diffusion

tensor imaging; EPI, echo planar imaging; FA, fractional anisotropy; FAB, Frontal

Assessment Battery; FC, functional connectivity; FDR, false discovery rate; fMRI,

functional magnetic resonance imaging; FOG, freezing of gait; FOGQ, freezing

of gait questionnaire; FOV, field of view; HARS, Hamilton Anxiety Rating Scale;

HC, healthy control; HDRS, Hamilton Depression Rating Scale; H&Y, Hoehn

and Yahr; MD, mean diffusivity; MMSE, Mini-mental State Examination; MoCA,

Montreal Cognitive Assessment; MRI, magnetic resonance imaging; PCG, post-

central gyrus; PD, Parkinson’s disease; PD FOG+, Parkinson’s disease with freezing

of gait; PD FOG–, Parkinson’s disease without freezing of gait; PRG, pre-central

gyrus; TBSS, tract-based spatial statistics; TE, echo time; TR, repetition time; TUG,

timed up and go; UPDRS, Unified Parkinson’s Disease Resting Scale; VMHC,

voxel-mirrored homotopic connectivity; WM, white matter.

including the putamen and cortex (14). Moreover, PD FOG+
patients were shown to have lower VMHC in the inferior parietal
lobe than PD FOG– patients (15).

Few studies have investigated the etiology of FOG in PD
by integrating structural and functional brain connectivity data
because of the difficulty of data acquisition. Tract-based spatial
statistics (TBSS) and independent component analysis have been
used to investigate abnormalities in structural connectivity and
FC, respectively (16). However, no WM differences have been
observed between PD FOG+ and PD FOG– patients (17). In
another study, no structural abnormalities were found in PD
FOG+ patients by TBSS and FC analysis (2).

In the present study, we used TBSS to examine structural
defects in the brain of PD patients with or without FOG.
Fractional anisotropy (FA) and mean diffusivity (MD) in the
splenium, body, and genu of the corpus callosum (CC) were
compared between PD FOG+ and PD FOG– patients and
healthy control (HC) subjects, and the correlations between
these parameters and clinical severity as reflected by FOG
Questionnaire (FOGQ) score (18) were analyzed. We also used
VMHC to identify regions with abnormal interhemispheric
FC. After evaluating the correlation between VMHC and
FOGQ score, correlations between VMHC, FA, and MD were
determined to integrate structural and functional indices.

METHODS

Participants
A total of 61 right-handed PD patients were recruited for this
study. All patients met the Parkinson’s diagnostic criteria of
the UK Brain Bank. The exclusion criteria were as follows: (1)
previous history of cerebrovascular disease, brain injury, or other
neurodegenerative disease; (2) PD co-occurring with diseases
that seriously affect gait such as eye disease, osteoarthritis,
and neuromuscular disease; (3) severe cognitive impairment or
dementia [Mini-mental State Examination (MMSE) score <24];
and (4) major diseases or contraindications for MRI.

Patients who scored >1 point on the third item of the
FOGQ or who were determined to have FOG by more than
two experienced neurologists in a series of motion tests were
considered as PD FOG+. Of the 61 PD patients, 24 were PD
FOG+ and 37 were PD FOG–. Additionally, 24 right-handed
HCs who were matched to the patients in terms of age, sex, and
education level were recruited. The study was approved by the
ethics committee of Guangzhou First People’s Hospital and was
carried out in accordance with the 1964 Helsinki Declaration
and its later amendments or comparable ethical standards. All
subjects were informed of and understood the study protocol
and signed the informed consent form prior to participation in
the study.

Clinical Assessment
All patients were assessed in terms of motor, visuospatial,
cognitive, executive, and attention functions. The Unified
Parkinson’s Disease Rating Scale (UPDRS-III) (19) and Hoehn
and Yahr (H&Y) scale were used to assess the severity of
motor symptoms (20). The Timed Up and Go (TUG) test was
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used to evaluate patients’ mobility (21). The FOGQ was used
to assess the severity of freezing. MMSE, Montreal Cognitive
Assessment (MoCA), and Frontal Assessment Battery (FAB)
(22) were used to evaluate cognitive function; and the mental
state of the participants was assessed with the Hamilton
Depression Rating Scale (HDRS) and Hamilton Anxiety Rating
Scale (HARS).

Age and education level were compared among the three
groups by one-way analysis of variance, and the chi-squared
test was used to compare sex ratios. The two-sample t-test was
used for comparisons of disease duration and scores for UPDRS-
III, H&Y scale, FOGQ, MMSE, MOCA, FAB, TUG, HDRS,
and HARS.

MRI Data Acquisition
MRI images of PD patients were collected in the “off” state
(i.e., patients had stopped taking anti-Parkinson drugs for at
least 12 h) to eliminate the effects of drugs on neural activity.
MRI scans were performed with a 3.0-T MAGNETOM Verio
whole-body MRI system (Siemens, Munich, Germany) equipped
with eight-channel phase-array head coils. Tight foam padding
was used to minimize head movement, and earplugs were
used to reduce noise. Subjects were instructed to remain
motionless, close their eyes and remain awake, and avoid
thinking about anything.

Three-dimensional (3D) T1-weighted images were acquired
with a 3D magnetization-prepared rapid gradient echo sequence

[repetition time (TR) = 1,900ms, echo time (TE) = 102ms,
flip angle = 9◦, thickness = 1.0mm, slices = 160, field of
view (FOV) = 250 × 250 mm2, matrix = 256 × 256, and
voxel size = 1.0 × 1.0 × 1.0 mm3]. Resting-state fMRI images
are collected with an echo-planar imaging (EPI) sequence
(TR = 2,000ms, TE = 21ms, flip angle = 78◦, FOV = 256 ×

256 mm2, matrix = 64 × 64, slices = 220, thickness = 4.0mm,
and voxel size= 3.5× 3.5× 4.0 mm3). Diffusion tensor imaging
(DTI) was performed with a spin EPI sequence (TR = 8,700ms,
TE = 102ms, FOV = 230 × 230 mm2, voxel size = 2.5 ×

2.5 × 2.5 mm3, matrix = 92 × 92, thickness = 2.5mm, and
slice gap = 0mm). Diffusion gradients were applied in 30
non-collinear directions with a b factor of 2,000 s/mm2 after
acquisition with b= 0 s/mm2.

Overview of the Study Protocol
The study consisted of the following six steps (Figure 1): (1)
Image processing was carried out for resting-state fMRI and
DTI data; (2) TBSS were used to identify WM abnormalities
throughout the whole brain; (3) the two-sample t-test was used
to evaluate differences in FA and MD in the splenium, corpus,
and genu of the CC across the three groups; (4) a correlation
analysis was performed between FA, MD, and FOGQ scores
in the CC; (5) a VMHC analysis was performed to explore
homotopic connectivity; and (6) correlations between FA, MD,
and VMHC were analyzed.

FIGURE 1 | Study protocol. (A) TBSS. (B) Intergroup comparisons of FA and MD in the CC. (C) Correlation between FA, MD, and FOGQ scores. (D) Analysis of

VMHC. (E) Correlation between FOGQ scores and VMHC. (F) Correlation between FA, MD, and VMHC.
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TBSS and Analysis of FA, MD, and FOGQ
Score
DTI data were preprocessed and analyzed using the Pipeline
for Analyzing Brain Diffusion Images toolkit (http://www.nitrc.
org/projects/panda). FA and MD maps were obtained after
standard preprocessing including eddy current correction and
brain extraction (23).

The TBSS procedure consisted of four steps: (1) The non-
linear registration method was used to register each FA image
to the target template; (2) all registered FA images were used
to generate the average FA template, extract its skeleton, and
remove smaller edge fiber bundles according to a threshold
value of 0.2; (3) FA in each standard space was mapped to the
FA skeleton map; and (4) the Tbss-no_FA tool was for TBSS
analysis of MD images. Family-wise error correction was applied
to the statistical results of TBSS. The threshold-free cluster
enhancement correction method was used for the correction
of multiple comparisons. The number of permutations was
set to 5,000, and differences with P < 0.05 were considered
statistically significant.

The Johns Hopkins University ICBM-DTI-81 WM atlas was
used to identify areas of WM impairment. FA and MD in these
areas were compared among groups with the two-sample t-
test, and their correlations with FOGQ score were analyzed.
False discovery rate (FDR) correction was applied to multiple
comparisons of FA and MD.

Preprocessing of fMRI Data
Data processing assistant for resting-state fMRI was used
to preprocess the fMRI data (24). The first 10 time points
were removed. The head movement standard was set to
2mm (translation) or 2◦ (rotation). The brain was segmented
into gray matter, WM, and cerebrospinal fluid (CSF). After
head movement correction, the images were standardized and
resampled to 3 × 3 × 3 mm3. Linear regression was used to
remove the influence of six head movement parameters andWM
and CSF signals (25). A Gaussian kernel with 6-mm full width
at half maximum was used for spatial smoothing. The data were
detrended and filtered at low frequency (0.01–0.08 Hz).

VMHC and FOGQ Score and Integration of
FA, MD, and VMHC
VMHC was calculated using Resting-State fMRI Data Analysis
Toolkit plus software package [(26); http://www.restfmri.net].
After obtaining the time series of each voxel, homotopic FC was
calculated as the Pearson correlation coefficient between each
voxel and the contralateral mirror voxel. The coefficients were
then converted into T values with Fisher’s Z transformation for
normalization; these values represented VMHC (27).

In the VMHCmap, themean value was standardized to reduce
differences between subjects. Analysis of covariance was carried
out to identify brain regions with significant differences among
the three groups. Using the resultant regions as masks, the two-
sample t-test andmultiple comparison correction of the Gaussian
random field (voxel P < 0.001, cluster P < 0.05) were performed
to evaluate differences in VMHC between groups.

TABLE 1 | Demographic and clinical characteristics of participants.

Parameter HC (n = 24) PD FOG+

(n = 24)

PD FOG–

(n = 37)

P-value

Age, years 62.5 ± 3.8 65.5 ± 6.1 64.1 ± 8.2 0.298a

Education, years 10.98 ± 2.34 9.35 ± 3.42 10.65 ± 4.25 0.36a

Sex, female/male 15/9 11/13 18/19 0.452b

Disease duration,

years

NA 6.00 ± 5.25 3.01 ± 3.21 0.062c

UPDRS-III NA 22.4 ± 6.72 21.34 ± 10.30 0.19c

H&Y scale NA 2.49 ± 0.51 2.07 ± 0.49 0.16c

FOGQ NA 9.25 ± 5.87 1.54 ± 1.67 <0.001c*

MMSE NA 25.27 ± 4.01 25.71 ± 4.25 0.46c

MoCA NA 21.08 ± 4.77 21.89 ± 5.66 0.353c

FAB NA 13.8 ± 2.6 15.7 ± 1.5 <0.001c*

TUG NA 12.5 ± 1.6 1.9 ± 0.7 <0.001c*

HDRS NA 7.82 ± 6.35 9.67 ± 6.23 0.34c

HARS NA 11.32 ± 6.74 10.56 ± 7.56 0.76c

Data are shown as mean ± standard deviation.

*P < 0.05.
aOne-way analysis of variance.
bChi-squared test.
cTwo-sample t-test.

FAB, Frontal Assessment Battery; FOGQ, Freezing of Gait Questionnaire; H&Y, Hoehn and

Yahr; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale;

HC, healthy control; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive

Assessment; NA, not applicable; PD FOG+, Parkinson’s disease with freezing of gait; PD

FOG–, Parkinson’s disease without freezing of gait; TUG, Timed Up and Go; UPDRS,

Unified Parkinson’s Disease Rating Scale.

To clarify the relationship between interhemispheric
connectivity and FOG severity, the correlation between VMHC
in regions with WM abnormalities and FOGQ score was
analyzed. To explore the relationship between CC abnormalities
and interhemispheric connectivity of the post-central gyrus
(PCG), correlations between MD and FA of the CC and VMHC
of the PCG were determined.

RESULTS

Demographic and Clinical Characteristics
of the Study Population
Demographic and clinical characteristics of the participants are
shown in Table 1. There were no significant differences between
PD FOG+ and PD FOG– groups in terms of age (P = 0.298),
education level (P= 0.36), sex ratio (P= 0.452), disease duration
(P = 0.062), UPDRS-III score (P = 0.19), and H&Y scale score
(P = 0.16). As expected, FOGQ, FAB, and TUG scores differed
between PD FOG+ and PD FOG– patients (P < 0.001), but there
were no differences in MMSE (P = 0.46), MoCA (P = 0.353),
HDRS (P = 0.34), or HARS (P = 0.76) scores between the
two groups.

