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1. INTRODUCTION:

Alpha-synuclein deposits in Lewy bodies and neurites are the pathologic hallmark of the Lewy
body diseases (LBD) - Parkinson disease (PD), PD dementia (PDD), and dementia with Lewy
bodies (DLB). However, Alzheimer’s disease (AD) co-pathologies in the form of extracellular
beta- amyloid plaques and intracellular tau in neurofibrillary tangles (NFTs) are commonly
observed in the LBD at autopsy, where they have been increasingly linked to cognitive
impairment. We and others have used PET imaging with [11C]Pittsburgh Compound B (PiB) in
the LBD to relate amyloid burden during life to clinical phenotype and course (1-5). In our own
studies, the presence and extent of cortical amyloid in PD, PDD, or DLB was associated with
faster cognitive decline (2,3). We have also employed the tau PET ligand [18F]AV-1451, also
known as flortaucipir, to evaluate tau’s contribution to the LBD in life, demonstrating greater
cortical tau deposits in DLB and cognitively impaired PD subjects compared to cognitively
normal PD and healthy subjects (6). All subjects with elevated cortical tau were cognitively
impaired, and the burden of tau correlated with global measures of cognitive impairment.
Surprisingly, however, and in contrast to AD, where amyloid deposition precedes cortical tau,
some LBD patients with elevated tau lacked high levels of amyloid, raising the possibility that the
sequence of accumulation of amyloid and tau in the LBD may diverge from AD. In this regard,
how amyloid and tau deposit over time in the LBD, relate to the primary alpha-synuclein
pathology of the LBD, and together contribute to the course of these diseases remain poorly
understood. To address these key questions, we have set out to determine how amyloid and tau
accumulate over time within LBD subjects and influence each other’s deposition, whether they
are associated with greater alpha-synuclein pathology, and whether they contribute to specific
clinical outcomes of the LBD. We have hypothesized that tau and amyloid accumulate over time
in PD and DLB, driving alpha-synuclein pathology, each other’s aggregation, and cognitive
impairment.
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3. ACCOMPLISHMENTS:

What were the major goals of the project?

Specific Aim 1. To determine whether amyloid accumulates over time within LBD subjects, and
whether the presence of tau at baseline increases amyloid deposition.

Specific Aim 2. We will determine whether tau accumulates over time within LBD subjects,
whether this process is influenced by baseline amyloid, and whether the longitudinal deposition of
tau impacts rates of cognitive decline.

IRB approval for imaging, 1-3 months. Complete.
Patient recruitment: months 3-24. Complete.

Clinical assessments, year 1-2, months 3-24. Complete.
MRI, 1% set: months 3-12. Complete.

[11C]PiB PET, 1* set: months 3-24. Complete.
[18F]AV-1451 PET, 1% set: months 3-24. Complete.

Clinical assessments, year 2: months 12-24, 24-48. Complete.
MRI, 2"4 set: months 12-48. Complete.

[11C]PiB PET, 2" set: months 12-48. Complete.
[18F]AV-1451 PET, 2" set: months 12-48. Complete.

Clinical assessments, year 3-4: months 24-48. Complete.
MRI, 2" set: months 24-48. Complete.

[11C]PiB PET, 2" set: months 24-48. Complete.
[18F]AV-1451 PET, 2" set: months 24-48. Complete.

Data analyses:
Image processing: months 24-30. Complete.
Longitudinal PET data analyses: months 30-36. Complete.

Specific Aim 3 (modified and approved with the prior annual report): We will determine the
contribution of a biofluid marker of neurodegeneration, neurofilament light chain (NFL) in blood
and CSF, to progressive motor and cognitive decline in Parkinson’s disease.

Acquire access to PPMI, month 18 months. Complete.
Selection of subjects from PPMI, months 18-24. Complete.
Acquire PPMI data, months 18-24. Complete.

Analyses of NFL biofluid levels: months 24-26. Complete.




What was accomplished under these goals?

Major activities: The plan of this longitudinal study is to recruit a combination of subjects without
prior PET imaging (6 PD-normal, 6 PD-MCI and PDD, and 6 DLB), as well as subjects who have
been imaged before (8 PD-normal, 8 PD-MCI and PDD, and 8 DLB), and to proceed with the first
MRI, amyloid PET, and tau PET imaging acquisitions in 18 subjects and the first clinical
assessments in all 42. The plan in years 2 and 3 is to bring in subjects for repeat imaging and
proceed with data analyses, including those related to the biofluid biomarker neurofilament light
chain (NFL).

e We recruited and enrolled a total of 28 new subjects for longitudinal clinical
characterization and longitudinal imaging.

e We acquired 31 MR scans, 26 PiB scans, and 27 tau scans in newly recruited patients.

e We acquired 4 MR scans, 4 PiB scans, and 4 tau scans in previously imaged subjects.

e All subjects underwent detailed cognitive testing and comprehensive neurological
examination.

e To improve statistical power, we incorporated data from additional subjects, including 12
sets of MRI, 8 sets of PiB, and 8 sets of tau scans.

e We published a paper focused on the impact of amyloid deposition on cortical thinning in
PD, PDD, and DLB.

e We published a paper focused on the impact of CSF and blood levels of neurofilament light
chain (NFL) on the progression of motor and cognitive symptoms in Parkinson’s.

e The COVID-19 pandemic impacted recruitment, imaging, fluid biomarker acquisition, and
clinical assessments.

Regional cortical thinning in DLB and PDD may underlie some aspect of their clinical
impairments; cortical atrophy likely reflects extensive Lewy body pathology with alpha-synuclein
deposits, as well as associated Alzheimer's disease co-pathologies, when present. We investigated
the topographic distribution of cortical thinning in these Lewy body diseases compared to
cognitively normal PD and healthy non-PD control subjects, explored the association of regional
thinning with clinical features and evaluated the impact of amyloid deposition. Twenty-one
participants with dementia with Lewy bodies (DLB), 16 with Parkinson disease (PD) - associated
cognitive impairment (PD-MCI and PDD), and 24 cognitively normal participants with PD
underwent MR, PiB PET, and clinical evaluation. Cortical thickness across the brain and in
regions of interest (ROIs) was compared across diagnostic groups and across subgroups stratified
by amyloid status, and was related to clinical and cognitive measures. DLB and PD-impaired
groups shared a similar distribution of cortical thinning that included regions characteristic of AD,
as well as the fusiform, precentral, and paracentral gyri. Elevated PiB retention in DLB and PD-
impaired but not in PD-normal participants was associated with more extensive and severe cortical
thinning, in an overlapping topography that selectively affected the medial temporal lobe in DLB
participants. In DLB, greater thinning in AD signature and fusiform regions was associated with
greater cognitive impairment. These results show that the pattern of cortical thinning was similar in




DLB and PD-associated cognitive impairment, overlapping with and extending beyond AD
signature regions to involve fusiform, precentral, and paracentral regions. Cortical thinning in AD
signature and fusiform regions in these diseases reflects cognitive impairment and is markedly
accentuated by amyloid co-pathology. These results raise the possibility that the distinct
topography of cortical thinning in DLB and PD-associated cognitive impairment might have value
as a diagnostic or outcome biomarker in clinical trials. These findings were published (Ye et al,
2020).

Across diagnostic groups, baseline amyloid burden was associated with faster longitudinal
cognitive decline measured with the CDR sum of boxes score and the MOCA.. Baseline amyloid
burden was not related to longitudinal cortical thinning in the inferior temporal gyrus. Across
diagnostic groups, baseline tau burden was associated with longitudinal cognitive decline measured
with the CDR-sb (R=0.63, p=0.0051). There was a trend towards significance in the correlation of
baseline tau with longitudinal change in MOCA score. Baseline tau burden was not significantly
related to longitudinal cortical thinning in the inferior temporal gyrus. Longitudinal cortical
thinning in the inferior temporal gyrus was not associated with the rate of cognitive decline
measured with the CDR-sb (R=0.3, p=0.2). We did not detect significant accumulation of amyloid
within participants (estimate mean difference across longitudinal scans = 0.03, p = 0.128) . We also
did not detect accumulation of tau within participants (estimate mean difference=0.03, p = 0.363).
Larger research cohorts studied over longer intervals will be needed for this purpose.

Neurofilament light chain (NFL) level in biofluids is a sensitive measure of axonal damage and a
promising biomarker in neurodegenerative diseases. In PD, NFL can distinguish PD from other
parkinsonian disorders, and NFL concentration is associated with disease severity, risk of
progression, and survival. To determine whether serum NFL at baseline in de novo PD predicts
motor decline, differentially impacts specific motor features, predicts cognitive decline, and
predicts loss of dopamine terminals, we evaluated 376 de novo PD patients from the PPMI
database and analyzed the effect of baseline serum NFL levels on progression over eight years of
motor impairment measured with the UPDRS, cognitive function measured with the MoCA, and
putamen dopamine transporter (DAT) binding ratio measured with DaTscan. In longitudinal mixed
effects models that controlled for age, gender, disease duration, and levodopa equivalent drug dose,
higher levels of serum NFL at baseline were associated with greater increases of UPDRS-I11 and
total UPDRS scores, with greater worsening of postural instability and gait disorder (PIGD) scores
but not tremor scores over time. In contrast, baseline serum NFL was not associated with
significant progression of MoCA scores in this de novo PD cohort. Higher baseline serum NFL
was associated with greater reduction of putamen DAT binding ratio over time. Together, these
findings show that baseline serum NFL levels predict the rate of motor decline, the accumulation of
PIGD clinical features, and the progression of dopamine transporter loss in the early stage of PD.
These findings were published (Ye et al, 2021).

What opportunities for training and professional development has the project provided?

Nothing to Report.

How were the results disseminated to communities of interest?

Two manuscripts have been published.




What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report.

4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?

Our published observations support the hypothesis that accumulation of amyloid in the brain contributes
to cognitive impairment in PD and DLB, driving cortical thinning and thereby cognitive deficits (8). We
anticipate that these results will significantly impact research in the field, generating interest in the
concept of a cortical thinning signature of these diseases and facilitating interest in working to understand
the contributions of amyloid, tau, and alpha- synuclein to the clinical course of PD and DLB. Particularly
with the FDA approval of amyloid clearance strategies such as lecanemab for Alzheimer’s disease, our
observations will contribute to gathering momentum supporting clinical trials in amyloid-positive LBD
patients focused on amyloid clearance.

Our additional published observation identifying the fluid biomarker NFL as a predictor of motor decline
and dopamine transporter loss in PD has also been impactful (9). Based on our results and others, we
anticipate that serum NFL will become a frequently studied biomarker for clinical trials focused on
neuroprotection in PD and DLB.

What was the impact on other disciplines?

Nothing to report.

What was the impact on technology transfer?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe ways in which the project made an impact, or is likely to make an impact, on commercial
technology or public use, including:

o transfer of results to entities in government or industry;
o instances where the research has led to the initiation of a start-up company; or
o adoption of new practices.

