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A B S T R A C T

Cognitive impairment and dementia in Parkinson's disease (PD) are highly disabling non-motor symptoms with
no effective treatment currently available. As cortical degeneration is thought to be involved in the development
of these comorbidities, novel imaging biomarkers capable of detecting early cortical deterioration are needed.
Recently, an increase in mean diffusivity (MD) within the cerebral cortex has been proposed as a highly sensitive
imaging indicator of early microstructural cortical damage in neurodegenerative diseases. Using the Parkinson's
Progression Markers Initiative (PPMI), we studied longitudinal changes in intracortical MD in recently-diag-
nosed and drug-naïve PD patients (n=64). Compared to healthy controls (n= 20), de novo PD patients showed
a higher one-year MD increase in frontal and occipital cortices (p < 0.05, corrected). These PD-specific MD
changes correlated with changes in cognitive measures. Importantly, cortical MD increases were widespread in
the PD group and loss of cortical thickness was only increased in a small parietal cluster. These results suggest
that intracortical MD changes could be promising imaging biomarker in clinical trials targeting the prevention
and treatment of early cortical degeneration in PD, but further research confirmation is needed.

1. Introduction

Parkinson's disease (PD) is the second most common neurodegen-
erative disorder, representing a major health issue worldwide. Even
though the disease is largely known for its motor symptoms, as the
disease progresses a significant proportion of PD patients will also de-
velop cognitive impairment (PD-MCI) or dementia (PDD), leading to
debilitating consequences for patients and caregivers [1]. Critically, in
contrast with motor symptoms, effective treatments for PD-MCI or PDD
are currently lacking.

Whereas neuronal loss in the substantia nigra is the pathological
hallmark of PD, a concomitant cortical degeneration is likely to occur
and promote cognitive decline in this population [2]. To better char-
acterize the neuropathological pathways leading to PD-MCI/PDD, neu-
roimaging indicators are needed to identify early cortical degeneration.
The use of such indicators is of particular importance in clinical trials,
especially in patient selection and treatment monitoring scenarios.

It has recently been suggested that an increase in mean diffusivity
(MD) within the cerebral cortex reflects early cortical microstructural
degeneration [3–5]. This novel surface-based imaging metric is derived

from diffusion tensor imaging (DTI) scans and is thought to detect a
regional increase in water mobility as a consequence of a recent neural
death within the cerebral cortex. Compared to well-established in-
dicators of cortical atrophy such as cortical thickness, intracortical MD
has shown notably higher effect sizes and greater sensitivity to identify
cortical neurodegeneration [4]. Therefore, tracking cortical MD
changes could serve as a potential imaging biomarker of early cortical
damage in PD, even in the absence of concomitant cortical thinning or
significant cognitive decline.

Little is known about the role of this imaging measure in PD. In this
short communication we characterize intracortical MD changes in re-
cently-diagnosed and drug-naïve PD patients from the Parkinson's
Progression Markers Initiative (PPMI). Our main objective was to in-
vestigate whether this novel imaging biomarker was able to identify
incipient PD-specific cortical degeneration. As strong signs of cortical
deterioration in very early disease stages are likely to be subtle in cross-
sectional settings, we used a longitudinal approach to specifically assess
dynamic MD changes. As a secondary and exploratory objective, we
investigated the possible associations between the observed imaging
differences and the patients' cognitive performance.
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2. Materials and methods

2.1. Sample and assessments

PD patients belonging to the de-novo PD PPMI cohort were con-
sidered in this study. By definition, these patients had a PD diagnosis for
less than two years and were not taking PD medications. A healthy
control (HC) group was also included. Inclusion criteria were the
availability of baseline and longitudinal (one-year follow-up) T1-MRI
and DTI data and error-free neuroimaging preprocessing (as specified in
the neuroimaging methods subsection).

As cognitive assessments, we considered all neuropsychological
tests that were administered at baseline and at one-year follow-up in
PPMI. These included the Montreal Cognitive Assessment (MoCA) test
as a global measure of cognitive performance, and domain-specific tests
targeting frontal-dominant tasks (Symbol Digit Modality Test [SDMT],
Letter Number Sequencing [LNS]), fronto-temporal dominant tasks
(Semantic Fluency), posterior-cortical dominant tasks (Benton
Judgment of Line Orientation [BJLO], and the Hopkins Verbal Learning
Test [HVLT]). Motor status was inferred by the total motor score for the
Unified Parkinson's Disease Rating Scale. Specific details regarding all
the considered assessments are available at http://www.ppmi-info.org/
.

We addressed cross-sectional clinical data (at baseline) and one-year
longitudinal relative changes (post-pre/pre) in cognitive performance.
The rationale behind this approach is to appropriately compare and
correlate relative changes in cognitive indicators with longitudinal
changes in imaging indicators, as the latter have shown increased
sensitivity than cross-sectional alternatives at detecting early cortical
deterioration [6].