WM Abnormalities Identified by TBSS
Compared to HCs, FA in the CC was reduced while MD was
increased in the PD FOG+ group (Figure 2A). The same trends
were observed in the PD FOG– group—i.e., FA was lower and
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FIGURE 2 | TBSS results in the three groups. (A) PD FOG+ vs. HC. (B) PD FOG– vs. HC. (C) PD FOG+ vs. PD FOG–. Red and blue represent regions with reduced

FA and increased MD, respectively. The WM skeleton is shown in green. Results are shown at P < 0.05 (family-wise error-corrected).

MD was higher in the CC and corona radiata compared to HCs
(Figure 2B). PD FOG+ patients had more WM abnormalities
than PD FOG– patients. Notably, FA in the CC was lower in PD
FOG+ patients than in PD FOG– patients (Figure 2C), but there
was no difference in MD between the two groups.

WM abnormalities were also observed in brain areas
outside the CC in PD FOG+ patients: compared to HCs, FA
was decreased in the cingulum (hippocampus) and superior
longitudinal fasciculus, while MD was increased in the internal
capsule, corona radiata, superior longitudinal fasciculus, and
thalamus (Figure 2A). In PD FOG– patients, there were no
decreases in FA in any WM areas outside the CC; however,
increased MD was observed in the cingulum (hippocampus),
superior longitudinal fasciculus, thalamus, and external capsule
(Figure 2B). Widespread WM changes were observed in the PD

FOG+ group compared to the PD FOG– group, including in
FA in the cingulum (hippocampus) and superior longitudinal
fasciculus and in MD in the internal capsule, corona radiata,
superior longitudinal fasciculus, and thalamus (Figure 2C).

FA and MD in the Splenium, Body, and
Genu of the CC
FA and MD differed significantly among the splenium, body,
and genu of the CC in the three groups; the rank order of
FA values was splenium > body > genu (P < 0.05, FDR
corrected; Figure 3). PD FOG+ patients had the lowest FA in
all three parts of the CC, while PD FOG– patients had lower
FA values than HCs (P < 0.05, FDR corrected). The median
FA values in the splenium were 0.612 for HCs, 0.574 for PD
FOG– patients, and 0.515 for PD FOG+ patients; compared to
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FIGURE 3 | Comparison of FA and MD values of CC splenium, body, and genu. (A) Comparison of FA values. (B) Comparison of MD values. (C) 2D view of CC.

(D) 3D view of CC. *P < 0.05, **P < 0.01 (two-sample t-test; FDR correction was applied to multiple comparisons). B, body; G, genu; S, splenium.

HCs, the values for the PD FOG– and PD FOG+ groups were
6.13 and 15.73% lower, respectively. In the body, the median FA
values for PD FOG– patients (0.478) and PD FOG+ patients
(0.452) were 15.09 and 19.75% lower, respectively, than that in
HCs (0.563). For the genu, the median FA values were 0.455 for
PD FOG– patients and 0.412 for PD FOG+ patients, which were
11.30 and 19.67% lower, respectively, than that in HCs (0.513).
Thus, the greatest difference in FA between PD patients and
HCs was in the body of the CC. The rank order of MD value
was body > splenium > genu. The PD FOG+ group had the
highest MD in all three parts of the CC, PD FOG– group had
lower MD values, and HCs had the lowest values (P < 0.05,
FDR corrected).

Correlations Between FA, MD, and FOGQ
Score
There was a significantly negative correlation between FA values
in the CC and FOGQ scores (splenium: P= 0.0021, r=−0.5972;
body: P = 0.0001, r = −0.7038; genu: P = 0.0086, r = −0.5237;

Figure 4). This suggests that the integrity of the WM declined
with the severity of FOG. MD values in the CC were positively
correlated with FOGQ score (splenium: P = 0.0006, r = 0.6491;
body: P = 0.0039, r = 0.5665; genu: P = 0.0059, r = 0.5448),
indicating that more severe hematogenous edema of the CC was
associated with increased FOG severity.

Correlation Between VMHC and FOGQ
Score
Compared to HCs, VMHC in the PCG, pre-central gyrus (PRG),
and angular gyrus of the parietal inferior margin was reduced
in PD FOG+ and PD FOG– patients (Figure 5). Lower VMHC
in the PCG, PRG, and parietal inferior margin was observed
in PD FOG+ patients compared to PD FOG– patients. In
the comparison between PD FOG+ and PD FOG–, the local
maxima of the cluster with a significant difference in VMHC
was located at x = ±48, y = −18, and z = 48; the T-value
was −1.351, and the number of voxels in the PCG, PRG, and
parietal inferior margin was 130, 51, and 6, respectively (Table 2).
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FIGURE 4 | Correlation analysis of FA, MD, and FOGQ scores for the splenium, body, and genu of the CC. FOGQ scores and FA values of the (A) splenium, (B) body,

and (C) genu. FOGQ scores and MD values of the (D) splenium, (E) body, and (F) genu.

The T values for PD FOG+ vs. HC and PD FOG– vs. HC were
−5.354 and −4.479, respectively; thus, the difference between
PD FOG+ patients and HCs was more significant than that
between PD FOG– patients andHCs. FOGQ score was negatively
correlated with VMHC in the PCG (P = 0.0007, r = −0.6443),
suggesting that PD patients with more severe FOG have lower
PCG functioning.

Integration of FA, MD, and VMHC
FA of the CC was positively correlated with VMHC in the PCG
(splenium: P = 0.0002, r = 0.6825; body: P = 0.0046, r = 0.5585;
genu: P= 0.0060, r= 0.5438; Figure 6). On the other hand, there
was a negative correlation between MD in the CC and VMHC in
the PCG (splenium: P = 0.0223, r = −0.4643; body: P = 0.0001,
r = −0.7206; genu: P = 0.0003, r = −0.6741). This suggests that
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FIGURE 5 | Comparison of VMHC among PD FOG+, PD FOG–, and HC groups. VMHC between (A) PD FOG+ and PD FOG–, (B) PD FOG+ and HC, and (C) PD

FOG– and HC. (D) Correlation analysis between FOGQ scores and VMHC of PCG.
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TABLE 2 | VMHC differences among PD FOG+ and PD FOG–patients and HCs.

Anatomic region (AAL) Number of

voxels

MNI coordinates

of local

maxima

T-value

x y z

PD FOG+ vs. PD FOG– ±48 −18 48 −1.351

PCG 130

PRG 51

Parietal_Inf 6

PD FOG+ vs. HC ±39 −21 51 −4.479

PCG 118

PCG 60

Parietal_Inf 8

PD FOG– vs. HC ±45 −24 48 −5.354

PCG 120

PCG 58

Parietal_Inf 12

AAL, Automated Anatomical Labeling; HC, healthy control; Parietal_Inf, parietal inferior

margin; PD FOG+, MNI, Montreal Neurological Institute; Parkinson’s disease with freezing

of gait; PD FOG–, Parkinson’s disease without freezing of gait; PCG, post-central gyrus;

PRG, pre-central gyrus; VMHC, voxel-mirrored homotopic connectivity.

the abnormalities in the CC of PD FOG+ patients are related to
a decrease in VMHC in the PCG.

DISCUSSION

The present study investigated changes in brain structure and FC
in patients with PD with or without FOG. WM impairment was
identified by TBSS, and FA and MD in the CC were compared
among groups, and their correlations with FOGQ score were
analyzed. VMHC analysis can reveal brain regions with abnormal
interhemispheric FC. There were four major findings from our
study: (1) structural connectivity was decreased in all three parts
of the CC in patients with PD; (2) widespread impairment in
the frontal lobe WM was present in PD patients; (3) PD FOG+
patients showed decreased VMHC in the PCG, PRG, and angular
gyrus of the parietal inferior margin; and (4) FA, MD, VMHC,
and FOGQ score were correlated.

Decreased Interhemispheric Structural
Connectivity in the CC
The TBSS analysis revealed decreased FA and increased MD
values in the CC of PD FOG+ patients compared to PD FOG–
patients and HCs, indicating that WM microstructure in the CC
was abnormal. The CC is the largest connecting tract between
the left and right brain hemispheres (28); lesions in the CC result
in decreased interhemispheric structural connectivity, which can
disrupt brain functions requiring interhemispheric coordination
such as cognition, executive functions, and attention. All of
these resources are required for gait, especially in unfamiliar
environments (25, 29, 30). Thus, our findings suggest that
limited cognition/attention/execution resources resulting from
CC impairment underlie FOG in PD.

Fiber tracts for leg motor control are located in the CC; a
DTI study revealed callosal leg motor fibers passing through
the isthmus of the CC (31), which has been confirmed
using Klingler’s fiber dissection technique (32). Therefore, the
impairment in CC (especially splenium)might be associated with
FOG in PD patients.

Widespread Impairment of Frontal Lobe
WM
We observed widespread impairment in frontal WM beyond
the CC in PD FOG+ patients. This is in line with a previous
study in which PD patients with postural imbalance and gait
difficulty were found to have a lower FA in the prefrontal cortex
than tremor-dominant patients (33). A loss of integrity of WM
tracts including superior and inferior longitudinal fasciculus,
pedunculopontine nucleus, and corticospinal tract has also been
observed in PD patients with FOG (34). Frontal areas are
important for higher-order motor control (35); thus, frontal
WM disease is another possible cause of PD FOG+ and gait
disorder. It should be noted that prefrontal and premotor fibers
pass through the anterior part and body of the CC, respectively
(31), which are associated with higher-order motor control in the
frontal lobe. The lower FAB score in the PD FOG+ group was
also indicative of frontal lobe defects.

Impaired Interhemispheric Functional
Coordination in Sensorimotor and
Visuospatial Regions
In PD FOG+ patients, VMHC was decreased in the PCG
and PRG, which are critical for sensory and motor functions,
respectively. This is consistent with several previous fMRI studies
reporting a decreased FC between the sensorimotor network
and other brain regions (36, 37). A decreased VMHC was also
observed in the angular gyrus of the parietal inferior margin
in the PD FOG+ group. This is an important component
of the frontoparietal network for visuospatial function, and
its impairment can lead to left–right disorientation (38, 39).
Our results indicate that PD FOG+ patients have visuospatial
dysfunction resulting from structural or functional alterations in
the frontoparietal network (40).

Gait is neither a sensorimotor skill (e.g., like daily hand
motor skill) nor an automatized motor action. A growing body
of evidence indicates that gait has the multidimensionality and
relies on high cognitive aspects including attention, executive
control, and sensorimotor integration, which are all especially
impaired in FOG (41–45). It will be interrupted by freezing
of gait in PD, representing a pathological condition that can
be resolved by a sensory cue. The impaired interhemispheric
functional coordination in sensorimotor and visual–spatial
regions might be associated with the pathological condition in
PD FOG+.

FA, MD, and VMHC as Potential
Biomarkers of FOG Severity
FA and MD in the CC and VMHC in the PCG, PRG, and
parietal inferior margin were significantly correlated with the
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FIGURE 6 | Correlation analysis between FA, MD, and VMHC values for different parts of the CC. VMHC and FA in the (A) splenium, (B) body, and (C) genu. VMHC

and MD in the (D) splenium, (E) body, and (F) genu.

FOGQ score. Other indices such as FC in the sensorimotor
network were reported to be correlated with the severity of motor
impairment (46). VMHC in the inferior parietal lobe was shown
to be negatively correlated with FOGQ score (15). This implies
that FA,MD, andVMHC are potential quantitative biomarkers of
FOG severity that can be used in conjunction with FOGQ score—
which has large interobserver variability—to reduce the risk of
misdiagnosing FOG.

Integrating Structural Connectivity and FC
This is the first study to establish correlations between FA,
MD, and VMHC from the same PD FOG+ dataset. FA
and MD measure the structural connectivity (i.e., in WM),
while VMHC reflects functional homotopic FC. The structural
and functional data were concordant and indicated that
interhemispheric brain connectivity is impaired in PD FOG+.
Thus, integrative analysis of structural connectivity and FC
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can provide detailed insight into the mechanisms of FOG
in PD.

It should be noted that the interhemispheric fibers subserving
the three areas with decreased VMHC (PCG, PRG, and parietal
inferior margin) likely intersect in the body of the CC. A
recent study reported that transection of the CC decreased
VMHC, with a greater reduction in the frontal and parietal
lobes than in sensorimotor and visual areas (47). The areas of
decreased VMHC found in our study were less affected than
would be expected following complete and partial callosotomy.
Nonetheless, the impairment of the CC in our PD FOG+ patients
presumably decreased interhemispheric coordination, leading to
visuospatial and sensorimotor dysfunction and loss of the leg
motor control.