Nothing to report.

What was the impact on society beyond science and technology?

Nothing to report.




5. CHANGES/PROBLEMS:

Changes in approach and reasons for change

Nothing to report.

Actual or anticipated problems or delays and actions or plans to resolve them

Delays in recruitment, imaging, and data processing due to the COVID-19 pandemic were a
significant problem. We overcame these with no cost extensions.

Nothing to report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Significant changes in use or care of human subjects

Nothing to report.

Significant changes in use or care of vertebrate animals

Nothing to report.

Significant changes in use of biohazards and/or select agents

Nothing to report.




6. PRODUCTS:

o Publications, conference papers, and presentations

Journal publications.

Ye R, Locascio JJ, Goodheart AE, Quan M, Zhang B, Gomperts SN. Serum NFL
levels predict progression of motor impairment and reduction in putamen dopamine

Parkinsonism Relat Disord. 2021;85:11-16.
Published.
Acknowledgement of federal support (yes)

Ye R, Touroutoglou A, Brickhouse M, Katz S, Growdon JH, Johnson KA, Dickerson
BC, Gomperts SN. Topography of cortical thinning in the Lewy body diseases.
Neuroimage Clin. 2020;26:102196. doi: 10.1016/j.nicl.2020.102196. Epub 2020 Jan
31.

Published.
Acknowledgement of federal support (yes)

transporter binding ratios in de novo Parkinson's disease: An 8-year longitudinal study.

Books or other non-periodical, one-time publications.

Nothing to report.

Other publications, conference papers and presentations.

Nothing to report.

o Website(s) or other Internet site(s)

Nothing to report.

o Technologies or techniques

Nothing to report.

o Inventions, patent applications, and/or licenses

Nothing to report.
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° Other Products

Nothing to report.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Quan, Mogin
Project Role: Research assistant
ORCID ID: None

Nearest person month worked: 12

Contribution to Project:

Mogqin Quan performed work in the area of MRI
acquisition and data processing.

Funding support

NINDS and MJFF

Name: Ye, Rong
Project Role: Research fellow
ORCID ID: None

Nearest person month worked: 9.69

Contribution to Project:

Rong Ye performed work in the area of data
processing and analyses.

Funding support

Name: Gomperts, Stephen N
Project Role: Pl

ORCID ID: 0000-0002-0083-0077
Nearest person month worked: 2.71

Contribution to Project:

Stephen Gomperts provided supervision,
recruitment, neurological evaluation and clinical
synthesis, imaging and data analyses, and
manuscript preparation.

Funding support

NINDS, NIA, MJFF, LBDA, Farmer Family
Foundation Parkinson’s Initiative
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Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Dr. Gomperts has received new research support as a principal investigator in a grant from the NIH
focused on imaging epigenetic dysregulation with the histone deacetylase PET ligand Martinostat.
May 2023-April 2028. Effort 2.16 CM. Overlap, none.

Dr. Gomperts has received new research support as a co-investigator in a grant from the Michael J Fox
Foundation focused on imaging alpha-synuclein with a novel PET ligand. June 2023-January 2024.
Effort 1.2 CM. Overlap, none.

Dr. Gomperts has received new research support as a site investigator in a grant from the NIH focused
on developing a skin biopsy diagnostic test for dementia with Lewy bodies. November 2022-March
2024. Effort 0.12 CM. Overlap, none.

Dr. Gomperts’ grant from the NIH focused on amyloid’s effects on hippocampal neurophysiology
across the sleep-wake cycle has ended. August 2017-April 2023. Effort 2.80 CM. Overlap, none.

What other organizations were involved as partners?

Nothing to report.

. SPECIAL REPORTING REQUIREMENTS

The QUAD Chart is attached.
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ARTICLE INFO

Keywords:

Cortical thinning

Amyloid deposition
Dementia with lewy bodies
Parkinson disease

ABSTRACT

Objective: Regional cortical thinning in dementia with Lewy bodies (DLB) and Parkinson disease dementia (PDD)
may underlie some aspect of their clinical impairments; cortical atrophy likely reflects extensive Lewy body
pathology with alpha-synuclein deposits, as well as associated Alzheimer's disease co-pathologies, when present.
Here we investigated the topographic distribution of cortical thinning in these Lewy body diseases compared to
cognitively normal PD and healthy non-PD control subjects, explored the association of regional thinning with
clinical features and evaluated the impact of amyloid deposition.

Methods: Twenty-one participants with dementia with Lewy bodies (DLB), 16 with Parkinson disease (PD) -
associated cognitive impairment (PD-MCI and PDD), and 24 cognitively normal participants with PD underwent
MRI, PiB PET, and clinical evaluation. Cortical thickness across the brain and in regions of interest (ROIs) was
compared across diagnostic groups and across subgroups stratified by amyloid status, and was related to clinical
and cognitive measures.

Results: DLB and PD-impaired groups shared a similar distribution of cortical thinning that included regions
characteristic of AD, as well as the fusiform, precentral, and paracentral gyri. Elevated PiB retention in DLB and
PD-impaired but not in PD-normal participants was associated with more extensive and severe cortical thinning,
in an overlapping topography that selectively affected the medial temporal lobe in DLB participants. In DLB,
greater thinning in AD signature and fusiform regions was associated with greater cognitive impairment.
Conclusions: The pattern of cortical thinning is similar in DLB and PD-associated cognitive impairment, over-
lapping with and extending beyond AD signature regions to involve fusiform, precentral, and paracentral re-
gions. Cortical thinning in AD signature and fusiform regions in these diseases reflects cognitive impairment and
is markedly accentuated by amyloid co-pathology. Further work will be required to determine whether the
distinct topography of cortical thinning in DLB and PD-associated cognitive impairment might have value as a
diagnostic and/ or outcome biomarker in clinical trials.

1. Introduction

DLB and PDD—which together comprise the Lewy body dementias
(LBD)—include progressive cognitive impairment in association with

The Lewy body diseases—dementia with Lewy bodies (DLB),
Parkinson disease dementia (PDD), and Parkinson disease (PD)—are
characterized neuropathologically by neuronal inclusions of a-synu-
clein in cortical and subcortical regions as well as loss of neuromodu-
lator neuronal populations including dopamine cells of the substantia
nigra pars compacta and cholinergic cells of the basal forebrain
(Gomperts, 2014; Halliday et al., 2014). The shared clinical features of

parkinsonism, visual hallucinations, rapid eye movement sleep beha-
vior disorder (RBD), and fluctuations in alertness and cognition. This
clinical overlap suggests that the common neuropathology of the LBD
impacts an overlapping set of vulnerable brain regions.

Imaging-based assessments of regional cortical atrophy in the LBD
have provided a valuable approach to detect affected cortical regions
(Song et al., 2011; Summerfield et al., 2005; Watson et al., 2015;

Abbreviations: CDR-SB, Clinical Dementia Rating Sum of Box; DLB, Dementia with Lewy bodies; H & Y, Hoehn and Yahr scale; MMSE, Mini-Mental State
Examination; HC, healthy controls; PD, Parkinson disease; PiB, Pittsburgh compound B; UPDRS, Unified Parkinson Disease Rating Scale
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Weintraub et al., 2011). Although atrophy has been reported in both
diseases, cortical volume loss is often more extensive and severe in DLB
than PDD (Beyer et al., 2007; Borroni et al., 2015; Burton et al., 2004;
Lee et al., 2010; Sanchez-Castaneda et al., 2009). One contributor to
this distinction may be the greater prevalence and severity of con-
comitant Alzheimer's disease (AD)-related pathologic changes in DLB,
including amyloid plaques and neurofibrillary tangles observed at au-
topsy (Harding and Halliday, 2001). Indeed, the presence of amyloid
deposition in DLB (Gomperts, 2014) has been associated with greater
cortical thinning (Lee et al., 2018; Mak et al., 2019), greater medial
temporal atrophy (van der Zande et al., 2018), and a faster rate of
cortical atrophy (Sarro et al., 2016). Studies aggregating patients with
DLB, PDD, and the Lewy body variant of AD concur: cortical thinning
was greater in the presence of amyloid and extended into widespread
association cortices (Kang et al., 2019; Shimada et al., 2013). However,
to our knowledge, the impact of amyloid on cortical thinning in PD and
PDD has not been directly assessed.

In AD, a stereotyped topography of cortical thinning has been re-
plicated in multiple studies; known as the “AD signature,” this dis-
tributed pattern of cortical atrophy involves heteromodal and para-
limbic cortical regions known to be affected by AD neuropathology
(Bakkour et al., 2009, 2013; Dickerson et al., 2009, 2011; Racine et al.,
2018). In DLB, concomitant amyloid deposition evident on amyloid PET
appears to drive a pattern of cortical thinning similar to AD, with ad-
ditional regional thinning that may reflect the underlying synucleino-
pathy (Lee et al., 2018). To assess whether these observations extend to
PDD and to explore how regional cortical thinning relates to clinical
features of the Lewy body diseases, here we compared MR measures of
cortical thinning in DLB, cognitively impaired PD and cognitively
normal PD, assessed the impact of amyloid burden on the topography
and severity of cortical thinning, and related regional cortical thinning
to clinical features. We hypothesized that the topography of cortical
thinning would be similar in DLB and cognitively impaired PD, over-
lapping with the “AD signature” on the basis of amyloid accumulation,
with additional cortical involvement relevant to the distinguishing
clinical features of the LBD. We also predicted that cortical amyloid
would increase thinning in both groups, and that regional thinning in
DLB and PD would relate to cognitive and motor impairments.

2. Methods
2.1. Participants and clinical assessments

Twenty-one participants with DLB, 16 PD with a broad range of
cognitive impairments (PD-impaired; including 7 with PD-MCI and 9
with PDD), and 24 cognitively-normal individuals with PD (PD-normal)
were recruited from Massachusetts General Hospital's Movement and
Memory Disorder Units. All participants with DLB fulfilled the con-
sortium criteria for probable DLB (McKeith et al., 2017). Participants
with PD met the clinical criteria of the UK Parkinson's Disease Society
Brain Bank (Hughes et al., 1993). Subjects with PD-MCI met level II
Movement Disorder Society (MDS) Task Force guidelines (Litvan et al.,
2012). The clinical MDS criteria for probable PDD were used for di-
agnosis of PDD participants (Emre et al., 2007). Subjects underwent
clinical evaluation including scoring of motor function with the Unified
Parkinson Disease Rating Scale part III (UPDRS-III) and detailed neu-
ropsychological tests of the Unified Data Set of the Alzheimer's Disease
Research Centers (Beekly et al., 2007; Morris et al., 2006), including the
Clinical Dementia Rating Sum-of-Boxes score (CDR-SB), Mini-Mental
State Examination (MMSE), Neuropsychiatric Inventory Questionnaire
for assessment of hallucinations, and Mayo fluctuations scale
(Ferman et al., 2004). The diagnostic groups were well matched for age
(Table 1). Across all participants, the extent of concomitant small vessel
disease evident on MR imaging was either absent or mild. Subjects with
significant white matter hyperintensities (WMH), defined as either
confluent deep WMH or irregular periventricular WMH extending into
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the deep white matter, were excluded. Thirty-one subjects underwent
dopamine transporter PET imaging for purposes unrelated to the cur-
rent study; putamen DAT concentration was reduced in all. The diag-
nosis of Lewy body disease was confirmed with neuropathological
evaluation in all 18 cases that came to autopsy.

MR data from 115 age-matched healthy cognitively normal (CDR 0)
individuals acquired in previous studies (Bickart et al., 2014;
Dickerson et al., 2009; Moriguchi et al., 2011) were also employed for
vertex-based and regions of interest (ROIs) - based cortical thickness
analyses.

This study was approved by the Partners Human Research
Committee Institutional Review Board of Partners Healthcare, Inc.

2.2. Neuroimaging procedures

Patient were scanned in an identical manner on a 3T Tim Trio
(Siemens). High resolution structural T1-weighted magnetization-pre-
pared rapid gradient-echo (MPRAGE) sequence were acquired with the
following parameters: (TR = 2.3 ms, TE = 2.98 ms, flip angle = 9°,
field of view = 240 mm X 256 mm, slice thickness = 1 mm and
TR = 253 ms, TE = 1.64 ms, flip angle = 7°, field of
view = 256 mm X 256 mm, slice thickness = 1 mm) processed with
Freesurfer (version 6.0, freely available at http://surfer.nmr.mgh.
harvard.edu). For all subjects, procedures for data collection included
head movement restriction using expandable foam cushions, and au-
tomated scout and shimming procedures.

The technical details for MRI morphometric data analysis have been
previously described in detail (Fischl and Dale, 2000; Fischl et al., 1999;
Salat et al., 2004). In brief, for each individual subject, cortical thick-
ness at each surface location (vertex) was measured as the average of
the closest distance from the gray matter/white matter boundary to the
corresponding cortical surface. The accuracy for this measurement has
been validated by direct comparisons with manual measures on post-
mortem brain (Rosas et al., 2002) and on MRI data (Kuperberg et al.,
2003). After visual inspection for each individual subject, the cortical
thickness data were smoothed along the cortical surface using a Gaus-
sian kernel with a full width at half maximum of 15 mm.

Based on study hypotheses, we obtained cortical thickness from AD
signature regions of cortical thinning (Bakkour et al, 2009;
Dickerson et al., 2009). The AD signature ROIs were selected on the
basis of their relevance to cognitive function and anticipated vulner-
ability to cortical amyloid. Cortical thickness values from these ROIs
were then subjected to statistical analyses for ROIs as described below
(Sections 2.3).

In addition, we obtained cortical thickness from three ROIs of the
Desikan-Killiany atlas (Desikan et al., 2006) determined based on the
exploratory vertex-based analysis of the statistical surface maps for the
contrast of DLB vs. HC groups. These ROIs which included precentral,
paracentral, and fusiform regions were anticipated to relate to clinical
features in the Lewy body diseases. Cortical thickness values from these
ROIs were subjected to statistical analyses for ROIs as described below
(Sections 2.3). To generate the statistical surface maps, we computed a
two-class general linear model for the effects of diagnostic group on
cortical thickness at each point (threshold P < 0.05, FDR corrected).

[11C]PiB PET was acquired using a Siemens/CTI (Knoxville, TN)
ECAT HR+ scanner (63 image planes; 15.2 cm axial field of view;
4.1 mm transaxial resolution and 2.4 mm slice interval) with a 8.5 to 15
mCi bolus injection followed immediately by a 60-minute dynamic
acquisition in 39 frames (8 X 155, 4 X 60 s, 27 X 120 s). PET data
were reconstructed and attenuation corrected, and each frame was
evaluated to verify adequate count statistics and absence of head mo-
tion. [11C]PiB PET data were expressed as the distribution volume ratio
(DVR) with cerebellar gray as reference. [11C]PiB retention was as-
sessed using a large cortical ROI aggregate comprised of frontal, lateral
temporal and retrosplenial cortices (FLR). For use as a dichotomous
measure, high AP was defined as FLR DVR = 1.32 after partial volume


http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu

NeuroImage: Clinical 26 (2020) 102196

R. Ye, et al.

1391 d0Y 1s0d s AN, ‘G0°0 > d ‘Teuntou-qd aAneSau-projAure ‘sa pairedw-qd 2Aanisod-projAure
1591 204 1s0d s Aoyny, ‘50°0 > d ‘Teuriou-qqd aanisod-projAwe ‘sa g 2ANe3su-plojAwe
1591 201 150d s, NN, ‘0’0 > d [RULIOU-(d SATESIU-PIOJAWE “SA g SANESSU-PIO[AWE |
*1593 007 3s0d s AN ‘G0°0 > d ‘pasredwir-qd aAanedau-projAwe ‘sa g1q 2AneSdU-projAury
11591 d01 1s0d s ANy, ‘G0°0 > d ‘Teuriou-qd 2anisod-projAure ‘sa gq danisod-plojAury o
11591 20y 1s0d s AN ‘G0°0 > d ‘Teuntou-qd aAne3au-projAure ‘sa gq 2anisod-projAure ‘parredur-qd sAneSau-projAure ‘sa gq 2Anisod-projAury
159} a1enbs 1Y) ‘50’0 > d ‘voneuNRY jo sIsA[eue 10j ‘1sa3 doy 3sod sAayny, ‘50°0 > d ‘Teuiou-qqd ‘sa pairedwr-qd
*1s9) axenbs 1) ‘50’0 > d ‘uoneupn[ey jo sisA[eue 10j {sa3 d0y 3sod sAayny, ‘50°0 > d ‘Teuniou-qd ‘sa g1d
*1s93 00Y 3s0d s, ‘500 > d ‘paaredwit-qd ‘sa 9TA
"VAONV ‘G0°0 > d ‘@dua1oy1p dnoidqns usemiag
1591 axenbs 14D ‘G0°0 > d ‘uoneupN[eY Jo SISATRUR 10J {YAONVY ‘G0°0 > d ‘9ouaiayip dnoid usamiag ,
'sasA[eur
dnoi3qns juanbasqns ur papnyout Jou a1om A3} ‘umowyun sem sjuedonted gIq oml Jo sniels plojAure Jey) 9JoN “Ie[iuls a1am DH pue sdnoidqns ‘sdnoid re jo sade aderaay ‘sdnoil [eurtou-gqq pue pairedul-ad ‘d1d
aanedau pue aanisod projAure uouwre palssl a1om saduaIIp dnoidqng ‘sdnoid feuriou-qd pue ‘pairedwi-qd ‘g1 Suoure palsa) a1om sasATeur dnolo ‘Pajou 3SIMISYIO SSI[UN (UONBIASD PIBpUR)S) UedW Juasaidal sanfep
*9[eds Suney aseasiq uosunjied payrun ‘sYddn ‘d punodwod y3mqsnid
‘q1d ‘eseasIp uosunyred ‘qd ‘S[01U0d AyI[eay ‘DH ‘Uoneurwexy 93elS [eIUSN-TUIA “USINIAL 98e1s Iyex pue UyaoH ‘X 3 H ‘SoIpoq AMIT YIIM enRuawad( ‘gTd ‘Xod Jo wng Suney enuawa( [edIUID) ‘dS-dd) :SUOIRIARIqqY

P
>

- - - - - - - - (r°2) ¥'69 - SIT DH
991 60 €T (S'11) 80T 15 (€0)T0 w1y (§0) L'6T - 14 (§9) 901 (T'€) ¥'91 (5'9) 929 L/11 81 i
o (€0ce (€6) 0°LL 15 (@010 3 (8'0) €62 - (€2 ¢€s 07T LL1 (89) T'€L /S 9 + 9V
SPEMI 80€T » (6°01) 861 > (€0)20 5> (9°0) 9'6C - » P9 €6 (6'2) L9T (6'9) 0'69 8/91 e [ewtou-qd
[(4«ak4 (8°0) LT (8'6) T'LT ;0D 9¢ , o) 19T 6€) Ty 4y (@9 TotT L) 691 (€L ThL T/L 6 i
(62h) € Lo)Le (F'2D) 06T @)1y q (e eee (T 6'% (672 '8 (€72) ¥'91 @TH91L T/S L v
. (€18) S (8°0) LT (£01) 08T .07 g .o (€€) 6'vT Te) vy > UY) v6 #2) L91 (T TEL ¥/C1 91 paaredur-ad
(9'69) § [CEOR a4 (62) 9'1€ (4 (0%) 8'S  y) vee oOncy q LT EE (90 6'ST (06) T'0L /8 6 i
009 S Tnee L siLe 39(€9 18 34 (€01 9°LT (0¢) €S ,nee (67T) 191 (I'v) T'vL T/8 o1 + 9V
» 29 11 (60 ¥ » (I'PD 6°0€ b (09 TL b o 8 b0z (€28 po D EE (9°2) 6'ST (oL €/81 %4 a1a
(s1ea4)
Juswredury q v (sTe9K)
aanmuso) Jusurredury
(%N) . uoneurN[eH ABH - I-S¥adn 4 « 959D q = HSININ Jo uonemq 10J0] 0 uonEIN( (s1eak) uoneonpy (seak) a8y (d/IN) X3S N dnoxp

‘syuedronied jo sonsuLloRIRYD [EIIUI pue drydeiSowaq
1 3IqelL



R. Ye, et al.

correction using SGTM (Greve et al., 2016), based on a Gaussian mix-
ture model on a reference dataset of clinically normal elderly
(Mormino et al., 2014). In three participants, amyloid status was made
either via visual assessment (PiB negative, n = 1 DLB) or autopsy (Ap
negative, A1B1C1, n = 1 DLB; A positive, A3B2C2, n = 1 PDD)
(Hyman et al., 2012). Two DLB subjects lacked [11C]PiB scans or au-
topsy results and were excluded from amyloid subgroup analyses.

To examine the effect of amyloid deposition on cortical thinning in
LBD, we stratified DLB and PD-impaired subjects by amyloid status
(+/-). In vertex-based analysis, we generated statistical surface maps
by computing a two-class general linear model comparing healthy
controls with amyloid-positive DLB, amyloid-negative DLB, amyloid-
positive PD-impaired and amyloid-negative PD-impaired groups. In
ROIs analysis, the AD signature regions and the three additional ROIS
(fusiform, precentral and paracentral) were subjected to statistical
analyses as described below (Sections 2.3).

2.3. Statistical analysis

Group statistical comparisons were performed using analysis of
variance with post hoc pairwise comparisons for continuous measures
or 2 for proportions. In ROI analyses, Bonferroni correction was used
for comparisons across multiple ROIs. Relationships between con-
tinuous measures (e.g., between regional anatomic measures and the
severity of clinical symptoms) were assessed with Spearman correla-
tions, adjusting for age. Statistical analyses were conducted using R
Software (version 3.3.3, freely available at https://www.r-project.org/
).