There were limitations to our study. First, the sample size was
relatively small, which may have reduced the statistical power.
Second, the asymmetry of cortical structures could affect VMHC,
although asymmetric template in fMRI data processing was used
to reduce this effect. Third, as our study was cross-sectional,
changes in related regions and indices in the progression of
FOG– to FOG+ could not be examined. In future work, we will
investigate the structural and functional brain networks of PD
constructed from multimodal MRI data (34, 48–50) and identify
potential network biomarkers of PD FOG+ using machine
learning algorithms (51, 52).

CONCLUSION

PD FOG+ was found to be associated with abnormal
interhemispheric brain connectivity as measured by FA, MD, and
VMHC, which were correlated with clinical FOG severity. Our
results suggest that decreased FA in the CC impairs all advanced
brain functions requiring interhemispheric coordination, and
decreased VMHC in three brain regions (PCG, PRG, and
parietal inferior margin) underlies defects in visuospatial and
sensorimotor functions in FOG. Additionally, our data indicate

that FA, MD, and VMHC are potential biomarkers of FOG
severity in PD patients and demonstrate that integrating
structural and functional MRI measures can provide novel
insight into the pathophysiological mechanisms of FOG.
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Background: The pathophysiological mechanisms underlying freezing of gait (FOG) are

poorly defined. MRI studies in FOG showed a distinct pattern of cortical atrophy and

decreased functional connectivity (FC) within motor and cognitive networks. Furthermore,

reduced rs-FC within midbrain, frontal, and temporal areas has been also described.

This study investigated the patterns of whole-brain FC alterations within midbrain

inter-connected regions in PD-FOG patients, and whether these patterns are linked to

midbrain structural damage using a multi-modal imaging approach, combing structural

and functional imaging techniques.

Methods: Thirty three PD patients (16 PD-FOG, 17 PD noFOG), and 21 sex- and

age-matched healthy controls (HCs) were prospectively enrolled. All subjects underwent

MRI scan at 1.5T, whereas only PD patients underwent clinical and cognitive assessment.

Grey matter (GM) integrity was measured using voxel-based morphometry (VBM). VBM

findings served as basis to localize midbrain damage, and were further used as a seed

region for investigating whole-brain FC alterations using rs-fMRI.

Results: In rs-fMRI, patients with PD and FOG demonstrated significant decrease

of midbrain-cortical FC levels in the R PCG, right postcentral, and supramarginal gyri

compared to controls and the middle cingulate compared to noFOG group. Based on

the regression analysis, MOCA, UPDRS-III total score, and FOG severity scores were

associated with FC levels in several frontal, parietal and temporal regions.

Discussion: The present results suggest that midbrain structural damage as well

as decreased FC within the brainstem functional network might contribute to FOG

occurrence in PD patients.

Keywords: freezing of gait, functional connectivity, resting-state fMRI, Parkinson’s disease, gait analysis
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INTRODUCTION

Freezing of gait (FOG), defined as a “brief, episodic absence or
marked reduction of forward progression of the feet despite the
intention to walk” (1), is a debilitating feature in Parkinson’s
disease (PD) (2) which have a dramatic impact on quality of
life. FOG can be triggered or exacerbated by specific situations
(e.g., turning, narrow passages) or can occur in response
to increased motor (e.g., obstacle crossing), cognitive (dual
task) and limbic (e.g., emotions) load. Indeed, besides motor
symptoms, FOG can be associated with executive functions
deficits, as well as mood disorders (e.g., anxiety) (1). The
underlying pathophysiological mechanisms of FOG remain

poorly understood. However, evidence suggests that (i) FOG does
not originate from a single isolated brain region, but results
from impaired communication within the corti co-subcortical-
cortical circuitry and, (ii) the mesencephalic loco motor region
(MLR) plays a role in this impaired communication. Among the
different proposed models regarding FOG pathophysiology, the

interference model by Nieuwboer and Giladi (3) suggests that
FOG is a net result of top-down processing impairment, where
breakdown of communication between motor, associative, and
limbic pathways at a subcortical level leads to interruption of
gait (4–6). Based on this, the interaction between these multiple
failing neural circuits may underlie the heterogeneity of FOG
features (7).

Structural MRI imaging studies have demonstrated patterns of

gray matter (GM) atrophy including the left cuneus, precuneus,
lingual gyrus, and posterior cingulate cortex in PD patients
with FOG compared with PD patients without FOG and
healthy individuals, and this GM decrease was correlated
with performance in executive functioning (8). In white
matter (WM), PD patients with FOG demonstrated reduced
connectivity in the MLR involving mainly fibers connecting the
peduncolopontine nucleus (PPN) with themedial frontal cortices
and cerebellum (9–11).

Resting-state functional MRI (rs-fMRI) allows the
investigation of the underlying pathophysiology in FOG on
whole-brain functional network level (12, 13). Several rs-fMRI
studies have reported reduced functional connectivity (FC)
within several brain resting-state networks (RSNs) (14) including
the sensorimotor network (SMN), the default mode network
(DMN) (15) and the executive control network in PD patients
with FOG (15–17). A study by Tessitore et al., reported altered
FC within regions of the executive network and the visual
functional network in PD with FOG, that was also associated
with executive and visuo spatial performance (16). Furthermore,
reduced rs-FC of the MLR and the cerebellum loco motor region
with the supplementary motor area has been also described in PD
patients with FOG, possibly reflecting a less automatic control
of movement (17). Finally, rs-FC of the PPN, a major nucleus of
the MLR, was also assessed, reporting an altered FC with visual
temporal areas, as well as within the cortico-pontine-cerebellar
pathways (18).

On these premises, we sought to investigate the patterns
of whole-brain FC alterations within midbrain inter-connected
regions in PD-FOG patients, and whether these patterns are

linked to midbrain structural damage using a multi-modal
imaging approach.

METHODS

Participants
Fifty-four subjects (33 patients and 21 healthy controls) were
prospectively enrolled in the study Patients with PD were
classified as having FOG or not based on the score of the new
FOGQuestionnaire (FOG-Q) (19). Sixteen out of 33 patients who
experienced FOG at least once a month (minimum score of 1
on item 2), for at least 2 sec (minimum score of 2 on item 4)
were included in the PD-FOG group (5 female, mean age 72.43
± 3.94 years), and 17 PD subjects (7 females, mean age 69.00 ±

5.43 years) were included in the PD-noFOG group. Twenty-one
healthy subjects (HCs) (12 females, mean age 69 ± 13.5 years)
served as a control group.

The inclusion criteria for patients with PD were: (a) age ≥

18 years, (b) idiopathic PD according to the United Kingdom
Parkinson’s Disease Society Brain Bank criteria (20); (c) Hoehn
and Yahr (H&Y) stage score ≤ 3, (d) stable PD pharmacological
treatment for at least 1 month prior to the study; (e)
ability to walk without any assistance for 2min. Exclusion
criteria for all participants were: (a) pre-existing history of
neurological disorders other than PD, (b) psychiatric co-
morbidity and history of psychiatric pharmacological treatments,
(c) contraindications to Magnetic Resonance Imaging (MRI),
(d) excessive head motion during MRI scan (>3mm average
frame-wise displacement).

In PD patients, motor impairment was assessed with the
Unified Parkinson’s disease rating scale part III (MDS UPDRS-
III) (20). PD participants were tested in the ON phase of
their medication cycle (about 45min after having taking anti-
parkinsonian medications) both during MRI exam and during
the clinical evaluation. Furthermore, in all participants global
cognitive function was tested by using the Montreal Cognitive
Assessment (MOCA) (21). All participants provided written
informed consent prior to starting any procedures and after
receiving an extensive explanation of the experimental protocol.
This study was approved by the Ethics committee of the
University of Genoa and each participant provided written
informed consent prior to starting any procedures.

MRI Data Acquisition
MR data were acquired for all patients using a 1.5 T Signa
Excite (Signa Excite General Electric Healthcare, WI, USA)
MR scanner with 8-channels phased-array head coil. The
MRI protocol included: (a) high resolution Fast Spoiled
Gradient Echo (FSPGR) 3-D T1-weighted sequence (TR/TE/TI
= 11.56/5.048/500ms; FA= 8◦, voxel size= 1× 1× 1 mm3), (b)
axial T2-weighted (TR/TE1/TE2= 2340/102/38.25ms; FA= 90◦;
voxel size= 0.94× 0.94× 4 mm3), and (c) 180 volumes resting-
state fMRI datasets using single-shot echo-planar imaging (EPI)
sequence (TR/TE= 3,000/60ms; FA= 90◦, slice spacing= 1mm,
voxel size= 3.75× 3.75× 4 mm3).

Frontiers in Neurology | www.frontiersin.org 2 April 2021 | Volume 12 | Article 583593288

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Droby et al. Midbrain Structural and Functional Alterations in FOG

TABLE 1 | Demographic, and clinical characteristics of the study groups.

FOG noFOG HC

Gender (F/M) 5/11 5/10 11/9 p = 0.27

Age 72 ± 3 68.2 ± 5 64 ± 13.5 p = 0.056

H&Y stage 2.46 (2,3) 1.75 (1,2) – p < 0.001

Total UPDRS score 56.17 ± 24.33 32.93 ± 14 – p < 0.001

UPDRS-III score 27.91 ± 16.27 18.87 ± 9.41 P < 0.001

UPDRS-III gait sub-score (item 3.10) 1.81 ± 1.10 1 ± 0.73 p = 0.02

FOG-Q 16.44 ± 8.9 – – –

MOCA-Total 23.4 ± 3.01 25.81 ± 2.79 – p = 0.001

MOCA-Visuospatial 3.5 ± 1.9 4.4 ± 0.9 – p = 0.001

MOCA-Attention 4.7 ± 1.2 5.7 ± 0.5 – p = 0.001

Values are reported as mean ± SD; H&Y data are expressed as median and range. H&Y, Hoehn & Yahr; UPDRS, unified Parkinson’s disease rating scale; FOG-Q, freezing of gait

questionnaire; MOCA, Montreal cognitive assessment.

FIGURE 1 | Between-group difference in FC levels within the brainstem network detected by one-way ANOVA (1x3) adjusted for age. (A) Significant FC decrease in

the R PCG extending to the right supramarginal gyrus, and R STG was observed in PD-FOG vs. HCs. (B) Significant FC reduction in the cingulum was observed in

PD-FOG compared to PD-noFOG. Bar charts demonstrate the mean and standard error of FC levels within these significant clusters across the three study groups.

Results are reported at p < 0.001, FWEc in all cases.

MRI Data Processing
Using a multi-modal imaging approach, we first investigated
atrophy patterns of midbrain and cortex in PD-FOG relative
to PD patients without FOG and HCs using voxel-based
morphometry [(VBM); see Supplementary Material for further
details]. VBM findings served as basis to localize midbrain
damage, and further used as a seed region for investigating
whole-brain FC alterations using rs-fMRI.

rs-fMRI datasets were pre-processed using SPM12 (https://
www.fil.ion.ucl.ac.uk/spm/), where following steps were applied:
slice time correction, re-alignment to the first volume image
in order to correct for head movement, normalization to MNI

using the parameters obtained from the segmentation procedure,
and smoothing using an 8mm full width at half maximum
(FWHM) kernel. The de-noising and filtering of pre-processed
rs-fMRI data sets were performed using the CONN (v.17)
toolbox (McGovern Institute for Brain Research, Massachusetts
Institute of Technology, Cambridge; https://web.conn-toolbox.
org/), where, linear de-trending, temporal de-spiking, band-pass
filtering (0.08Hz – 0.1Hz) were carried out after regression.
The subjects’ six head motion parameters, average WM, and
CSF time course were entered as covariates of no interest in the
regression model. Here, for each subject, functional connectivity
(FC) maps of the brainstem network were calculated following
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TABLE 2 | Brain regions showing between-group significant differences in FC within the brainstem network.

Comparison Brain region MNI coordinates x y z Cluster size (# of voxels) Z-value T-value p-value

HC > FOG R PCG 64 −10 10 1,034 4.51 5.09 < 0.001**

R supramarginal gyrus 64 −30 30

R STG 52 0 4

noFOG > FOG Middle cingulate −6 4 36 261 4.61 5.23 0.025*

RS, resting-state; FC, functional connectivity; MNI, montreal neurological institute; HC, healthy control; PD, Parkison’s disease; FOG, freezing of gait; R, right; L, left; PCG, post- central

gyrus; STG, superior temporal gyrus. *p < 0.001; FWEC cluster size > 450, **p < 0.001; FWEC cluster size > 200 voxels.

seed-based approach, where a midbrain anatomical seed was
applied based on the Harvard-Oxford Atlas available in CONN
(see Supplementary Figure 1). Finally, the spatial accuracy of the
constructed midbrain FC maps was visually inspected at both
group–as well as individual level (22, 23).