3. Results
3.1. Clinical characteristics

Participant characteristics are presented in Table 1. The DLB, PD-
impaired and PD-normal groups did not differ on the basis of age, years
of education, or sex, which was skewed toward men in all disease
groups. Cognitive impairment measured with MMSE and CDR-SB scores
was greater in DLB than in the PD-impaired group (for each contrast,
Tukey's post hoc t-test, p < 0.05). Motor impairments assessed with the
UPDRS motor subscale and Hoehn and Yahr (H&Y) stage were similar
in DLB and PD-impaired groups. However, the severity of motor im-
pairments on UPDRS was greater in DLB than in the PD-normal group
(ANOVA, F(2, 58) = 5.1, p = 0.01; Tukey's post hoc t-test, p = 0.01).
Visual hallucinations were common in DLB (prevalence 52.4%) and PD-
impaired subjects (prevalence 31.3%) but were rare in PD-normal
subjects (prevalence 4.2%; contrast of DLB vs. PD-normal, x* = 13.3,
p < 0.001; contrast of PD-impaired vs PD-normal, x> = 5.5, p = 0.02).

When DLB and PD-impaired subjects were stratified by amyloid
status (+/-), age, sex, and years of education were comparable across
the four subgroups. Amyloid deposition was common in both DLB
(fraction amyloid positive: 10/19) and PD-impaired subjects (7/16).
The extent of deposition was similar in DLB compared to PD-impaired
subjects (FLR DVR, DLB 1.68 * 0.58, PD-impaired 1.30 * 0.22,
Mann-Whitney test, p = 0.11). In the PD-normal group, 6/24 had
elevated PiB retention. Amyloid status did not impact cognitive im-
pairment within diagnostic groups. Motor impairments and the pre-
valence of visual hallucinations were similar across all subgroups.

3.2. Patterns of cortical thinning

In DLB, vertex-based analyses demonstrated widespread cortical
thinning (p < 0.05, FDR corrected), most severe in frontal, parietal,
lateral and medial temporal regions (Fig. 1A). In the PD-impaired
group, thinning was evident in an overlapping distribution (p < 0.05,
FDR corrected) but spared medial temporal regions (Fig. 1B). The dis-
tribution of cortical thinning in the DLB and PD-impaired groups
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included AD signature regions (nine cortical ROIs), with additional
involvement of precentral, paracentral, and fusiform regions (Fig. 2A;
Table 2; Supplementary Table 1). No significant cortical thinning was
observed in the PD-normal group.

Similar results were observed at the ROI level: both DLB and PD-
impaired groups had marked cortical thinning in the AD signature re-
gions taken as a whole, compared to PD-normal and HC groups (Fig. 2B,
ANOVA, F(3, 172) = 23.2,p = 1 X 10713 Tukey's post hoc t-test,
p < 0.005). Compared to PD-normal and HC groups, both DLB and PD-
impaired groups showed significant thinning in primary motor (ag-
gregated precentral and paracentral) regions (Fig. 2C, ANOVA, F(3,
172) = 14.1,p = 3 x 108 Tukey's post hoc t-test, p < 0.05), as well
as in the fusiform (Fig. 2D, ANOVA, F(3, 172) = 22.3,p = 3 x 107'%
Tukey's post hoc t-test, p < 0.05). No significant difference was ob-
served in the extent of cortical thinning between DLB and PD-impaired
groups in the AD signature, primary motor, or fusiform regions.

Cortical thinning in DLB was greatest in the medial temporal cortex
with a mean magnitude of thinning of 0.39 mm (12% reduction com-
pared to HC, ANOVA, F(3, 172) = 9.5,p = 8 x 10~ 5 Tukey's post hoc
t-test,p = 6 x 10~ >, Bonferroni corrected for number of ROIs). Other
regions with more than 0.2 mm thinning included the precentral, fu-
siform, temporal pole, and inferior parietal (supramarginal) regions,
which ranged from 8.8 — 10.5% thinner than HC (each comparison,
Tukey's post hoc t-test, p < 0.001, Bonferroni corrected). A smaller
magnitude of thinning (0.13-0.19 mm, 5.8-7.6%) was also observed in
inferior temporal, precuneus, angular, paracentral, inferior frontal, su-
perior frontal and superior parietal regions (Tukey's post hoc t-test,
p < 0.05, Bonferroni corrected).

In the PD-impaired group, in contrast to DLB, cortical thickness in
medial and inferior temporal regions was normal (ANOVA, for medial
temporal cortex, F(3, 172) = 9.5,p = 8 x 108, for inferior temporal
cortex, F(3, 172) = 7.1,p = 2 X 1074 Tukey's post hoc t-test, for
medial temporal cortex, p = 0.36, for inferior temporal cortex,
p = 0.09). Cortical thinning in PD-impaired subjects was greatest in
superior frontal cortex (0.22 mm, 8.4% reduction, ANOVA, F(3,
172) = 12.9,p = 1 X 107 7; Tukey's post hoc t-test, p = 2 x 10”4,
Bonferroni corrected). Cortical thinning was also observed in the pre-
central (0.20 mm, 8.1%) and paracentral cortex (0.14 mm, 5.9%), fu-
siform (0.12 mm, 4.6%), precuneus (0.18 mm, 7.2%), superior parietal
lobule (0.16 mm, 7.3%), and angular gyrus (0.15 mm, 6.2%) (all con-
trasts, Tukey's post hoc t-test, p < 0.05, Bonferroni corrected). The
severity of cortical thinning was similar in the PD-impaired group and
the DLB group in each of these regions, except for fusiform cortical
thickness which was thinner in DLB compared to the PD-impaired
group but did not survive multiple comparisons correction (ANOVA, F
(3,172) = 22.3,p = 3 x 107 '% Tukey's post hoc t-test, p = 0.04,
Bonferroni uncorrected). As mentioned previously, the fusiform gyrus is
not a consistent area of cortical thinning in AD. Interestingly, the three
other areas with the most prominent thinning in DLB (medial temporal
cortex, temporal pole, and supramarginal gyrus) are also consistently
affected in AD and were much less affected in the PD-impaired group.
Of note, when analyses were restricted to subjects with PDD, cortical
thickness in the medial temporal cortex remained similar to HC
(ANOVA, F(3, 165) = 9.7, p = 6 X 1075 Tukey's post hoc t-test,
p = 0.42).

Together, these results show that the DLB and PD-impaired groups
shared a largely similar spatial pattern of cortical thinning that ex-
tended beyond the AD signature regions but differed with respect to
temporal lobe involvement, with the DLB group having much more
widespread medial, ventral, and ventrolateral temporal cortex thinning
than the PD-impaired group.

3.3. The effect of amyloid accumulation on cortical thinning in LBD

In vertex-based analyses, DLB and PD-impaired subjects with high
PiB retention (amyloid positive) showed more extensive and severe
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Fig. 1. Patterns of cortical thinning in DLB and PD-impaired groups. Maps show FDR-corrected (p < 0.05) results from general linear models comparing healthy

controls with (A) DLB and (B) PD-impaired groups.

cortical thinning than subjects with low PiB retention (amyloid nega-
tive) (Fig. 3). The topography and extent of cortical thinning was
broadly similar in amyloid-positive DLB and PD-impaired subjects,
evident in both groups in frontal, parietal, and lateral temporal regions
including AD-signature regions. However, as in the above analyses, the
medial, ventral, and lateral temporal lobes showed a notably more
widespread pattern of cortical thinning in amyloid-positive DLB than in
the amyloid-positive PD-impaired group. In the amyloid-positive PD-
impaired group, a relatively more prominent pattern of thinning in the
dorsolateral prefrontal cortex was present, compared with DLB. The
medial temporal cortex was spared in the PD-impaired group. In con-
trast, the pattern of cortical thinning evident in amyloid-negative DLB
was much more restricted, with effects in dorsolateral prefrontal, pre-
central, and temporal cortex, but with much less lateral or medial
parietal atrophy than in both amyloid-positive groups. Cortical thinning
was not detected in amyloid-negative PD-impaired subjects. We were
unable to detect an effect of amyloid deposition on cortical thickness in
PD-normal patients in either vertex-based or ROI analyses. To confirm
that the nonsignificant differences in age between groups did not con-
tribute to these results or to the group contrasts independent of amy-
loid, we reran the analyses, contrasting the diagnostic groups with
healthy control subjects tightly matched for age. After matching for
mean and median age, the gamma maps remained essentially un-
changed.

ROI-based analyses confirmed the vertex-based results. In ROI-
based analyses of amyloid-positive DLB, the medial temporal lobe was
most affected (0.44 mm, 13% thinning compared to HC), followed by
the fusiform (0.36 mm, 13%), with additional cortical thinning in
precentral, precuneus, supramarginal, angular, inferior frontal, and
temporal polar regions (for each comparison: Tukey's post hoc test,
p < 0.05, Bonferroni corrected for the number of ROIs; Table 3). In the
amyloid-negative DLB subgroup, cortical thinning was less marked than
in the amyloid-positive DLB subgroup. Interestingly, all but one ROI
(the superior frontal gyrus) were slightly though not statistically
thinner in the amyloid-positive DLB group than in the entire DLB group,

whereas all but that same ROI were slightly though not statistically
thicker in the amyloid-negative DLB group than in the entire DLB
group. Considered with the more widespread spatial pattern of cortical
thinning illustrated in the surface maps (Fig. 3), this suggests that
cerebral amyloid is associated with greater cortical thinning in DLB. In
ROI-based analyses of the amyloid-positive PD-impaired subgroup, the
precentral region showed the greatest thinning (0.30 mm, 12% thin-
ning), followed by the precuneus (0.21 mm, 12% thinning), with ad-
ditional cortical thinning in superior frontal, paracentral, and angular
regions (for each comparison: Tukey's post hoc test, p < 0.05, Bon-
ferroni corrected). Cortical thinning was not evident at the ROI level in
amyloid-negative PD-impaired subjects. Thus, in DLB and PD-impaired
subjects but not in PD-normal subjects, amyloid deposition was asso-
ciated with greater cortical thinning.

3.4. Regional cortical thinning relates to clinical features

In the DLB group, cortical thickness in the AD signature was nega-
tively correlated with cognitive functional impairment as measured
with the CDR-SB score (age adjusted partial Spearman rho = —0.52,
p = 0.02) and was positively correlated with the MMSE score (partial
Spearman rho = 0.48, p = 0.03; Fig. 4A,B). In the PD-impaired group,
these findings were not observed (CDR-SB: partial Spearman
rho = —0.13,p = 0.65), although a trend level correlation of moderate
strength was observed between AD signature cortical thickness and the
MMSE (partial Spearman rho = 0.46, p = 0.09). When the analyses
were restricted to subjects with PDD, these correlations remained non-
significant (CDR-SB: partial Spearman rho = —0.41, p = 0.31; MMSE:
partial Spearman rho = 0.17, p = 0.68). In the PD-normal group,
correlations between AD signature cortical thickness and CDR-SB and
MMSE score were nonsignificant (CDR-SB: partial Spearman
rho = —0.04, p = 0.87; MMSE: partial Spearman rho = 0.15,
p = 0.49). When the correlations between cortical thinning in the AD
signature and these cognitive functional measures were repeated in
diagnostic subgroups stratified by amyloid status, only a trend level



R. Ye, et al.

NeuroImage: Clinical 26 (2020) 102196

B AD Signature C Primary Motor D Fusiform

3.2 * __ 3.0 * 3.5 %

£ — £ — 3 —

£ 3.0 . £ —_— T 3 —_—

) — ) 7)) ° oo » 3.0 — °

2 2.8- . D25 o ee o . o

_E o ° ’ _E '0. &S % § o:.:o Q '?'

S 264 *e8 :-? S e gt 925—@-%‘

c ° 020 = 00 o, 00 ? c prd o

- ° [ L] °® - e o

— 244 &> 7 . — 2.0 - )]

© L3 4 (] [\

o ees ° o ° o 2.0

€22 °* = . £ .

o ° <] [<]

o o (3] o

2.0 I I 1 1 1.5 I I I I 1.5 1 1 I 1

DLB PD-l PD-N HC DLB PD-l PD-N HC DLB PD-l PD-N HC

Fig. 2. Regional cortical thinning in LBD (A) Nine ROIs with characteristic thinning in AD derived from Dickerson et al. (2009) are shown in red, including @ inferior
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are shown in yellow. (B, C and D) Group comparisons of regional cortical thickness. Error bars (mean + standard deviation) are displayed in blue. *, p < 0.05.

Table 2
Quantitative metrics of thinning by region .

ROIs Mean thickness, mm (SD) Mean difference Percent thinning Cohen d Effect Size

DLB PD-I PD-N HC DLB PD-1 PD-N DLB PD-1 PD-N DLB PD-I PD-N
MTL 2.96 (0.51) 3.21 (0.43) 3.36 (0.27) 3.35 (0.27) 0.39% 0.14 —-0.01 11.68 4.21 0.29 1.24 0.49 0.04
IT 2.63 (0.27) 2.68 (0.24) 2.86 (0.16) 2.80 (0.19) 0.17* 0.12 —-0.06 6.03 4.45 2.26 0.84 0.65 0.35
TP 2.67 (0.34) 2.77 (0.29) 3.02 (0.24) 2.98 (0.21) 0.31* 0.20 ¢ -0.05 10.53 6.86 1.54 1.34 0.94 0.22
AG 2.24 (0.19) 2.26 (0.15) 2.37 (0.15) 2.41 (0.15) 0.17* 0.15* 0.04 6.95 6.23 1.75 1.07 0.99 0.28
SFG 2.42 (0.25) 2.39 (0.19) 2.55 (0.18) 2.61 (0.15) 0.19% 0.22* 0.06 7.09 8.43 2.36 1.11 1.43 0.40
SPL 2.01 (0.17) 2.01 (0.19) 2.08 (0.14) 2.17 (0.15) 0.16* 0.16* 0.09 7.33 7.28 4.23 1.05 1.04 0.63
SMG 2.26 (0.22) 2.36 (0.15) 2.44 (0.19) 2.51 (0.17) 0.24* 0.15 ¢ 0.06 9.72 5.80 2.58 1.36 0.87 0.37
Precuneus 2.35 (0.19) 2.36 (0.17) 2.55 (0.15) 2.54 (0.16) 0.19% 0.18* —0.001 7.55 7.19 0.05 1.19 1.15 0.01
IFS 2.17 (0.13) 2.22 (0.10) 2.27 (0.14) 2.31 (0.12) 0.13* 0.09 § 0.04 5.79 3.79 1.85 1.11 0.75 0.35
FF 2.45 (0.25) 2.58 (0.15) 2.72 (0.13) 2.70 (0.11) 0.25% 0.12* —-0.02 9.18 4.62 0.66 1.78 1.10 0.16
PrC 2.26 (0.25) 2.28 (0.15) 2.43 (0.14) 2.48 (0.14) 0.22% 0.20* 0.04 8.82 8.12 1.76 1.40 1.48 0.32
ParC 2.23 (0.19) 2.24 (0.14) 2.36 (0.14) 2.38 (0.15) 0.14* 0.14* 0.02 5.99 5.90 0.88 0.92 0.96 0.14

Values represent mean (standard deviation) unless otherwise noted. For each ROI, average cortical thickness in disease groups was contrasted with healthy controls
by ANOVA, following by Tukey's post hoc tests. Abbreviations: AG, Angular gyrus; DLB, Dementia with Lewy bodies; FF, Fusiform; IFS, Inferior frontal sulcus; IT,
Inferior temporal gyrus; MTL, Medial temporal lobe; SFG, Superior frontal gyrus; SMG, Supramarginal gyrus; SPL, Superior parietal lobule; TP, Temporal pole; PD,

Parkinson disease; PrC, Precentral; ParC, Paracentral.

* Disease group vs. healthy controls, p < 0.05, Bonferroni corrected for the number of ROIs.
§ Disease group vs. healthy controls, p < 0.05, uncorrected. These exploratory results did not survive after controlling for multiple comparisons.

correlation of moderate strength was observed for amyloid-negative
DLB between AD signature thickness and CDR-SB score (for CDR-SB,
amyloid-negative DLB: partial Spearman rho = —0.62, p = 0.10;
amyloid-positive DLB: partial Spearman rho = —0.12, p = 0.76;
amyloid-negative PD-impaired: partial Spearman rho = 0.25,p = 0.55;

amyloid-positive PD-impaired: partial Spearman rho = -—0.50,
p = 0.31; for MMSE, amyloid-negative DLB: partial Spearman
rho = 0.29, p = 0.49; amyloid-positive DLB: partial Spearman
rho = 0.44, p = 0.23; amyloid-negative PD-impaired: partial Spearman
rho = 0.33, p = 0.43; amyloid-positive PD-impaired: partial Spearman
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Fig. 3. Effect of amyloid deposition on cortical thinning in LBD. Maps show FDR-corrected (p < 0.05) results from general linear models comparing healthy controls
with (A) amyloid-positive DLB, (B) amyloid-negative DLB, (C) amyloid-positive PD-impaired and (D) amyloid-negative PD-impaired groups.

rho = 0.36, p = 0.49).

Because the fusiform region has been implicated in higher order
visual processing and expertise (Duchaine and Yovel, 2015), we next
assessed whether fusiform cortical thickness also correlated with cog-
nitive function. Similar to the above findings in AD-signature regions,
fusiform cortical thickness correlated with cognitive impairment in DLB
(CDR-SB score, age adjusted partial Spearman rho = —0.56, p = 0.01;
MMSE score, partial Spearman rho = 0.57, p = 0.01; Fig. 4C,D). This

Table 3
Quantitative metrics of thinning in subgroups stratified by amyloid status .

correlation was not evident in the PD-impaired (CDR-SB score, partial
Spearman rho = —0.28, p = 0.30; MMSE score, partial Spearman
rho = 0.39, p = 0.15) or the PD-normal groups (CDR-SB score, partial
Spearman rho = 0.11, p = 0.63; MMSE score, partial Spearman
rho = —0.11, p = 0.63). Because visual hallucinations are common in
the LBD, we also explored the possibility that fusiform cortical thick-
ness might relate to the presence of visual hallucinations. However,
DLB and PD-impaired diagnostic groups dichotomized on the basis of

ROIs Mean Thickness, mm (SD) Mean difference Percent thinning Cohen d Effect Size
DLB PD-impaired DLB PD-impaired DLB PD-impaired DLB PD-impaired
Ap Status ~ + - + - + - + - + - + - + - + -
ADsig 2.38(0.18) 2.43(0.18) 2.41(0.11) 2.53(0.15) 0.25* 0.20* 0.22* 0.11 9.45 7.48 8.51 4.00 2.07 165 198 091
MTL 2.92(0.67) 2.97(0.37) 3.07 (0.42) 3.33(0.43) 0.44* 0.39 0.29 0.03 13.06 11.52 8.53 0.86 1.39 140 1.03 0.10
T 2.60 (0.18) 2.63(0.33) 2.66 (0.21) 2.69 (0.26)  0.20 0.17 0.14 0.11 6.97 6.11 5.16 3.89 1.05 086 0.77 0.57
TP 2.61 (0.33) 2.70(0.37) 2.70(0.36) 2.83(0.21) 0.37* 0.28 0.28 0.15 12.38  9.38 9.28 4.98 1.68 1.25 1.27 071
AG 2.18 (0.16) 2.28(0.19) 2.17(0.07) 2.33(0.15) 0.23* 0.13 0.24* 0.08 9.53 5.35 10.05 3.27 1.70 092 1.17 0.62
SFG 2.46 (0.27) 2.37(0.23) 2.34(0.23) 2.43(0.17) 0.15 0.24*  0.27% 0.18 5.70 9.26 10.25 7.01 093 1.56 1.75 1.22
SPL 2.00 (0.18) 2.02(0.19) 1.95(0.06) 2.06 (0.24) 0.17 0.15 0.21 0.11 7.87 6.80 9.91 5.24 1.14 098 150 0.73
SMG 2.21 (0.21) 2.35(0.23) 2.31(0.11) 2.40(0.16) 0.29* 0.16 0.20 0.10 11.77  6.40 7.88 4.18 1.70 092 1.17 0.62
Precuneus 2.31 (0.17) 2.40 (0.22) 2.25(0.14) 2.45(0.15) 0.23* 0.15 0.21* 0.11 9.18 5.66 11.60 3.76 1.48 0.89 1.90 0.61
IFS 2.15(0.09) 2.20 (0.16) 2.22(0.09) 2.22(0.11) 0.16* 0.11 0.09 0.08 6.82 4.83 3.94 3.68 1.34 091 0.77 0.72
FF 2.34(0.26) 2.55(0.22) 2.53(0.15) 2.61(0.14) 0.36* 0.15 0.17 0.09 13.18 5.68 6.30 3.31 283 129 154 081
PrC 2.25(0.24) 2.28(0.29) 2.18(0.12) 2.35(0.13) 0.23* 0.20* 0.30* 0.13 9.22 7.93 11.88 5.20 1.57 1.31 2.19 0.96
ParC 2.21 (0.15) 2.25(0.25) 2.15(0.06) 2.31(0.15) 0.16 0.12 0.23% 0.07 10.19 8.03 4.04 4.98 1.10 079 1.58 0.48

Values represent mean (standard deviation) unless otherwise noted. For each ROI, average cortical thickness was contrasted in disease groups with healthy controls
by ANOVA, following by Tukey's post hoc tests. Abbreviations: AG, Angular gyrus; DLB, Dementia with Lewy bodies; FF, Fusiform; IFS, Inferior frontal sulcus; IT,
Inferior temporal gyrus; MTL, Medial temporal lobe; ParC, Paracentral; PrC, Precentral; PD, Parkinson disease; SFG, Superior frontal gyrus; SMG, Supramarginal

gyrus; SPL, Superior parietal lobule; TP, Temporal pole.