Statistical Analysis
All statistical analyses were performed using Statistical Package
for Social Science (SPSS R© v.23, IBM). Gender differences among
the groups (PD-FOG, PD-noFOG andHC) were assessed by Chi-
square test. Groups’ difference at baseline for age and MOCA
scores were assessed by the non-parametric Kruskal-Wallis test
because data were not normally distributed. Two-sample t-test
was used to detect differences between PD-FOG and PD-noFOG
group for Hoehn and Yahr (H&Y) stage, for MDS-UPDRS part
III total score and its gait sub-score (item 3.10). P-values < 0.05
were considered as a threshold for statistical significance.

Second level analysis of the MRI data was performed using
SPM. 1× 3 ANOVAwas also conducted to assess between groups
differences in FC within the brainstem functional network. The
following contrasts were of interest: HC> FOG, noFOG > FOG,
and HC > noFOG. Age, gender, and H&Y stage were entered as
covariates in the design metrics of all the performed second-level
analyses. Significance threshold for all between-groups statistical
comparisons of interest was set to p < 0.001, family-wise error
corrected for cluster size (FWEc) based on multiple-comparisons
corrected using the Monte Carlo simulation (as implemented in
Alphasim, AFNI).

Finally, a voxel-wise multiple regression was performed to
explore the association between FC levels of brain regions within
the midbrain network, disease severity (UPDRS III total score),
gait performance (UPDRS III gait sub-score, item 3.10), cognitive
performance (total MOCA score) in both patients’ subgroups,
and FOG severity (FOG-Q score) in PD-FOG only. Age, gender,
and H&Y stage were included as covariates into the regression
model. Significance threshold for all contrasts of interest was set
to p < 0.01 and FWEc > 200 voxels.

Peak voxels β-weights within the detected clusters from the
VBM, rs-fMRI, and regression analyses were extracted for further
correlation analyses with clinical and performance scores.

RESULTS

Participants’ Characteristics
Of the total 54 participants enrolled to the study, 1 HC and 2 PD-
noFOG were excluded due to motion artifacts, image artifacts, or
low-quality images.

Detailed characteristics of the included participants can be
viewed in Table 1. Briefly, no differences were observed in age
and gender among the three groups (PD-FOG, PD-noFOG
and HCs). As expected, patients with FOG had more severe
motor impairments (p < 0.001 for UPDRS III and total score),
higher H&Y score (p < 0.001) and worse cognitive performance
compared with no freezers (p= 0.001).

Resting-State fMRI-Brainstem Network
Functional Connectivity
Based on the calculated FC maps, frontal, parietal, and
limbic brain regions were found to be functionally
interconnected within the midbrain functional network
(see Supplementary Figure 1). Based on the between-group
comparisons of the calculated FC maps, PD-FOG patients
showed significant FC decrease in the parieto-temporal cortex
(right post central gyrus, right supra marginal gyrus, right
superior temporal gyrus) compared to HCs (Figure 1A).
Additionally, compared with PD-noFOG, PD-FOG patients
exhibited decreased functional connectivity in the mid-cingulate
(pFWEc < 0.001) (Figure 1B). No significant differences were
identified between PD noFOG patients and HCs. Results for
functional connectivity within the brainstem network in the
three groups are reported in Table 2.

Voxel-Wise Multiple Regression Analysis
Disease Severity and Gait Performance
Regression analysis showed significant correlations between
disease severity, gait performance and functional connectivity
levels at threshold pFWEc < 0.01 in both PD groups. The scatter
plots in Figure 2 illustrate the association between the measured
FC levels in these detected clusters, UPDRS-III total score and
UPDRS-III gait sub-score (3.10).

UPDRS-III total scores were found to be significantly
associated with FC levels in the left medial orbital gyrus (L
MOFG), and the right anterior cingulate (ACC) in PD-FOG
group (Table 3 and Figure 2A). In the PD-noFOG group, higher
UPDRS-III total score was associated with increased FC levels in
mid-cingulate cortex (MCC), the right fusiform gyrus, and left
and right ACC (Table 3 and Figure 2A).

In the PD-FOG group, worse gait performance (i.e., higher
gait sub-score in the UPDRS-III) correlated negatively with FC
levels in the left cerebellar culmen (Table 3 and Figure 2B).
UPDRS-III gait sub-scores were positively associated with FC in
the right superior temporal gyrus (R STG), right cuneus, and
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FIGURE 2 | Brain regions within the brainstem network showing significant associations between FC levels, UPDRS III total score, and UPDRS-III gait sub-score (item

3.10) based on the voxel-wise regression analysis. (A) In the PD-NOFOG group, positive association between UPDRS III total score and FC levels were detected, with

higher UPDRS III score associated with higher FC levels in the MCC, the right fusiform gyrus, and bilateral ACC. In PD-FOG group, UPDRS III total score correlated

positively with FC levels in theL MOFG, and the right ACC. (B) In the PD-NOFOG group, association between gait sub-score in the UPDRS-III and FC levels were

(Continued)
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FIGURE 2 | detected, with higher UPDRS III gait sub-score associated with increased FC levels in R STG, R cuneus, L hippocampus and lower FC levels in L

cerebellar culmen. In the PD-FOG group, higher UPDRS III gait sub-score was associated with lower FC levels in L cerebellar culmen. Results are reported at

threshold p < 0.01- FWEc, scatter plots depict the association between UPDRS-3 scores and FC β-weights in these clusters.

left hippocampus, and negatively in the left cerebellar culmen
(Table 3 and Figure 2B)

Finally, in PD-FOG, severity of freezing (i.e., FOG-Q score)
correlated negatively with FC levels within the right post central
gyrus (R PCG) (Table 4 and Figure 3).

MOCA
Based on the correlation analysis between MOCA scores and
the extracted FC β-weights from the detected clusters in
the regression analysis at threshold pFWEc < 0.01, significant
correlations between FC levels and total MOCA scores were
obtained in the L ACC (r2 = 0.39), the right cerebellar crus II
(r2 = 0.05), and SMA (r2 = 0.11) (Table 4 and Figure 3). No
significant clusters were found to be associated with the MOCA
scores in the noFOG group.

DISCUSSION

Here we applied a multimodal neuroimaging approach combing
structural and functional imaging techniques for the study of
whole-brain neural correlates of midbrain damage in age-and-
gender matched PD-FOG and PD-noFOG patients. In a multi-
step approach, we first identified GM atrophy using VBM,
midbrain regions showing a significant GM decrease in PD
with FOG compared to PD without FOG and healthy controls
from the VBM analysis were used as seed region for midbrain
FC calculation.

As a first result, patients with PD and FOG exhibited a greater
GM atrophy in midbrain structures, as well as in parietal regions
(including the bilateral precuneus and cuneal regions), thalamus
and putamen compared to PD-FOG.

The observed patterns of cortical GM atrophy are in
accordance with those reported by previous studies, in which
significant difference in frontal and parietal GM volumes
in FOG patients with respect to healthy and PD-no FOG
participants (8, 24), where this pattern of GM atrophy was found
to associated with FOG severity. Compared with PD-noFOG
group, PD-FOG patients showed significant GM decrease in
midbrain structures, thalamus, and putamen suggesting that
damage in these subcortical regions might be linked to the
development of FOG. GM decrease in the mesencephalic motor
regions (MLR) and thalamus in freezers compared with non-
freezers (22) was previously described, where thalamic atrophy
in PD-FOG patients was found to be associated with visual
recognition performance (25). These findings further highlight
the role of these sub-cortical structures in the multi-sensory
integration process where they play a key role in sustaining
gait (7, 26). This is further supported by our obtained rs-
fMRI results.

Based on the rs-fMRI analysis, here we found that patients
with PD and FOG demonstrated significant decrease of

midbrain-cortical FC levels in the R PCG, R supra marginal
gyrus, and R STG compared to controls; and the middle cingulate
compared to no-FOG group. Such patterns of FC alterations in
FOG patients involving associative frontal, parietal, and limbic
brain areas implies that higher cognitive networks that are
involved in attention and visuomotor integration also give rise to
gait disturbances in FOG (6, 27–29). Furthermore, the regression
analysis with the UPDRS III total score, and UPDRS III gait
performance sub-score showed that FC in a complex network
involving the anterior and middle cingulate cortex, the fusiform
gyrus and the superior temporal gyrus was associated with disease
severity and worse gait performance in PD-noFO group, but
not in PD patients with FOG. Differently, in both PD-FOG and
PD-noFOG groups, FC connectivity of L cerebellar culmen was
associated with better gait performance (lower scores at UPDRS
III gait performance sub-score).

A possible explanation is that recruitment of compensatory
areas that are involved in higher order functions, such
as connecting emotion to motor control (30), multisensory
integration (31), and integration for both egocentric and object-
centered reference systems (32) might not be sufficient anymore
for improving motor performance deficits in PD-noFOG
group (maladaptive compensation), whereas the additional
recruitment of cerebellum leads to better gait performance
(adaptive compensation). In PD patients with FOG, we detected
only adaptive compensatory activity of L cerebellar culmen
in counteracting gait disturbances, possibly reflecting lower
neural reserve.

Our rs-fMRI findings are all related to midbrain-cortical
FC patterns. The pendunculopontine nucleus (PPN) is a major
nucleus of the MLR, and has been implied in gait control and
FOG pathophysiology [for a review see (33)]. Experimental data
on neurophysiology of the PPN strongly support that PPN
participates in higher functions of the brain. A considerable
number of PPN cholinergic fibers innervate the centro median-
para fascicular (CM-Pf) complex of the thalamus, which in turn
innervates the cerebral cortex (34–36). Thus, the CM-Pf nucleus
allows the PPN to gain access to different cortical functions and
to several high-order functions of the brain, including attention,
action selection, learning, memory, spatial perception, control
of impulsivity and decision-making. PPN neurons may also
participate in these functions through their axons ending in
the striatum, where they synapse onto medium spiny neurons
and cholinergic interneurons (37). In line with this, local field
potentials recordings from PPN- implanted electrodes for deep
brain stimulation in PD patients have demonstrated peaks in
both alpha and beta bands, coherent with the cortex (38–41).
Whilst beta band activity recorded from the basal ganglia and
cortex has been linked to motor function, increasing evidence
indicate that alpha oscillatory activity has an important role
in attention and the allocation of processing resources (42).
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TABLE 3 | Brain regions within the brainstem network showing significant correlations between UPDRS III total score and UPDRS III gait sub-score (item 3.10) and RS-FC

levels based on voxel-wise multiple regression.

Brain region MNI coordinates X Y Z Cluster size (# of voxels) Z-value T-value p-value*

UPDRS III noFOG MCC 2 4 22 210 4.34 7.01 0.055

R Fusiform gyrus 36 −64 −12 557 3.44 4.63 0.004

L ACC −4 40 6 293 3.13 4 0.027

R ACC cingulate 6 42 6

FOG L MOFG −4 28 −14 298 3.39 4.42 0.024

R anterior cingulate 6 38 −2

UPDRS III gait sub-score (3.10) noFOG R STG 48 −22 −4 214 3.98 6.19 0.05

R cuneus 22 −36 −2 452 3.39 4.66 0.007

L hippocampus −28 −38 −6 252 3.37 4.61 0.036

L cerebellar culmen −16 42 −16 232 3.11 4.07 0.043

FOG L cerebellar culmen −28 −30 −34 1,373 4.54 7.7 0.001

RS, resting-state; FC, functional connectivity; MNI, Montreal neurological institute; FOG, freezing of gait, R, right; L, left; MCC, mid-cingulate cortex; ACC, anterior cingulate cortex;

MOFG, medial orbitofrontal gyrus; STG, superior temporal gyru; *FWEc>200 voxels.

TABLE 4 | Brain regions within the brainstem network showing significant correlations between performance in MOCA, FOG severity, and RS-FC levels based on

voxel-wise multiple regression.

Brain region MNI coordinates X Y Z Cluster size (# of voxels) Z-value T-value p-value

MOCA-Total

FOG L Anterior cingulate −16 30 22 4,115 4.68 8.71 <0.001*

L MFG −30 30 32 4.58 8.28

SMA 2 8 72 1,870 4.58 8.28 <0.001*

L PCG −20 −46 36

R cerebellum (Crus II) 24 −87 −50 702 3.85 5.82 0.001*

FOG severity

FOG R PCG 56 −6 48 218 3.48 4.86 0.032

RS, resting-state; FC, functional connectivity; MNI, Montreal neurological institute; MOCA, Montreal cognitive assessment battery for dementia; PD, Parkison’s disease; FOG, freezing

of gait; R, right; L, left; MFG, middle frontal gyrus; SMA, supplementary motor area; PCG, post central gyrus; *FWEc>200 voxels.

FIGURE 3 | Brain regions within the brainstem network showing significant associations between FC levels, and clinical scores. In the FOG group, the total MOCA

scores were significantly associated with FC levels in the A ACC, SMA, L MFG, and bilateral cerebellar crus II (Red). Moreover, significant inverse associations between

FOG severity scores and FC levels within the R PCG (Cyan). Results are reported at threshold p < 0.01-FWEc.

A magneto encephalography (MEG) study reported that these
two PPN oscillatory bands show distinct connectivity patterns
– with the beta band network coherent with the supplementary
motor area (SMA), as well as the alpha network including
the posterior mid-cingulate that is involved in integrating

sensorimotor feedback during movement (43, 44). Our current
findings further corroborate these reports, demonstrating that
FOG, worse gait, as well as cognitive performance are associated
with reduced midbrain-cortex FC in a large network including
parieto-temporal cortex, and mid-cingulate.
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Nonetheless, the limitations of the study deserve to be
discussed. Firstly, our multimodal investigation was at 1.5T MR
field strength, allowing a sub-optimal delineation of the PPN and
other neighboring midbrain anatomical structures. Secondly, the
relatively small sample size is also a limitation. However, it is
worth pointing out that both PD groups were well-matched in
terms of age and gender, but differed significantly in UPDRS and
MOCA scores, which is expected as FOG is more commonly
observed in the later stages of the disease (1). Moreover, PD
patients enrolled to this were in a mid-stage of the disease, thus
future studies should also include patients in an earlier and more
advanced stage of the disease in order to better investigate the
relationship between disease severity and local GM reduction
in FOG.

In conclusion, using a multimodal approach, the present
study offers novel information on the role of midbrain in
FOG pathophysiology. Based on our results, we postulate that
in the advanced stages of PD, structural integrity loss of the
midbrain and the accompanying FC reductions between these
structures and brains’ higher cortical regions contribute to the
occurrence and severity of FOG.
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University, Shantou, China, 5Department of Neurology, Second Affiliated Hospital of Shantou University Medical College,

Shantou, China

Background: The current diagnosis of Parkinson’s disease (PD) is mainly based on the

typical clinical manifestations. However, 60% dopaminergic neurons have died when the

typical clinical manifestations occur. Predictive neurobiomarkers may help identify those

PD patients having non-motor disorders or in different stage and achieving the aim of

early diagnosis. Up to date, few if any neuroimaging techniques have been described

useful for non-movement disorders diagnosis in PD patients. Here, we investigated the

alteration of metabolites in PD patients in different stage of PD and non-motor symptoms

including sleep, gastrointestinal and cognitive dysfunction, by using the 1H-MRS.

Methods: A total of 48 subjects were included between 2017 and 2019: 37 PD

(15 men, age 47–82 years) and 11 healthy people (8 men, age 49–74 years). All

participants underwent MRI and multi-voxel 1H-MRS examination within 3 days in

admission. Six kinds of metabolites, such as creatine (Cr), N-acetyl aspartate/creatine

(NAA/Cr), N-acetyl aspartate/choline (NAA/Cho), choline/creatine (Cho/Cr), lipid/creatine

(LL/Cr), and myo-Inositol/creatine ratio (mI/Cr) were tested among the PD group and the

control groups. Statistical analyses and correlation analyses were performed by using

SPSS. The p < 0.05 was considered statistically significant.

Results: Compared late PD group with a control group or early group, higher Cr

ratio and lower NAA/Cr ratio were observed in the late PD group (p < 0.05). The

mI/Cr in the late PD group was also lower than that in the early PD group (p <

0.05). Regarding the relationship between metabolites and NMS, Cho/Cr was higher

in the sleep disorder group, whereas mI/Cr was lower in the gastrointestinal dysfunction

group in comparison with the non-symptom groups. Moreover, Cr, Cho/Cr, mI/Cr, and

LL/Cr were identified to have higher concentrations in the cognitive group in thalamus.
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Conclusions: Proton magnetic resonance spectroscopy is an advanced tool to quantify

the metabolic changes in PD. Three biomarkers (Cr, NAA/Cr, and mI/Cr) were detected

in the late stage of PD, suggesting that these markers might be potential to imply the

progression of PD. In addition, subgroups analysis showed that MRS of thalamus is

a sensitive region for the detection of cognitive decline in PD, and the alteration of

neurochemicals (involving Cr, Cho, mI, and LL) may be promising biomarkers to predict

cognitive decline in PD.

Keywords: early diagnosis, biomarker, Parkinson’s disease, proton magnetic resonance spectroscopy, MRI

INTRODUCTION

With an estimated prevalence of 1–2 case per 1,000 persons
above 60 years, Parkinson’s disease (PD) is the second common
neurodegenerative disease after Alzheimer’s disease (AD) (1).
Clinical symptoms of PD include motor disorders (such as,
quiescent tremor, motor retardation, muscular rigidity, and
postural gait abnormalities) (2) and non-motor disorders
(sleep disturbances, cognitive disorders, emotional disorders,
olfactory impairment, gastrointestinal dysfunction, bladder
dysfunction, etc.) (3). The most important pathological change
is the degeneration of dopamine (DA) neurons in the
substantia nigra where it has been identified to have an
accumulation of intracytoplasmic inclusions called Lewy bodies
containing α-synuclein (4). Aggregates of α-synuclein have been
found to spread from peripheral regions (olfactory bulb and
gastrointestinal tract) to the lower brainstem, resulting in early
emergence of premotor and non-motor symptoms (NMS) (5).
A total of 60% dopaminergic neurons have died when the
typical clinical manifestations occur (6). The Hoehn and Yahr
scale (H&Y) is commonly used to assess the disease progression
(Stage I–II for the early stage of PD, and Stage III–IV for the
progressive PD) (7). The Movement Disorder Society–Unified
Parkinson’s Disease Rating Scale (MDS–UPDRS) and the NMS
Scale (NMSS) are, respectively, used to evaluate the clinical
severity of motor symptoms (8) and NMS for PD (9). The
score of “Recall/Memory” in Mini-Mental State Examination
(MMSE) is used to identify the cognitive state in patients
with PD (10). However, a lack of objective data may result
in decreased diagnostic accuracy of clinical NMS. In addition,
early diagnosis before the onset of motor symptoms remains
challenging since lack of distinguishable clinical and laboratory
markers in premotor PD. Given the background, finding sensitive
biomarkers in NMS and early stage PD via neuroimaging may
not only help understand PD pathogenesis and progression, but
also provide better early diagnosis and therapies for patients with
PD (11).

Magnetic resonance spectroscopy (MRS) is a MRI technique
that allows for direct quantifying microstructural, biochemical,
and functional changes in human brain (12). Proton MRS (1H-
MRS) has been utilized to detect a wide range of endogenous
neurochemicals in PD, such as N-acetylaspartate (NAA) as a
marker reflecting the density of healthy neurons and the activity
of neuronal function, Creatine (Cr) as a marker of energy

metabolism, Choline (Cho) as a marker of both membrane
catabolism and anabolism, and myo-Inositol (mI) as a marker of
glial reaction. Besides, some magnetic resonance peaks overlap
between lipid (Lip) and lactic acid (Lac), so the term “LL” is
used in this study to qualify the sum of these two substances
and to subsequently indicate the ischemia and the hypoxia in
the neurodegenerative regions. Whole-brain MRS imaging was
performed and the regions associated with NMS were selected
for the spectral analysis, such as substantia nigra, pallidum,
thalamus, prefrontal cortex, hippocampus, and parahippocampal
gyrus (13).

In the previous study, we demonstrated that 1H-MRS is a
sensitive tool that is able to detect the alterations of neural-related
metabolites in multiple cerebral regions, such as lower ratios
of NAA/Cr and NAA/Cho in substantia nigra, globus pallidus,
prefrontal lobe, hippocampus, cuneus gyrus, and dorsal thalamus
(14). In addition, the reduced NAA/Cr and NAA/Cho were
positively correlated with the unilateral disorder and cognitive
impairment, while negatively correlated with UPDRS score. In
the present study, we recollected data and mainly focused on
assessing the cerebellar biochemical profile in different stages
of patients with PD, especially patients with NMS, by using the
1H-MRS. Correlation analysis will subsequently be conducted to
investigate the relationship between metabolism levels and the
H&Y stage, UPDRS scale, NMSS scale, MMSE score, or clinical
factors in patients with PD.

MATERIALS AND METHODS

Subjects
This study was approved by the Ethics Committee of the Second
Affiliated Hospital of Shantou University Medical College and
was performed according to the Declaration of Helsinki. Written
informed consent was obtained from all participants. A total
of 48 subjects were included in our hospital between 2017
and 2019: 37 PD (15 mens, age 47–82 years) and 11 health
people (8 mens, age 49–74 years). All subjects complied with the
diagnostic criteria (2) and diagnosed by a neurologist. Exclusion
criteria include (1) history of brain disease (cerebral infarction or
cerebral hemorrhage), (2) presence of mental illness or metabolic
syndrome, (3) severe heart, lung, liver, kidney, and other organ
dysfunction, and (4) inability to provide consent. Patients were
evaluated by the modified Hoehn-Yahr stage, UPDRS, NMSS,
and MMSE scales. The Hoehn-Yahr stage included stages 1–5,
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FIGURE 1 | Representative proton magnetic resonance spectroscopy (1H-MRS) spectra for four brain regions: prefrontal cortex (A), pallidum (B), thalamus (C),

substantia nigra (D), hippocampus (E), parahippocampal gyrus (F).

≤1.5 defined as the early stage of PD, while ≥1.5 defined as
late-stage PD. All participants underwent MRI and multi-voxel
1H-MRS examination within 3 days of admission.

MR Imaging and 1H-MRS
The 3-T MRI system was used for conventional MRI and 1H-
MRS (GE signa excite 3T HD Ecospeed) with a standard 8-
channel head coil, MR ADW 4.3 workstation Functool software.
The axial scanning direction was parallel to the anterior cranial

fossa, with a thickness of 5mm, an interval of 1.5mm, and
a field of vision (FOV) of 24 cm. A total of 20 MRI images
were obtained by scanning downward from the cranial top.
Scanning parameters of each sequence are as follows: (1)
T1WI: Using T1-weighted flux-Attenuated Inversion recovery
imaging (T1-FLAIR), repetition time (TR) 2,000ms, echo time
(TE) 24ms, number of excitations (NEX) = 2, FOV 24 ×

18 cm, Matrix 320 × 224, slice thickness 5mm and interlayer
thickness 1.5mm. (2) T2WI: Using T2-Weighted fast Recovery
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FIGURE 2 | 1H-MRS spectra obtained from a control subject (A) and a patient with PD (B).

fast spin-echo imaging (T2-FRfSE), TR 4,600ms, TE 106ms,
NEX 1.5, FOV 24 × 24 cm, Matrix 384 × 384, slice thickness
5mm and interlayer thickness 1.5mm. Multi-voxel 1H-MRS was
performed using a 2D point resolved spectroscopy (2D PROBE-
CSI PRESS) with the following parameters: TR, 1,500ms; TE,
35ms; phase × frequency = 18 × 18, volume of interest, 8 ×

10 × 1 cm; FOV, 240 × 240mm and NEX, 1. Voxel regions
of interest (ROI) is located in the substantia nigra, pallidum,
thalamus, prefrontal cortex, hippocampus, and parahippocampal
gyrus. Typical ROI were chosen from the examined brain
regions (Figure 1).

The spectral data obtained by GE MR imaging system were
analyzed by using Cr as internal reference to calculate the
neurometabolites ratio. Original data were sent to ADW4.3
workstation (GE Mediacel System Advantage Window 4.3), and
the Functool software was used to process the 1H-MRS image.
Six kinds of metabolites, such as creatine (Cr), N-acetyl aspartate-
to-creatine (NAA/Cr), N-acetylaspartate-to-choline (NAA/Cho),
choline-to-creatine (Cho/Cr), lipid-to-creatine (LL/Cr), and
myo-Inositol-to-creatine (mI/Cr) ratios were tested among PD
group and the control groups. Examples of spectra are presented
in Figure 2.

Statistical Analysis
The cerebral metabolites (Cr, NAA/Cr, NAA/Cho, Cho/Cr,
LL/Cr, and mI/Cr ratios) of the early PD group, the
progressive PD group and the control group were tested
by using SPSS26.0 statistical analysis software. According
to the homogeneity of variance, two independent sample
t-test or approximate t-test (t-test) were used to compare the
cerebral metabolites among the NMS subgroups in the case
group. Spearman’s correlation analysis was used to analyze
the correlation of cerebral metabolites with gender, age, H&Y
stage, MDS-UPDRS, NMSS, MMSE scales, hypertension, and
diabetes in patients with PD. The p < 0.05 was considered
statistically significant.

TABLE 1 | Demographics and clinical characteristics of the PD patients.