* Disease group vs. healthy controls, p < 0.05, Bonferroni corrected for the number of ROIs.
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Fig. 4. Regional cortical thinning in LBD correlates with clinical features. Scatter plots between (A) AD signature cortical thickness and CDR-SB score, (B) AD
signature cortical thickness and MMSE score, (C) fusiform cortical thickness and CDR-SB score, and (D) fusiform cortical thickness and MMSE score. Correlation
coefficients rho and p values adjusted by age are shown. Filled circles, amyloid-positive status; open circles, amyloid-negative status; triangles, unknown amyloid

status. .

visual hallucinations did not differ in their fusiform cortical thickness
(DLB with hallucinations 2.44 = 0.26, DLB without hallucinations
2.39 * 0.30, two-tailed t-test, p = 0.94; PD-impaired with halluci-
nations 2.55 * 0.16, PD-impaired without hallucinations
2.60 * 0.15, two-tailed t-test, p = 0.72). These results persisted in
contrasts of DLB and PD-impaired subgroups stratified by amyloid
status: For both amyloid positive and amyloid negative diagnostic
subgroups, the presence of hallucinations did not affect fusiform cor-
tical thickness (for each diagnostic subgroup of each amyloid status,
two-tailed t-test, p > 0.51).

Given that thinning in primary motor cortical regions was a pro-
minent finding in DLB and PD-impaired groups, we next evaluated its
relation to motor impairment. Within each diagnostic group, primary
motor cortical thickness was not significantly correlated with UPDRS
motor scores (DLB: partial Spearman rho = —0.04, p = 0.86; PD-im-
paired: rho = —0.14, p = 0.62; PD-normal: tho = —0.21, p = 0.33).
To determine whether amyloid deposition impacted this relationship,
we repeated these analyses after stratifying by amyloid status. In the
amyloid-negative DLB subgroup alone, greater thinning in primary
motor cortex was associated with greater impairment on the UPDRS
(amyloid-negative DLB: partial Spearman rho = —0.75, p = 0.03;
amyloid-positive DLB: partial Spearman rho = 0.38, p = 0.32; amy-
loid-negative PD-impaired: partial Spearman rho = —0.27,p = 0.52;
amyloid-positive PD-impaired: partial Spearman rho = 0.35, p = 0.50;

Supplemental Figure 1).

Together, these observations suggest that cortical thinning in AD
signature and fusiform regions contributes to cognitive impairment in
the LBD and raise the possibility that thinning in primary motor regions
may contribute to motor impairment in DLB.

4. Discussion

The results of this study identify a pattern of cortical thinning
shared between DLB and PD-impaired groups. The distribution of
thinning overlapped with AD signature regions and extended to involve
fusiform, precentral and paracentral cortex. In prior voxel-based mor-
phometry studies, patterns of cortical atrophy in DLB and PDD have
also been found to overlap (Burton et al., 2004), albeit with greater
volume loss in DLB (Beyer et al., 2007; Sanchez-Castaneda et al., 2009;
Song et al., 2011; Summerfield et al., 2005; Weintraub et al., 2011).
Our results are also consistent with studies that have evaluated cortical
thickness in DLB (Lee et al., 2018; Watson et al., 2015) and extend these
findings to PD-associated cognitive impairment. The observation of
thinning in primary motor cortices in the Lewy body diseases is inter-
esting in light of the motor impairments that arise in these diseases.
This finding is consistent with a neuropathological report showing that
Lewy body pathology is associated with precentral cortical atrophy
(Harper et al., 2017).
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In DLB, amyloid deposition was associated with markedly accen-
tuated thinning that was widely distributed across many cortical re-
gions, including the medial temporal lobe, consistent with recent re-
ports (Lee et al., 2018; Mak et al., 2019; van der Zande et al., 2018). In
the absence of amyloid, cortical thinning in DLB could still be detected,
revealing a synuclein-dependent pattern of cortical thinning that
overlapped with and extended beyond the AD signature to include the
precentral cortex, among other regions. However, medial temporal
cortical thinning, a characteristic feature of AD, was much less promi-
nent in DLB without amyloid than in DLB in the presence of cortical
amyloid.

The impact of cortical amyloid in PD-impaired subjects was similar
to DLB but distinct, driving distributed cortical thinning that spared the
medial temporal cortex. The basis for this distinction is unclear but may
relate to the nonsignificantly lower amyloid burden observed in the PD-
impaired group compared to the DLB group. Differences between the
groups in the level of cognitive impairment is unlikely to be ex-
planatory, given that medial temporal sparing persisted when PDD
subjects with comparable cognitive impairment were evaluated.
Interestingly, amyloid deposition explained the full extent of cortical
thinning detected in PD-impaired subjects: cortical thinning was not
observed in PD-impaired participants with low amyloid burden. This
result builds on previous studies of PDD (Compta et al., 2012;
Mak et al., 2017), where CSF markers of AD pathology have been found
to correlate with gray matter atrophy and where AD co-pathology at
autopsy has been associated with more severe and more widely dis-
tributed cortical atrophy (de la Monte et al., 1989).

In contrast to DLB and PD-impaired participants, amyloid deposi-
tion did not influence cortical thickness in cognitively normal PD par-
ticipants. This result suggests that amyloid alone is not responsible for
thinning and cognitive impairment, but instead works in concert with
other molecular pathologies, including but not limited to neuromodu-
lator loss (Gomperts, 2014; Halliday et al., 2014), cortical alpha-synu-
clein aggregates (Calo et al., 2016; Colom-Cadena et al., 2017; Schulz-
Schaeffer, 2010), and tau deposits (Gomperts et al., 2016; Hansen et al.,
2017) that are necessary for the neuropathological cascades that un-
derlie atrophy and accelerate cognitive impairment (Gomperts et al.,
2013; Siderowf et al., 2010) in the LBD. In this regard, neurofibrillary
tangles measured with tau PET have been shown to correlate with
cognitive impairment (Gomperts et al., 2016; Smith et al., 2018).

With respect to the clinical repercussions of cortical thinning, con-
sistent with previous studies (Elder et al, 2017; Sanchez-
Castaneda et al., 2009), we observed a strong association in DLB be-
tween greater cortical thinning in AD signature regions and greater
cognitive functional impairment. Although we found only a trend-level
relation in PD-impaired subjects, we anticipate that differences in the
extent of cortical thinning and in the severity of cognitive impairment
in the DLB and PD-impaired groups may have contributed to this ap-
parent distinction. Similar findings were found for the fusiform region
implicated in higher order visual processing (Duchaine and
Yovel, 2015), where greater thinning was associated with greater cog-
nitive impairment in DLB. Together, these results suggest that thinning
in both AD signature regions and the fusiform cortex contribute to
cognitive impairment in the LBD.

In contrast to the impact of regional cortical thinning on cognitive
function, we did not detect a significant association between the extent
of precentral and paracentral cortical thinning and the severity of motor
impairment in any Lewy body disease group. After stratification on the
basis of amyloid status, however, such a relationship was evident in
amyloid-negative DLB subjects. Due to limited sample sizes in amyloid-
stratified subgroups, we consider this result exploratory, but we note
that it supports the possibility that the disparate molecular cascades
that contribute to cortical thinning in the LBD (synuclein-dependent
and amyloid-dependent cascades differentially manifesting in synapse
loss, cell death of distinct populations, or other causes of loss of neu-
ropil) may have distinct repercussions on clinical function.
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Strengths of this study include the inclusion of clinically well-
characterized participants with both DLB and PD across a range of
cognitive impairment, including PD-MCI and PDD. The use of
Freesurfer permitted high resolution cortical thickness measurements
that build on prior volume based approaches. In addition, the stratifi-
cation of cortical thickness on the basis of amyloid burden has, to our
knowledge, never been applied to PD or to its contrast with DLB.
However, there are also some limitations. Because healthy control
subjects did not undergo amyloid imaging, some controls were likely
amyloid positive. This may have reduced our sensitivity to detect dif-
ferences between the diagnostic groups and the healthy controls. In
support of the high specificity of the clinical criteria used to diagnose
Lewy body disease, as shown previously (Huang and Halliday, 2013;
Nelson et al., 2010), all 18 LBD subjects who underwent neuropatho-
logic assessment had Lewy body disease. In addition, the greater cog-
nitive and motor impairments of the DLB group compared to the PD-
impaired group may have contributed to the apparent differences be-
tween these groups. However, analyses restricted to PDD subjects gave
similar results to those of the PD-impaired group. The diagnostic groups
were well-matched for age, and the results of the vertex-based analyses
were unchanged after tight matching for age across the groups. Even so,
future vertex-wide analyses with larger datasets using age as a covariate
will be useful to exclude the possible contribution of group differences
in age-related atrophy. Another possible weakness is the small sample
sizes of subgroups stratified by amyloid, but the impact of amyloid on
cortical thinning was evident in any case. We conclude that the topo-
graphy of cortical thinning is broadly similar in DLB and PD-associated
impairment, is markedly influenced by amyloid deposition, and impacts
cognitive function.
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Serum NFL levels predict progression of motor impairment and
reduction in putamen dopamine transporter binding ratios in de
novo Parkinson’s disease: An 8-year longitudinal study
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Abstract

Neurofilament light chain (NFL) level in biofluids is a sensitive measure of axonal damage

and a promising biomarker in neurodegenerative diseases. In Parkinson’s disease (PD), NFL

can distinguish PD from other parkinsonian disorders, and NFL concentration is associated with
disease severity, risk of progression, and survival. To determine whether serum NFL at baseline
in de novo PD predicts motor decline, differentially impacts specific motor features, predicts
cognitive decline, and predicts loss of dopamine terminals, here we evaluated 376 de novo

PD patients from the PPMI database and analyzed the effect of baseline serum NFL levels on
progression over eight years of motor impairment measured with the UPDRS, cognitive function
measured with the MoCA, and putamen dopamine transporter (DAT) binding ratio measured with
DaTscan. In longitudinal mixed effects models that controlled for age, gender, disease duration,
and levodopa equivalent drug dose, higher levels of serum NFL at baseline were associated with
greater increases of UPDRS-I11 and total UPDRS scores, with greater worsening of postural
instability and gait disorder (PIGD) scores but not tremor scores over time. In contrast, baseline
serum NFL was not associated with significant progression of MoCA scores in this de novo

PD cohort. Higher baseline serum NFL was associated with greater reduction of putamen DAT
binding ratio over time. Together, these findings show that baseline serum NFL levels predict the
rate of motor decline, the accumulation of PIGD clinical features, and the progression of dopamine
transporter loss in the early stage of PD.
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Introduction

Fluid analytes that reflect severity and progression of idiopathic Parkinson’s disease (PD)
have long been sought to guide clinical decision making and clinical trials. To this end,
neurofilament light chain (NFL) has been proposed as a sensitive biomarker of neuroaxonal
injury in various neurological disorders, including Alzheimer’s disease, frontotemporal
dementia, amyotrophic lateral sclerosis, cerebral small vessel disease and multiple sclerosis
[1]. Although serum NFL levels are elevated in atypical parkinsonian disorders compared
to PD [2], higher NFL concentrations in PD in blood or cerebrospinal fluid have been
associated with greater disease severity, shorter survival, and higher risk of progression of
motor and cognitive impairments [3,4].