Control

group

(n = 11)

Early PD

group

(n = 24)

Late PD

group

(n = 13)

p1 p2 p3

Age 57.45 ± 10.09 64.50 ± 10.54 65.84 ± 7.53 0.072 0.029 0.687

H-Y Score 0 ± 0 1.29 ± 0.46 3.15 ± 0.38 0.000 0.000 0.000

MDS-

UPDR

Score

0 ± 0 28.29 ± 12.82 51.46 ± 18.94 0.000 0.000 0.000

NMSS

score

0 ± 0 63.83 ± 14.65 80.23 ± 16.59 0.000 0.000 0.004

p1 represents the p-value of the control group and the early stage group, p2 represents

the p-value of the control group and the progressive group, and p3 represents the p-value

of the early stage group and the progressive group.

RESULTS

Compare Age and Score of H&Y,
MDS-UPDRS, NMSS Between Control
Group, Early PD Group, and Late PD Group
The 24 cases (H&Y: 1.29 ± 0.46) showed premotor symptoms
and 13 cases (H&Y: 3.15 ± 0.38) showed progressive symptoms.
Three groups had statistical difference in Age, H&Y score, MDS-
UPDRS score, and NMSS score (all p < 0.05). The baseline
characteristics of the cases are showed in Table 1.

Compare Metabolic Status in Multiple
Cerebral Regions Between Control Group,
Early PD Group, and Late PD Group
There were statistically significant differences between two
compared group (late PD group and control group; late PD
group and early PD group) in metabolite ratios, while no
statistically differences between early PD group and control
group (p > 0.05). Due to the limit on the scope of this article,
we predominantly presented the positive MRS results in Table 2.
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TABLE 2 | Summary of the positive MRS results shown in left/right cerebral

hemisphere in the early, late PD group and the control group.

Early PD

group/control

group

Late PD

group/control

group

Late PD

group/early

PD group

Substantia Nigra Left – NAA/Cr ↓ –

Right – NAA/Cr ↓ –

Pallidum Left – – Cr ↑

Right – – –

Thalamus Left – – Cr ↑; mI/Cr ↓

Right – – –

Prefrontal Cortex Left – – –

Right – Cr ↑ –

Parahippocampal Gyrus Left – – –

Right – – NAA/Cr ↓

Detail metabolic information of MRS results will be summarized
in the Supplementary Table 1.

Compared late PD group with the control group, Cr in the
right prefrontal cortex in the late PD group was higher than that
in the control group (p < 0.05). NAA/Cr ratio in the bilateral
substantia nigra in the late PD group was lower than that in the
control group (p < 0.05). Compare late PD group with early
group, Cr in the left pallium and the left thalamic in the late PD
group was higher than that in the early PD group (p < 0.05).
NAA/Cr in the right parahippocampal gyrus in the late PD group
was lower than that in the early PD group (p < 0.05). The mI/Cr
in the left thalamic in the late PD group was lower than that in the
early PD group (p< 0.05). Cho/Cr andNAA/Cho were almost no
statistically differences between the early PD group, the late PD
group, and the control group (p > 0.05). Error bars of mean and
standard deviation values of Cr, NAA/Cr were shown in Figure 3.

The Number and Ratio of NMS in PD Group
Overall, 37 patients (24 for early stage PD, 13 for progressive PD)
and 11 controls were recruited in the study. For the cases, 70%
patients suffering with sleep disorders, nearly 67% patients have
gastrointestinal and/or bladder dysfunction, 35% for memory
decline (shown in Table 3). The NMS gradually increase and
worsen as PD disease progresses.

Comparison of Metabolites Between NMS
Subgroups
Non-motor symptoms were categorized into three subgroups
according to sleep condition, bowel condition, and cognitive
state (as shown in Table 4). Cho/Cr in the right hippocampus
in sleep disorder group was higher than that in the non-sleep
disorder group (t = 2.184, p < 0.005). The mI/Cr in the right
parahippocampal gyrus in gastrointestinal dysfunction group
was lower than that in the non-gastrointestinal dysfunction
group (t =−2.210, p < 0.005).

Comparing the cognitive group with non-cognitive group,
four metabolites in twelve brain sites showed statistically
difference (Cr, Cho/Cr, LL/Cr, mI/Cr, bilateral substantia nigra,

bilateral globus pallidus, bilateral thalami, left prefrontal cortex,
and right hippocampus), shown in Figure 4: (1) Cr in cognitive
decline group was higher than non-cognitive declined group in
bilateral substantia nigra (left: t = 2.575, p < 0.05, right: t =
4.701, p < 0.01), in the right pallidum (t = 2.245, p < 0.05),
and in the left thalamus (t = 2.442, p < 0.05). (2) Cho/Cr in
cognitive decline group was higher than non-cognitive declined
group in the left thalamus (t = 2.467, p < 0.05) and the left
prefrontal cortex (t = −2.142, p < 0.05). (3) LL/Cr in cognitive
decline group was higher than non-cognitive declined group
in left substantia nigra (t = 2.766, p < 0.05) and bilateral
thalamus (t = 2.746 for left, 3.561 for right, p < 0.05). (4)
mI/Cr in cognitive decline group was higher than non-cognitive
declined group in bilateral thalamus (t = 2.184 for left, 2.096
for right, p < 0.05) and in right parahippocampal gyrus (t =
3.147, p < 0.05). Notably, other metabolites such as NAA/Cr and
NAA/Cho had almost no statistical difference in all brain region
inNMS subgroups (p> 0.05).Moreover, there was no statistically
significant difference in Age and Score of H&Y, MDS-UPDRS,
NMSS among the three subgroups. For more detail please see the
Supplementary Table 2.

Correlation Analysis Between Cerebral
Metabolites and Clinical Factors of PD
Spearman’s correlation analysis was used to learn the relationship
between cerebral metabolites and clinical factors such as age,
gender, disease duration, H&Y scale, UPDRS score, NMSS score,
hypertension, and diabetes in patients with PD (as shown in
Table 5). Regarding to the correlation of age and metabolites in
patients with PD, positive correlation between age and Cr was
observed in bilateral substantia nigra (r = 0.413 for left, 0.420
for right, p < 0.05), in bilateral pallidum (r = 0.356 for left side,
0.360 for right, p < 0.05), in left prefrontal cortex (r = 0.337, p
< 0.05), in right hippocampus (r = 0.387, p < 0.05), and in left
parahippocampal gyrus (r = 0.338, p < 0.05). For the correlation
of gender and MRS in PD, NAA/Cr in the right substantia nigra
or thalamus, NAA/Cho in the right parahippocampal gyrus were
found to be positively correlated with men.

In terms of the correlation of UPDRS score and metabolites
in patients with PD, LL/Cr were positively correlated with MDS-
UPDRS in bilateral pallidum (r = 0.374 for both side, p < 0.05),
in left thalamus (r = 0.338, p < 0.05) and right hippocampus (r
= 0.380, p < 0.05). Cho/Cr was positively correlated in the right
substantia nigra (r = 0.405, p < 0.05) and the left thalamus (r
= 0.639, p < 0.05). NAA/Cr was statistically significant negative
correlation in the right prefrontal gyrus (r = −0.338, p < 0.05).
For the correlation of MMSS and metabolites in PD, there was
statistically significant positive correlation between Cho/Cr in the
left thalamus (r = 0.506), whereas negative correlation in the
substantia nigra. Of note, there was no statistically correlation
between metabolites and disease duration or H&Y scale (p
> 0.05).

When analyzing the correlation between MRS and common
chronic diseases (such as hypertension and diabetes) in patients
with PD, positive correlations in hypertension were observed
in Cr in bilateral substantia nigra (r = 0.356 for left, 0.353
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FIGURE 3 | Error bars of mean and standard deviation values of creatine (Cr) (A), N-acetyl aspartate-to-creatine (NAA/Cr) (B), and myo-Inositol-to-creatine (mI/Cr)

(C), at different sites in the early, late PD group, and the control group.

for right) and in the right pallidum (r = 0.427), and identified
in NAA/Cr in the right parahippocampal gyrus (r = 0.351).
Similarly, positive correlations in diabetes were observed in
NAA/Cr in the right parahippocampal gyrus and hippocampus
(r = 0.330, 0.242, respectively). By contrast, negative correlation
was found between hypertension and MRS in mI/Cr in the left
hippocampus (r = −0.376), and between diabetes and MRS in
LL/Cr in the left pallidum and hippocampus (r = −0.408 to
−0.342, respectively).

DISCUSSION

We enrolled 48 participants (37 patients and 11 controls) and
conducted the statistical difference between control group, the
early stage of PD, and the late stage of PD in age, clinical
characteristics. A total of 24 cases (H&Y: 1.29 ± 0.46) showed
premotor symptoms and 13 cases (H&Y: 3.15 ± 0.38) showed
progressive symptoms. Statistical difference was observed in
Age, H&Y score, MDS-UPDRS score, and NMSS score among
different groups (all p < 0.05). MRS was then performed in

the specific cerebral regions, such as substantia nigra, pallidum,
thalamus, prefrontal cortex, hippocampus, and parahippocampal
gyrus, to investigate the change of neurometabolic in different
stage of PD. There were no statistical differences between
the early PD group and the control group with regard to
the metabolites (p > 0.05), suggesting that no metabolic
abnormalities were detectable in early stage patients with PD
in our study, which is consistent with another study by Nora
Weiduschat et al., who also used MRS but did not detect any
effects of PD on the concentrations of NAA, Cho, and Cr in
striatal and gray matter in early stage patients with PD (15). Of
note, the olfactory center and the dorsal nucleus of the vagus
oblongata, which were mainly affected by the lesions in the early
stage of Braak’s study (13), were not selected in the present and
Nora’s study. The failure to detect changes in early biomarkers
may be related to the inadequate coverage of ROIs. However,
some studies had pointed out that the neurodegenerative process
can affect different brain regions in the early PD stage, not
just affect local areas by dopaminergic denervation. Martin
Klietz et al. utilized the MRS technique to estimate the changes
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TABLE 3 | Number and rate of non-motor symptoms (according to the results of MDS-UPDRS and NMSS scale).

Symptoms PD group overall

case (ratio %)

Early PD group

overall case (ratio %)

Late PD group

overall case (ratio %)

Overall case (ratio %) 37 24 (64.9) 13 (35.1)

1 Depression 31 (83.8) 20 (83.3) 11 (84.6)

2 Fatigue 28 (75.7) 18 (75.0) 10 (76.9)

3 Sleep disturbance 26 (70.2) 16 (66.7) 10 (76.9)

4 Anxiety 26 (70.2) 17 (70.8) 9 (69.2)

5 Gastrointestinal

dysfunction

25 (67.6) 15 (62.5) 10 (76.9)

6 Bladder dysfunction 25 (67.6) 14 (58.3) 11 (84.6)

7 Apathy 19 (51.3) 11 (45.8) 8 (61.5)

8 Pain 17 (45.9) 8 (33.3) 9 (69.2)

9 Cognitive decline 13 (35.1) 7 (29.1) 6 (46.1)

10 Hallucination 2 (5.4) 2 (8.3) 0 (0.0)

TABLE 4 | The results of MRS in left/right cerebral hemisphere among the three subgroups of NMS-PD.

Sleep disorder group/non

sleep disorder

Gastrointestinal

dysfunction/non

gastrointestinal dysfunction

Cognitive decline/non

cognitive decline

Substantia nigra Left Cr ↑; LL/Cr ↑

Right Cr ↑

Pallidum Left

Right Cr ↑

Thalamus Left Cr ↑; Cho/Cr ↑; LL/Cr ↑;

mI/Cr↑

Right LL/Cr ↑; mI/Cr↑

Prefrontal cortex Left Cho/Cr ↑

Right

Hippocampus Left

Right Cho/Cr ↑

Parahippocampal gyrus Left

Right mI/Cr ↓ mI/Cr ↑

in neurometabolic characteristics of early patients with PD in
subcortical basal ganglia structures of bilateral frontal lobes,
temporal lobes, parietal lobes, occipital lobes, and the cerebellum
(16). Decreased NAA, Cho, and Cr were calculated in temporal-
parietal, frontal, and occipital lobe. To put it in a nutshell, the
alteration of pathology and neurometabolites in the present study
may not spread to the substantia nigra, thalamus, hippocampus,
and prefrontal lobes. Future studies should engage more ROIs
for spectral analysis to identify more metabolic alterations and
regions involved in the early pathological changes.

Compared late PD group with a control group or early group,
higher Cr ratio and lower NAA/Cr ratio were observed in the
late PD group (p < 0.05), which reflects the occurrence of
neural cells apoptosis and compensatory for the neuronal energy
consumption in certain regions. In addition, mI/Cr in the left
thalamus in the late PD group was lower and suggested the
activation and proliferation of glial cells in thalamic nuclei. In
comparison to the early stage of PD, the disease has progressed

and lesion-related metabolites were detected in the globus
pallidus, thalamus, and hippocampus, which are consistent
with the expansion of clinical symptom dimensions such as
fatigue, abnormalities of sensation, andmotor disorders. Notably,
Cho/Cr and NAA/Cho had almost no statistically difference
between the early PD group, the late PD group, and the control
group (p > 0.05). The results in comparison with the late PD
group and control group or early group suggested that higher
Cr ratio, lower NAA/Cr, and lower mI/Cr might be potential
biomarkers to imply the progression of PD.

Different severity and progression of neuropathology are
determinants of Parkinson’s symptoms (5). Pathology of the
inclusion body was limited to the medulla oblongata/pontine
tegmentum and olfactory bulb/anterior olfactory nucleus during
pre-symptomatic stages 1–2, resulting in the obvious appearance
of NMS, whereas relatively slight damage of motor symptoms,
neural cells and glial cell disorder. In stages 3–4, the lesions
gradually spread upward to the midbrain substantia nigra
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FIGURE 4 | Histogram of mean metabolite results in substantia nigra (A), pallidum (B), thalamus (C), prefrontal cortex (D), hippocampus (E) and parahippocampal

gyrus (F) with comparison between the cognitive impairment group and non-memory impairment group.

and nuclear grays, causing the gradual reduction of dopamine
transmitters in caudate and putamen regions. Motor symptoms
emerged at this point. In the end-stages 5–6, pathologies enter
to the cerebral cortex and limbic system, which give rise to the
manifestation of cerebral cortex dysfunction such as cognitive
impairment and emotional disorders.

To find out the specific neurometabolites in NMS patients, we
first counted the number of NMS in our included sample. More
than 10 kinds of NMS occur in the early stage of patients with
PD, mainly depression, anxiety, fatigue, and sleep disorders, and
it gradually increases and worse as PD disease progresses. Specific
markers presented in different cerebral regions were identified
via comparing the alteration of neurochemicals between certain
symptoms. The results of this study suggested that Cho/Cr in
the right hippocampus in sleep disorder group was higher than
that in the non-sleep disorder group (t = 2.184, p < 0.005). The
increased level of Cho/Cr reflects the enhanced of membrane
catabolism in the damaged site of hippocampus, which is
consistent with a study showed the reduced of hippocampal
volume in patients with insomnia (17). Of note, the underlying
neuropathology of rapid eye movement (REM) sleep behavior
disorder (RBD) is the degeneration of cholinergic neurons and
neurons in brain stem and limbic system caused by aggregation

of α-synuclein (18). Considering the high incidence of RBD (up
to 65% of patients with PD), we speculated that sleep disturbances
in patients may be related to RBD. Future study about the
relationship between MRS metabolic results and RBD should be
carried out.

A previously study conducted in patients with mild cognitive
impairment or dementia, indicated a significant reductions of
NAA in occipital region (19), dorsolateral prefrontal cortex and
hippocampus (20), and a dramatically decreased NAA/Cr in
temporoparietal cortex (21), occipital lobe (22), and posterior
cingulate cortex (23). In contrast, the Cho/Cr ratio increased
in the posterior cingulate in patient with mild cognitive
impairment (22, 23). However, these statistical differences
became no significant after adjusting for age, gender, and
MDS-UPDRS, suggesting that MRS of posterior cingulate is
not a useful biomarker for revealing the cognitive impairment
in PD (23). In the present study, multiple metabolites in
cognitive group were higher than that in non-cognitive group,
such as Cr in bilateral substantia nigra, right pallidum, and
left thalamus, Cho/Cr in the left thalamus and left prefrontal
cortex, mI/Cr in bilateral thalamus and right parahippocampal
gyrus, LL/Cr in left substantia nigra and bilateral thalamus.
Together, pathologies associated with cognitive impairment
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TABLE 5 | Relationship between cerebral metabolites and clinical factors including age, gender, disease duration, H&Y scale, UPDRS score, NMSS score, hypertension

and diabetes in PD patients was shown by using spearman correlation analysis.

Position Metabolites Gender Age Disease duration

r p r p r p

Left substantia nigra Cr 0.036 0.832 0.413* 0.011 −0.175 0.301

NAA/Cr 0.250 0.135 0.069 0.685 0.176 0.296

NAA/Cho 0.106 0.533 −0.018 0.917 0.092 0.589

Cho/Cr 0.168 0.321 0.227 0.177 0.164 0.333

LL/Cr 0.072 0.671 0.078 0.646 0.106 0.534

mI/Cr −0.013 0.940 −0.021 0.903 −0.343* 0.037

Right substantia nigra Cr 0.129 0.447 0.420** 0.010 −0.073 0.669

NAA/Cr 0.570** 0.000 0.248 0.139 −0.051 0.766

NAA/Cho 0.279 0.095 0.260 0.121 −0.131 0.440

Cho/Cr 0.121 0.475 −0.064 0.707 0.087 0.607

LL/Cr 0.013 0.940 −0.194 0.251 0.317 0.056

mI/Cr −0.129 0.447 0.053 0.757 −0.188 0.265

Left pallidum Cr 0.124 0.466 0.356* 0.030 0.074 0.664

NAA/Cr −0.155 0.360 0.171 0.312 0.154 0.364

NAA/Cho −0.008 0.964 0.171 0.311 0.141 0.406

Cho/Cr 0.175 0.299 0.059 0.731 −0.014 0.936

LL/Cr 0.000 1.000 −0.122 0.470 −0.062 0.715

mI/Cr 0.052 0.762 0.040 0.816 0.002 0.990

Right pallidum Cr −0.077 0.649 0.360* 0.029 −0.132 0.437

NAA/Cr −0.139 0.411 0.024 0.890 −0.089 0.602

NAA/Cho −0.067 0.693 0.180 0.286 0.004 0.982

Cho/Cr 0.309 0.062 −0.097 0.568 0.264 0.115

LL/Cr −0.026 0.880 −0.067 0.692 0.216 0.199

mI/Cr 0.057 0.739 −0.311 0.061 −0.056 0.741

Left thalamus Cr 0.222 0.187 0.285 0.087 0.106 0.533

NAA/Cr 0.119 0.484 −0.005 0.977 −0.092 0.590

NAA/Cho −0.021 0.904 0.179 0.289 −0.031 0.854

Cho/Cr 0.142 0.402 −0.129 0.445 0.088 0.605

LL/Cr −0.005 0.976 −0.043 0.802 0.245 0.144

mI/Cr 0.015 0.928 0.137 0.418 −0.011 0.947

Right thalamus Cr 0.031 0.856 0.221 0.188 −0.111 0.514

NAA/Cr 0.389* 0.017 −0.047 0.780 0.095 0.576

NAA/Cho 0.170 0.314 0.128 0.449 0.008 0.964

Cho/Cr −0.059 0.727 −0.015 0.930 0.203 0.229

LL/Cr 0.224 0.182 0.128 0.451 0.092 0.589

mI/Cr −0.026 0.880 −0.020 0.908 0.037 0.828

Left prefrontal cortex Cr 0.180 0.285 0.337* 0.041 0.096 0.570

NAA/Cr 0.206 0.221 −0.260 0.120 0.222 0.186

NAA/Cho 0.201 0.233 −0.080 0.637 0.103 0.545

Cho/Cr −0.134 0.429 0.140 0.410 −0.373* 0.023

LL/Cr 0.075 0.660 0.012 0.946 −0.130 0.442

mI/Cr 0.227 0.177 0.207 0.219 0.169 0.318

Right prefrontal cortex Cr −0.052 0.762 0.139 0.411 0.011 0.951

NAA/Cr 0.013 0.940 0.044 0.794 −0.304 0.067

NAA/Cho 0.070 0.682 0.012 0.945 −0.083 0.627

Cho/Cr −0.018 0.916 −0.079 0.643 0.224 0.183

LL/Cr −0.108 0.524 0.053 0.755 −0.097 0.567

mI/Cr 0.077 0.649 −0.103 0.546 −0.029 0.864

(Continued)

Frontiers in Neurology | www.frontiersin.org 9 February 2022 | Volume 13 | Article 594711304

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Guan et al. 1H-MRS for Diagnosis of Parkinson’s Disease

TABLE 5 | Continued

Position Metabolites Gender Age Disease duration

r p r p r p

Left hippocampus Cr −0.010 0.952 0.157 0.354 0.095 0.576

NAA/Cr −0.124 0.466 0.048 0.777 −0.223 0.185

NAA/Cho 0.083 0.627 −0.080 0.637 0.057 0.740

Cho/Cr 0.124 0.465 −0.322 0.052 −0.168 0.320

LL/Cr 0.232 0.167 −0.051 0.765 0.140 0.408

mI/Cr −0.113 0.504 −0.148 0.381 −0.063 0.711

Right hippocampus Cr 0.067 0.693 0.387* 0.018 −0.123 0.469

NAA/Cr −0.139 0.411 −0.032 0.849 0.011 0.949

NAA/Cho −0.183 0.278 −0.235 0.162 0.248 0.139

Cho/Cr 0.085 0.617 0.027 0.876 0.152 0.368

LL/Cr −0.064 0.705 −0.314 0.058 0.172 0.309

mI/Cr −0.031 0.856 −0.122 0.472 −0.247 0.140

Left parahippocampal

gyrus

Cr 0.005 0.976 0.338* 0.041 0.160 0.344

NAA/Cr −0.170 0.314 0.101 0.553 0.229 0.173

NAA/Cho −0.021 0.904 0.158 0.350 −0.128 0.450

Cho/Cr −0.286 0.086 0.216 0.198 0.224 0.183

LL/Cr 0.103 0.544 0.013 0.941 0.077 0.649

mI/Cr −0.005 0.976 0.194 0.249 −0.154 0.362

Left parahippocampal

gyrus

Cr −0.113 0.504 0.056 0.741 −0.095 0.575

NAA/Cr −0.183 0.278 0.182 0.280 0.290 0.082

NAA/Cho 0.387* 0.018 −0.178 0.292 0.287 0.085

Cho/Cr −0.508** 0.001 −0.099 0.561 0.020 0.906

LL/Cr −0.021 0.904 −0.069 0.685 0.089 0.600

mI/Cr 0.103 0.544 −0.153 0.367 −0.136 0.423

Position Metabolites H-Y classification MDS-UPDRS scale score NMSS scale score

r p r p r p

Left substantia nigra Cr 0.089 0.602 0.208 0.217 0.081 0.634

NAA/Cr 0.177 0.294 0.233 0.164 0.225 0.181

NAA/Cho −0.145 0.393 −0.131 0.439 0.028 0.870

Cho/Cr 0.079 0.641 0.197 0.242 0.140 0.409

LL/Cr 0.171 0.312 0.219 0.193 0.212 0.207

mI/Cr −0.236 0.160 −0.034 0.841 −0.192 0.256

Right substantia nigra Cr 0.240 0.152 0.281 0.092 0.208 0.216

NAA/Cr −0.142 0.403 −0.083 0.624 0.067 0.694

NAA/Cho −0.059 0.728 0.144 0.395 0.197 0.243

Cho/Cr −0.193 0.25 0.405* 0.013 −0.339 0.051

LL/Cr −0.184 0.275 0.013 0.937 −0.201 0.234

mI/Cr −0.257 0.125 −0.044 0.796 −0.161 0.343

Left pallidum Cr 0.041 0.81 0.106 0.534 −0.028 0.869

NAA/Cr 0.110 0.517 0.073 0.666 0.080 0.637

NAA/Cho 0.045 0.791 0.174 0.304 0.132 0.437

Cho/Cr 0.165 0.328 −0.160 0.345 −0.215 0.200

LL/Cr 0.011 0.947 0.374* 0.023 0.246 0.142

mI/Cr 0.019 0.913 0.242 0.150 −0.056 0.743

Right pallidum Cr 0.041 0.810 0.106 0.534 −0.028 0.869

NAA/Cr 0.110 0.517 0.073 0.666 0.080 0.637

(Continued)

Frontiers in Neurology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 594711305

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Guan et al. 1H-MRS for Diagnosis of Parkinson’s Disease