Recent work examining the impact of NFL on progression of PD has found that NFL
predicts progression specifically in the postural instability gait disorder (PIGD) subtype of
PD [5], a clinical variant associated with poorer prognosis and cognitive impairment [6].
As patients often transition between PIGD and tremor subtypes over time [7-9], however,
it remains possible that NFL has prognostic value in predicting the rate of progression of
PIGD clinical features in all PD patients, regardless of their dominant clinical features.

Dopamine transporter (DAT) imaging [10] provides an antemortem measure of the integrity
of nigrostriatal dopaminergic terminals that are lost in PD. Although reduced DAT uptake in
the putamen correlates with the severity of motor impairment, including all cardinal motor
symptoms except tremor [11], DAT uptake and motor function can dissociate, for example
in the context of optimized dopamine replacement therapy, as well as due to variance in
duration of disease at the group level, and in the clinical assessment of motor function.
Recent studies have investigated the potential association between DAT uptake and NFL
levels cross-sectionally, but the results have been inconsistent [3,12]. Despite the value of
this biomarker of dopamine system integrity, the relationship between baseline NFL and
longitudinal decline of DAT uptake has not yet been evaluated.

To address these knowledge gaps, here we sought to determine in patients with de novo
PD followed for up to 8 years in the PPMI database whether serum NFL levels at baseline
predict (1) progression of motor disability overall, (2) progression of PIGD versus tremor
clinical features, (3) progression of global cognitive function, and (4) change in dopamine
transporter (DAT) uptake over time.

2. Methods

2.1

Participants

The participants of this study were recruited into the Parkinson Progression Markers
Initiative (PPMI) database (available at http://www.ppmi-info.org). All recruited participants

Parkinsonism Relat Disord. Author manuscript; available in PMC 2021 December 28.
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were designed to have follow-up examinations each year after their baseline visit. The
PPMI study was approved by the Institutional Review Board of all participating sites; all
participants provided written informed consent before inclusion.

In this study, 376 de novo PD patients with available serum NFL data at baseline and

with two or more visits were included. Four percent of subjects had two timepoints of
non-missing data; 3.5% had three time points; 6.4% had four time points; 11.4% had five
time points; 15.2% had six time points; 33.2% had seven time points; 20.7% had eight time
points; and 5.6% had nine time points.

2.2. Clinical assessments and dopamine transporter imaging

PD-related signs and symptoms were assessed with the Movement Disorder Society-
sponsored revision of the Unified Parkinson’s Disease Rating Scale (UPDRS) every year
from enrollment up to 8 years. Motor function was measured with the UPDRS part 3
(UPDRS-III) in the off-state. Cognitive function was measured with the Montreal Cognitive
Assessment (MoCA).

To exclude the possibility that certain clinical features at baseline might be associated with
different durations of follow-up in the study, PD participants were classified into short and
long follow-up subgroups by median split of their maximum follow-up years (median, 6
years): If the maximum follow-up time was no more than 6 years, the subject was classified
into the short follow-up subgroup. Otherwise, the subject was classified into the long follow-
up subgroup. Baseline age, gender, disease duration, total UPDRS and UPDRS-III scores
were identical between the two subgroups (p > 0.05, Supplementary Table 1). Subsequent
analyses were performed on the entire dataset.

PIGD scores and tremor scores were computed according to previously defined criteria [13].
Briefly, the PIGD measure includes five items, which are freezing, walking and balance in
UPDRS part 2 (UPDRS-II), and gait, freezing of gait, and postural stability in UPDRS-III;
the tremor measure includes 11 items, which are tremor in UPDRS-II, and postural tremor,
Kinetic tremor, rest tremor and rest constancy in UPDRS-I111. The ratio of tremor score to
PIGD score was used to define tremor-dominant (TD) patients (ratio > 1.15; N = 264),
indeterminate patients (0.9 < ratio <1.15, N = 43) and PIGD-dominant patients (ratio <
0.90, N = 69) [13]. The percentages of patients in each motor subtype at baseline and
during the follow-up period are shown in Supplementary Table 2. Akinetic-rigid scores
were computed by adding eight items including rigidity, finger tapping, hand movements,
pronation-supination movements of hands, toe tapping, leg agility, arising from chair, and
body bradykinesia in UPDRS-111 [14].

DaTscan SPECT images were acquired at enrollment and in follow-up years one, two, and
four. 355 participants had at least two DaTscan SPECT images. DAT binding ratios in the
putamen were calculated as the count density in the putamen divided by that of the occipital
cortex, which served as reference region. All participants were free of anti-parkinsonism
drugs at enrollment, and levodopa equivalent drug dose (LEDD) was calculated at each
follow-up visit [15]. Disease duration was defined as the duration at enrollment since the
onset of symptoms. Serum NFL levels at baseline were measured with the Simoa Human
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NF-light Advantage kit by using the Single Molecule Array in a fully automated SIMOA®
HD-1 analyzer (Quanterix, Lexington, MA, USA). Additional details about processing of
the samples can be found in the PPMI biologic manual (http://www.ppmi-info.org).

2.3. Statistical analyses

All clinical, serum NFL, CSF NFL, and neuroimaging data included in this study were
simultaneously downloaded from the PPMI database on June 30, 2020. Correlations
between serum NFL levels and clinical measurements at baseline were assessed via
Spearman correlation analysis. Differences of serum NFL levels by sex were compared
with the Wilcoxon rank sum test. To analyze the effect of serum NFL on motor progression,
longitudinal mixed effects analysis was performed for the dependent variable of motor
severity, reflected by different measurements including UPDRS-111 scores, total UPDRS
scores, PIGD scores, tremor scores, or akinetic-rigid scores, each in a separate analysis.
Model selection was based on limited backward stepwise elimination (p > 0.05 for removal
from the model), in which we ran pretest checks on fixed covariates and higher order
interactions, and in which we removed them if they showed only chance relations and
therefore were not confounders. The primary fixed effect predictors were levels of serum
NFL at baseline, years in the study, and their interactions. The fixed covariates included sex,
age at baseline, disease duration at baseline, their interactions with years in the study, and
time varying LEDD. An intercept term and linear rate of change across time per subject
were the random terms for the mixed effects model. For the purpose of analyzing the effect
of serum NFL on changes of DAT uptake deficits, we ran the same longitudinal mixed
effects model for the dependent variable of DAT uptake. As before, only those covariates
reaching statistical significance were considered as confounders and were included in the
final models.

To analyze the relationship between change in DAT uptake and change in motor function
across time, we performed a longitudinal mixed effects analysis for the time-varying
dependent variable of motor features, reflected by different measurements including total
UPDRS, UPDRS-III, PIGD, tremor, and akinetic-rigid scores, each in a separate analysis.
Time-varying DAT binding ratio in putamen was included as the primary fixed effect
predictor. Years in the study, sex, baseline age and disease duration, their interactions
with years in the study, and time varying LEDD were included as the fixed covariates. By
controlling for years in the study in the model in addition to DAT uptake, we excluded
the possible emergence of a spurious relation of time-varying DAT uptake to the dependent
variable that is solely the result of each of these variables independently changing across
time but being otherwise statistically unrelated. The random terms for the mixed effects
model included an intercept term and linear rate of change across time per subject.

To analyze the effect of serum NFL levels on cognitive function over time, we performed

a longitudinal mixed effects analysis for the dependent variable of MoCA scores. Levels of
serum NFL at baseline, years in the study, and their interaction were included as the primary
fixed effect predictors. Age and disease duration at baseline, sex, years of education, their
interactions with years in the study, and time varying treatment for cognitive dysfunction
with acetylcholine esterase inhibitors were included as the fixed covariates. Once again, an
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intercept term and linear rate of change across time per subject were the random terms for
the mixed effects model. We also ran a statistical analysis for CSF NFL levels similar to
those involving the serum NFL levels. Given the lower sample size of de novo PD subjects
with CSF samples, this study focused on the relation of serum NFL levels to progression of
motor features.

Residuals from model fixed effect predictions and combined fixed and random predictions
were checked for conformance to normality assumptions. A value of p < 0.05 was
considered statistically significant. Standard error is reported unless stated otherwise.
Statistical analysis was performed in R software (version 3.6.3, available at http://www.r-
project.org).

3. Results

3.1. Demographic and clinical features

The demographic and clinical features of all 376 de novo PD participants are shown in Table
1. The average age at baseline was 62.2 + 9.8 years (SD), and the percentage of males

was 63.8%. PD patients were newly diagnosed and drug naive, with mean duration since
symptom onset of 2.0 = 2.0 years (SD). The average follow-up time was 5.7 + 1.6 years
(SD).

At baseline, serum NFL concentrations positively correlated with age (rho = 0.60, p < 0.001)
but did not differ by sex (p = 0.6). No association was detected between serum NFL levels
and disease duration (rho = 0.04, p = 0.5). Higher levels of serum NFL were associated

with more severe parkinsonism, as measured by total UPDRS scores and UPDRS-111 scores
(total UPDRS: rho = 0.17, p < 0.001; UPDRS-III: rho = 0.16, p = 0.001). Higher levels of
serum NFL were also associated with greater cognitive impairment, as measured by MoCA
scores (rho = —0.21, p < 0.001). In this cohort, serum NFL levels at baseline were not
significantly associated with the putamen DAT binding ratio, and only a weak negative trend
was observed (rho = - 0.09, p = 0.092).

3.2. Predictive effects of baseline serum NFL levels on the rate of PD-related functional

decline

In longitudinal analysis, elevated levels of serum NFL at baseline were associated with a
significantly faster increase in UPDRS-II1 scores over 8 years (p = 0.003). Similar results
were found for total UPDRS scores (p < 0.001). For each increase of 10 pg per milliliter
(pg/ml) in serum NFL at baseline, UPDRS-I1I scores and total UPDRS scores climbed
each year by 0.52 + 0.17 points and 0.96 * 0.28 points, respectively (Fig. 1A and B).
Interestingly, compared to females, males had a steeper increase of UPDRS-I1I and total
UPDRS scores over time (UPDRS-I11, p = 0.024; total UPDRS scores: p = 0.005), with an
approximate growth of 0.54 + 0.24 excess points for UPDRS-I11 scores and 1.10 + 0.38
excess points for total UPDRS scores per year in males compared to females.