TABLE 5 | Continued

Position Metabolites Gender Age Disease duration

r p r p r p

NAA/Cho 0.045 0.791 0.174 0.304 0.132 0.437

Cho/Cr 0.165 0.328 −0.160 0.345 −0.215 0.200

LL/Cr 0.011 0.947 0.374* 0.023 0.246 0.142

mI/Cr 0.019 0.913 0.242 0.150 −0.056 0.743

Left thalamu Cr −0.058 0.735 0.122 0.472 −0.021 0.904

NAA/Cr −0.036 0.830 0.115 0.496 0.116 0.495

NAA/Cho 0.286 0.086 0.223 0.184 0.206 0.222

Cho/Cr 0.213 0.207 0.639** 0.000 0.506** 0.001

LL/Cr 0.163 0.334 0.338* 0.041 0.206 0.221

mI/Cr −0.233 0.164 0.075 0.660 −0.090 0.597

Right thalamus Cr −0.136 0.421 −0.011 0.947 0.007 0.968

NAA/Cr 0.168 0.321 0.246 0.142 0.060 0.723

NAA/Cho 0.106 0.531 0.138 0.416 0.022 0.897

Cho/Cr 0.162 0.337 0.258 0.124 0.205 0.223

LL/Cr −0.024 0.887 0.123 0.470 0.108 0.525

mI/Cr 0.049 0.772 0.133 0.433 −0.017 0.921

Left prefrontal cortex Cr 0.146 0.389 0.253 0.130 0.119 0.484

NAA/Cr 0.046 0.786 −0.009 0.956 0.052 0.762

NAA/Cho 0.168 0.319 −0.021 0.903 0.165 0.329

Cho/Cr −0.309 0.063 −0.130 0.444 −0.280 0.093

LL/Cr 0.077 0.651 0.139 0.411 0.081 0.635

mI/Cr −0.077 0.652 0.127 0.453 0.034 0.841

Right prefrontal cortex Cr 0.107 0.529 0.160 0.345 0.097 0.569

NAA/Cr −0.265 0.113 −0.338* 0.041 −0.249 0.138

NAA/Cho −0.112 0.510 0.013 0.940 −0.072 0.672

Cho/Cr 0.092 0.590 0.130 0.442 0.243 0.147

LL/Cr 0.078 0.646 −0.033 0.847 −0.007 0.968

mI/Cr 0.035 0.838 0.101 0.552 −0.007 0.968

Left hippocampus Cr −0.176 0.299 −0.049 0.774 –.354* 0.031

NAA/Cr 0.145 0.391 0.135 0.426 0.296 0.075

NAA/Cho 0.000 0.999 0.159 0.348 0.059 0.729

Cho/Cr −0.260 0.120 0.047 0.783 0.010 0.951

LL/Cr −0.164 0.332 −0.052 0.758 −0.085 0.615

mI/Cr −0.031 0.854 0.251 0.135 0.170 0.314

Right hippocampus Cr 0.073 0.667 0.05 0.77 −0.083 0.627

NAA/Cr 0.123 0.467 0.276 0.098 0.350* 0.034

NAA/Cho 0.119 0.482 0.150 0.374 0.196 0.246

Cho/Cr −0.004 0.983 0.180 0.286 0.161 0.341

LL/Cr 0.308 0.063 0.380* 0.020 0.121 0.477

mI/Cr −0.026 0.881 0.219 0.193 0.002 0.988

Left parahippocampal

gyrus

Cr 0.068 0.689 0.160 0.345 −0.049 0.773

NAA/Cr 0.270 0.106 −0.009 0.956 0.084 0.619

NAA/Cho 0.179 0.288 0.024 0.886 0.119 0.483

Cho/Cr 0.011 0.948 0.170 0.316 0.187 0.267

LL/Cr −0.133 0.432 0.091 0.592 −0.008 0.961

mI/Cr −0.064 0.705 0.072 0.670 0.075 0.657

Right parahippocampal

gyrus

Cr −0.029 0.865 0.305 0.067 0.128 0.451

NAA/Cr 0.334* 0.043 0.237 0.158 0.163 0.335

(Continued)
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TABLE 5 | Continued

Position Metabolites Gender Age Disease duration

r p r p r p

NAA/Cho 0.073 0.667 0.024 0.890 0.046 0.788

Cho/Cr −0.080 0.636 0.071 0.675 −0.110 0.517

LL/Cr 0.123 0.470 0.297 0.075 0.142 0.402

mI/Cr −0.277 0.097 −0.017 0.922 −0.096 0.572

Position Metabolites Hypertension Diabetes mellitus

r p r p

Left substantia nigra Cr 0.356* 0.030 0.236 0.159

NAA/Cr 0.234 0.163 0.175 0.299

NAA/Cho 0.154 0.362 0.094 0.580

Cho/Cr 0.279 0.094 0.163 0.335

LL/Cr −0.160 0.345 −0.236 0.159

mI/Cr −0.066 0.700 −0.114 0.501

Right substantia nigra Cr 0.353* 0.032 0.204 0.226

NAA/Cr 0.228 0.175 0.041 0.811

NAA/Cho 0.165 0.328 0.126 0.456

Cho/Cr −0.239 0.153 −0.143 0.400

LL/Cr −0.137 0.419 −0.245 0.145

mI/Cr −0.091 0.591 −0.073 0.666

Left pallidum Cr 0.228 0.175 0.024 0.886

NAA/Cr 0.091 0.591 0.237 0.159

NAA/Cho 0.157 0.354 0.045 0.792

Cho/Cr 0.046 0.789 0.024 0.886

LL/Cr −0.311 0.061 −0.408* 0.012

mI/Cr −0.188 0.265 −0.261 0.119

Right pallidum Cr 0.427** 0.008 0.318 0.055

NAA/Cr −0.097 0.568 0.139 0.413

NAA/Cho 0.131 0.439 0.143 0.400

Cho/Cr 0.057 0.738 −0.273 0.102

LL/Cr −0.285 0.087 −0.098 0.565

mI/Cr −0.217 0.198 −0.293 0.078

Left thalamus Cr 0.299 0.072 0.041 0.811

NAA/Cr −0.017 0.920 −0.139 0.413

NAA/Cho 0.111 0.512 0.057 0.737

Cho/Cr 0.148 0.381 0.049 0.774

LL/Cr −0.063 0.712 0.065 0.701

mI/Cr −0.074 0.663 −0.090 0.598

Right thalamus Cr 0.302 0.069 0.041 0.811

NAA/Cr 0.257 0.125 0.065 0.701

NAA/Cho 0.259 0.121 0.122 0.471

Cho/Cr 0.074 0.663 0.041 0.811

LL/Cr 0.040 0.815 −0.147 0.386

mI/Cr −0.040 0.815 −0.057 0.737

Left prefrontal cortex Cr 0.228 0.175 −0.033 0.848

NAA/Cr 0.048 0.776 0.139 0.413

NAA/Cho 0.051 0.763 0.045 0.792

Cho/Cr 0.037 0.828 −0.033 0.848

LL/Cr 0.020 0.907 0.041 0.811

mI/Cr −0.051 0.763 −0.179 0.288

(Continued)
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TABLE 5 | Continued

Position Metabolites Hypertension Diabetes mellitus

r p r p

Right prefrontal cortex Cr 0.239 0.154 0.049 0.774

NAA/Cr −0.023 0.893 −0.041 0.811

NAA/Cho 0.160 0.345 −0.020 0.905

Cho/Cr −0.011 0.947 0.037 0.829

LL/Cr −0.040 0.815 −0.098 0.565

mI/Cr −0.057 0.738 −0.041 0.811

Left hippocampus Cr 0.063 0.712 −0.057 0.737

NAA/Cr −0.023 0.893 0.273 0.102

NAA/Cho −0.063 0.712 −0.016 0.924

Cho/Cr −0.168 0.320 −0.196 0.246

LL/Cr −0.217 0.198 −0.342* 0.038

mI/Cr −0.376* 0.022 −0.041 0.811

Right hippocampus Cr 0.171 0.312 0.139 0.413

NAA/Cr 0.251 0.134 0.342* 0.038

NAA/Cho −0.126 0.459 0.188 0.266

Cho/Cr 0.182 0.280 −0.155 0.360

LL/Cr −0.185 0.272 −0.110 0.517

mI/Cr −0.251 0.134 −0.073 0.666

Left parahippocampal

gyrus

Cr 0.217 0.198 0.147 0.386

NAA/Cr 0.194 0.250 0.192 0.256

NAA/Cho 0.143 0.400 0.130 0.441

Cho/Cr 0.040 0.815 0.122 0.471

LL/Cr −0.131 0.439 −0.187 0.266

mI/Cr −0.251 0.134 −0.130 0.442

Right parahippocampal

gyrus

Cr 0.114 0.502 0.033 0.848

NAA/Cr 0.351* 0.033 0.330* 0.046

NAA/Cho −0.011 0.947 −0.082 0.631

Cho/Cr −0.091 0.591 −0.053 0.755

LL/Cr 0.017 0.920 0.049 0.774

mI/Cr −0.120 0.480 −0.196 0.246

The relationship between metabolites and sex, age and disease cours. *means P ≤0.05; n represents the number of cases. The metabolites were correlated with H-Y classification,

MDS-UPDRS scale score and NMSS scale score. *means P ≤ 0.05; n represents the number of cases. Association of metabolites with hypertension and diabetes mellitus. *means P

≤ 0.05; n represents the number of cases.

were identified to gradually spread from midbrain to cerebral
cortex. Cr, Cho/Cr, mI/Cr, and LL/Cr were all relatively high
in the thalamus, suggesting that MRS of thalamus is sensitive
for the detection of cognitive decline in PD. In addition,
the alteration of neurochemicals in specific regions (such
as Cr, Cho, MI, and LL) may be promising biomarkers to
predict or identify cognitive decline in PD. Notably, other
metabolites such as NAA/Cr and NAA/Cho had almost no
statistical difference in the brain region in NMS subgroups
(p > 0.05). There were no statistically differences between
three NMS subgroups in Age, Score of H&Y, MDS-UPDRS,
and NMSS.

Spearman’s correlation analysis was used to study the
connection between cerebral metabolites and clinical factors
such as age, gender, disease duration, H&Y scale, UPDRS

score, NMSS score, hypertension, and diabetes in patients
with PD. Ratio of four metabolites, Cr, NAA/Cr, Cho/Cr,
LL/Cr, mI/Cr, and NAA/Cho in twelve brain sites were
obtained. Cr showed positive correlation with age. Normally,
the decreased NAA was mainly associated with decreased
gray matter volume and healthy neurons, while the increased
Cho, Cr, and mI were related to the increased of white
matter (24). The increased level of Cr is consistent with the
reduced ratio of gray to white matter and the increased of
energy metabolism requirements in the brain. On the other
hand, for the relationship between metabolites and clinical
symptoms, both Cho/Cr and LL/Cr had positive correlation
with motor symptoms, while only Cho/Cr was positively
correlated with the NMS. Choline is a component of cerebral
myelin and cell membrane (16). The level of Cho might
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be a helpful hint to imply pathological changes in patients
with PD.

LIMITATION AND PERSPECTIVE

In the present study, it is difficult to acquire an accuratemetabolic
profile in the early stage of PD since some cerebral structures,
which are too subtle to be detected and this neuroimaging
technique may not be capable to avoid the partial volume
effect of the adjacent structures. In addition, the metabolite
concentrations of glutamate and GABA, as well as the region
of the dorsal nucleus of the vagus oblongata and the olfactory
center, were not measured due to a lack of appropriate processing
software or equipment. Moreover, the sample size and the study
time are not enough. The difference in the incidence of NMS
between patients with PD and healthy individuals was not
statistically analyzed. Further study could expand the sample
size, extend the observation time, conduct more subgroups
analysis, and engage more regions of interest (ROIs) for
spectral analysis to identify more metabolic alteration. Currently,
imaging techniques in the diagnosis of PD are still no clear.
With the rapid development of MRS parameters, sequences,
software and other technologies, the accuracy of MRS will
continuously improve. Further study should be focused on the
finding techniques which can directly reflect the changes of cell
metabolites in different damaged sites so as to find out more
objective markers that can be used to evaluate the site and
severity of brain damage. Interestingly, the three-dimensional
(3D) midbrain organoids, which are able to recapitulate features
of the midbrain and simulate disease progression, can be
combined with advanced neuroimaging techniques to investigate
the complex pathological development.

CONCLUSION

Proton magnetic resonance spectroscopy is an advanced tool
to quantify neuronal integrity deficits and metabolic changes in
PD. Although no symbolic biomarkers were detected in early
patients with PD in our study, three biomarkers (Cr, NAA/Cr,
and mI/Cr) experienced statistically significant differences,
with an increased level of Cr, whereas reduced ratio of
NAA/Cr and mI/Cr. In addition, NMS were classified into
several subgroups (such as sleep disorder group, gastrointestinal
dysfunction group, and cognitive impairment group). Cho/Cr
might be a useful marker to identify sleep disorder, while

decreased mI/Cr ratio might imply gastrointestinal dysfunction.
MRS of thalamus is sensitive for the detection of cognitive
decline in PD. The alteration of neurochemicals in specific
regions (such as Cr, Cho, mI, and LL) may be promising
biomarkers to predict or identify cognitive decline in PD.
Furthermore, patients in the late stage of PD, or with
cognitive impairment, have relatively extensive and severe
brain lesions.
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