Parkinsonism Relat Disord. Author manuscript; available in PMC 2021 December 28.
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3.3. Predictive effects of baseline serum NFL levels on accumulation of PD motor
features

To determine whether baseline serum NFL might differentially predict progression of
specific clinical features of this de novo PD cohort, we next evaluated the impact of baseline
serum NFL levels on progression of PIGD scores, tremor scores, and akinetic-rigid scores.
Interestingly, higher levels of serum NFL at baseline were associated with a faster increase
of PIGD scores over 8 years (p < 0.001), with an elevation of 2.46 + 0.43 points per decade
in patients with a 10 pg/ml increase of serum NFL at baseline (Fig. 1C). In contrast, serum
NFL levels at baseline were not associated with progression of tremor scores. Higher levels
of serum NFL at baseline were associated with a faster increase of akinetic-rigid scores over
time (p = 0.006, Supplementary Fig. 1), but this association was not significant in the initial
model when controlling for all covariates.

We next set out to evaluate whether the NFL-associated accumulation of PIGD impairments
was restricted to PIGD-dominant patients defined at baseline (see Methods) or was a more
general finding in the de novo PD cohort. Within the PIGD-dominant subgroup but not the
tremor-dominant subgroup, higher baseline NFL levels predicted faster increases of total
UPDRS and UPDRS-111 scores (total UPDRS: p = 0.006; UPDRS-III: p = 0.006). However,
in both PIGD-dominant and tremor-dominant subgroups, higher baseline NFL levels were
associated with faster worsening of PIGD scores (PIGD subgroup: p < 0.001; TD subgroup:
p = 0.039). In contrast, and as expected from the analyses above, baseline NFL levels were
not associated with worsening tremor scores in either subgroup. Thus, the impact of baseline
NFL on PIGD impairments was not subtype specific and appeared to affect the de novo PD
cohort more broadly.

3.4. Predictive effects of baseline serum NFL levels on the rate of cognitive decline

We built a mixed effects longitudinal model to evaluate whether baseline serum NFL levels
could predict the progression of cognitive impairment in this cohort of de novo PD patients.
We found that levels of serum NFL at baseline were not significantly associated with the rate
of cognitive decline as measured by MoCA scores over time (p = 0.15).

3.5. Associations between baseline serum NFL level and progressive reduction of DAT
uptake

To evaluate whether baseline serum NFL level predicted deterioration of striatal dopamine,
we next investigated NFL’s effects on longitudinally acquired putamen DAT binding ratio.
Compared to the original cohort, and to those without at least two DAT scans (N = 21),
participants who underwent at least two DAT scans (N = 355) had comparable age, sex,
disease duration and baseline UPDRS scores (p > 0.05 for each contrast, Supplementary
Table 3). The average follow-up time for DAT scans was 3.5 + 1.0 years. Although there was
no significant cross-sectional association detected between serum NFL levels and putamen
DAT binding ratio at baseline, as noted above, higher levels of serum NFL at baseline were
associated with a steeper decline of putamen DAT binding ratio over time (p = 0.013). In this
mixed-effects model, for each 10 pg/ml increase in serum NFL at baseline, putamen DAT
binding ratio decreased by 0.14 + 0.06 units per decade (Fig. 1D).
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Given the association of baseline serum NFL levels with both worsening motor function and
decline in DAT binding ratio over time, we next examined the relationship between changes
in DAT binding over time and changes in motor function. Greater loss of DAT binding over
time was associated with greater increases of UPDRS-I1I and total UPDRS scores (both p

< 0.001), and specifically with greater increase of akinetic-rigid scores (p < 0.001), but not
with changes in PIGD (p = 0.19) or tremor (p = 0.8) scores.

Of note, all of the key results that were significant after backward elimination in this
longitudinal study were significant in the initial full model unless otherwise noted. Residuals
from fixed and random predicted values reasonably conformed to normality assumptions for
all longitudinal models.

3.6. Exploratory findings of CSF NFL levels in de novo PD patients

Among all 376 subjects in the study, only 207 (55%) had CSF NFL levels at baseline
(Supplementary Table 4). These were evaluated on an exploratory basis in the Supplement.
Serum NFL and CSF NFL were strongly correlated (N = 207, rho = 0.63, p < 0.001). Results
with CSF NFL levels were broadly similar to those with serum NFL (Supplementary Fig. 2).

4. Discussion

In this eight-year longitudinal study of de novo PD, baseline serum NFL levels were

found to predict decline in overall motor function, worsening of PIGD clinical features

but not tremor, and loss of putamen DAT over time. Consistent with previous cross-sectional
studies, NFL levels were found to correlate with baseline UPDRS-II1 scores [3,16,17].
Thus, NFL levels appear to reflect neuronal injury in de novo PD. While some previously
reported longitudinal studies of NFL have found higher levels of NFL in blood or CSF to

be associated with increased risk of PD motor progression [4], others have found only a
trend correlation [18]. By employing a longitudinal design with dynamic analyses of clinical
features, evaluating 8 years of longitudinal data compared to up to 3 years in previous
studies, and restricting analyses to de novo PD with short (average, 0.6 years) duration of
disease (compared to > 1 year in previous studies), we were able to demonstrate that a

10 pg/ml increase in serum NFL level at baseline in PD is associated with an increase of
UPDRS-I11 score of 5 points per decade.

Interestingly, the effect of baseline NFL on progression of global motor impairments
indexed with the UPDRS-I11 was reflected in a similar effect of baseline serum NFL on
progression of PIGD clinical impairments, with a trend towards progression of akinetic-
rigid impairments as well, but with no effect on progression of tremor. Few studies to

date have investigated the associations between NFL and PIGD features, cross-sectionally
[3,12] or longitudinally [5]. In a recent longitudinal study, serum NFL at baseline was
associated with faster motor decline in a subgroup of patients with the PIGD subtype but
not the tremor-dominant subtype defined at baseline [5]. Consistent with evidence of motor
subgroup transitions in de novo PD [8] and with longer follow-up times [7], we found

that while only 18.4% of patients could be classified into the PIGD subtype at baseline,
PIGD clinical features evolved in relation to baseline NFL in the entire cohort and could
be detected in both the PIGD-dominant subgroup as well as the tremor-dominant subgroup.
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As PIGD symptoms are linked to Hoehn and Yahr motor progression and have been closely
associated with cognitive impairment in PD [7,19,20], the prognostic value of serum NFL
for progression of PIGD symptoms may find utility in clinical trials targeting these patients
in the early stage.

To our knowledge, this is the first observation linking NFL levels at baseline to loss of
putamen DAT binding ratio over time in PD. This result suggests that neuroaxonal injury
reflected in baseline NFL levels and detected at the early phase of disease is a relevant
correlate of subsequent rate of dopaminergic neurodegeneration. Of note, the present results
linking serum NFL to clinical course in PD are supported by cross-sectional studies where
NFL levels in blood and CSF have been found to strongly correlate (r value in the current
study of 0.6) [21], and where NFL levels in CSF have been observed to correlate with
striatal DAT levels cross-sectionally [3]. It is intriguing that serum NFL has sensitivity for
such progression. Together with the observation that changes in DAT binding over time were
associated with progression of akinetic-rigid features rather than PIGD or tremor features,
supported by prior cross-sectional and longitudinal results linking striatal DAT binding ratio
to bradykinesia and rigidity in PD [22-24], these results suggest that loss of nigrostriatal
integrity may contribute to the observed association between baseline NFL level and motor
progression in PD primarily through its effects on bradykinesia and rigidity.

Limitations of this study include the lack of neuropathological diagnoses of participants
with de novo PD. However, reduced striatal DAT uptake on DaTscan increases confidence
of the clinical diagnosis of PD in this multi-center clinical study. Although the presence of
some missing data in the dataset might have influenced the results, the mixed effects models
built in our statistical analyses permitted reasonable estimates of effects in spite of some
missing timepoints for some subjects, maximized use of available data, and optimized the
power of the analyses [25]. In addition, we found no evidence for differential drop-out of
subjects on the basis of baseline clinical features that could contribute to our observations, as
baseline demographic and clinical features were comparable in the short follow-up de novo
PD subgroup and the long follow-up subgroup. Another limitation is the lack of detailed
cognitive testing that reduced sensitivity to detect an effect of NFL on changes in cognitive
function over time, although we were able to detect a cross-sectional association between
higher NFL levels with lower MOCA scores, as shown previously [4,12,26]. Strengths

of this study include the long follow-up period, the relatively large sample size, and the
study of a de novo PD cohort, which reduced heterogeneity in baseline disease severity and
duration. In addition, multiple features of our mixed effects models touched base with prior
observations, including the linear increase in UPDRS scores over time [27].

5. Conclusions

Baseline serum NFL levels in de novo PD predict decline in overall motor function, in
PIGD features specifically, and in putamen DAT levels reflecting nigrostriatal dopamine
neuropathology over an 8-year period. Given these findings and its ease of acquisition,
serum NFL is likely to have value as a biomarker in PD clinical trials, with potential,

for example, to discriminate fast from slow progressors. Further studies to understand the
pathophysiological mechanisms of NFL as a predictive PD biomarker are needed.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Baseline serum NFL levels in de novo PD are associated with disease progression. Predicted
values from model fixed effects are shown for each of the following clinical features for
three levels of baseline serum NFL (adjusted for other predictor and covariate terms): (A).
Total UPDRS score; (B). UPDRS-111 score; (C). PIGD score; (D). DAT binding ratio in
putamen. The predictive values of NFL reflect low (1 standard deviation below mean),
mean, and high (1 standard deviation above mean) levels.
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Study population demographic and clinical data at baseline.

Table 1

Clinical characteristics

Denovo PD

No. of individuals (N)
Age (mean years, SD)
No. of males (N, %)
Disease duration (mean years, SD)
Total UPDRS (mean, SD)
(median, range)
UPDRS-III (mean, SD)
(median, range)
PIGD score (mean, SD)
(median, range)
Tremor score (mean, SD)
(median, range)
Akinetic-rigid score (mean, SD)
(median, range)
MoCA (mean, SD)
(median, range)
Serum NFL levels (mean pg/ml, SD)
(median, range)

DAT binding ratio (mean, SD)

(median, range)a

376
62.2 (9.8)

240 (63.8)
2.0(2.0)

322 (13.1)
31(7,70)

209 (8.9)™

20 (4, 51)
1.1(L1)
1(0,6)

5.4 (3.5)

5 (0, 20)

13.6 (7.3)

12 (2, 34)
27.1(2.4)

27 (17, 30)
13.0 (7.1)

11.5 (1.8, 76.6)
0.8(0.3)

0.8(0.2,2.2)

3355 participants underwent baseline DaTscan SPECT.
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