2.2. Neuroimaging methods

As of November 2018, we downloaded T1-MRI (labeled “T1-ana-
tomical”) and DTI (labeled “DTI_gated”) scans from https://www.ppmi-
info.org/access-data-specimens/download-data/. All participants be-
longing to the de novo PD cohort or the control PPMI cohorts were
selected if their baseline and one-year follow-up T1-MRI and DTI data
were available. One hundred and thirty-seven participants met these
criteria.

Vertex-wise cortical thickness (Cth) information from T1-MRI scans
was computed using the FreeSurfer 6.0 software package (https://
surfer.nmr.mgh.harvard.edu/). The procedure of surface-based cortical
reconstruction of structural MRI images and the derivation of Cth data
has been fully described elsewhere [7].

Vertex-wise intracortical MD information was derived from DTI
scans using the following procedure. First, MD maps were obtained
using the dtifit tool from the FSL software package (https://www.fmrib.
ox.ac.uk/fsl). MD maps were then co-registered with the associated T1-
MRI scans. On continuation, after applying partial volume correction
(PVC) using FreeSurfer's mri_gtmpvc tool, we sampled MD values
halfway between the white and pial cortical surfaces.

We studied Cth and MD differences between de-novo PD and HC
both cross-sectionally (at baseline) and longitudinally (relative changes
over a one-year follow-up period). Longitudinal changes were measured
in terms of symmetrized percent change (SPC), a robust measure re-
commended by FreeSurfer developers that has shown increased statis-
tical power in this context. SPC values of a measure (Cth or intracortical
MD) are defined as:

Therefore, negative SPCCth values indicate a longitudinal reduction
of cortical thickness, and positive SPCMD values indicate a longitudinal
increase of MD. For their computation, we used the longitudinal
FreeSurfer pipeline, designed to increase reliability and statistical
power in this setting through the use of an unbiased within-subject
template space [8].Finally, and for the sake of completeness, we also
computed subcortical volumetric and PVC-MD information using stan-
dard FreeSurfer procedures. These data were then compared across
groups to further investigate the role of this imaging metric in the
caudate, putamen, accumbens, pallidum, amygdala, thalamus, and
hippocampus regions.

The following exclusion criteria related to preprocessing errors were
applied: poor image quality (in either baseline T1, follow-up T1,
baseline DTI, or follow-up DTI), inaccurate Freesurfer T1 segmentation
(baseline or follow-up), poor longitudinal T1 registration, poor MD map
estimated by tensor fitting (baseline or follow-up), or poor T1-MD re-
gistration. We were particularly strict when detecting local surface re-
construction and co-registration defects so as not to introduce in-
accurate vertex-wise measures. Consequently, and given the relatively
high number of preprocessing steps (11) where poor quality results
could have occurred, we considered only 84 participants in the final
analyses.

2.3. Statistical analyses

Clinical and sociodemographic data were compared across groups
using two-sample t-test analysis for continuous variables and X2 for
categorical variables. Differences were considered significant at
p < 0.05.

Cortical vertex-wise measures (Cth,SPCCth,MD, SPCMD) were first
smoothed using a Gaussian kernel of 15mm full-width-at-half-max-
imum to increase the signal-to-noise ratio. A generalized linear model
(GLM) was then performed to compare these measures across groups,
using age, sex and education as covariates of no interest. Clusters sur-
viving p < 0.05 and family-wise error (FWE) correction for multiple-
comparison using a Monte-Carlo simulation with 10000 repeats were
considered significant.

Lastly, we explored the possible cognitive translation of the ob-
served neuroimaging differences. To do so, we first computed average
Cth/MD values at the regions showing significant differences between
groups. Using Pearson's coefficients, we then performed correlation
analyses between the imaging indicators and the cognitive indicators. A
p < 0.05 was considered significant.

3. Results

Table 1 summarizes the sample's sociodemographic and clinical
data. Significant differences between groups were only found for motor
symptoms.

Regarding cortical imaging differences, cross-sectionally at baseline,
no significant regions showed either reduced Cth or increased MD in de
novo PD patients with respect to HC. However, with respect to HC, de-
novo PD patients showed an increased one-year loss of Cth in the right
supramarginal gyrus, and a higher one-year increase in intracortical MD
in bilateral frontal and left occipital regions (Fig. 1). Significant long-
itudinal intracortical MD increases were 6.4 times more extensive than
the longitudinal Cth decreases. Additionally, a vertex-wise effect size
analysis revealed there were 3.15 times more vertices showing Cohen's
d larger than 0.5 in the longitudinal MD analysis than in the long-

SPCmeasure= [(Measurefollow-up-Measurebaseline)/(time2-time1)]/ [0.5*(Measurefollow-up + Measurebaseline)]
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itudinal Cth analysis.
Concerning subcortical differences between groups, de-novo PD

patients only showed larger one-year volume loss than the HC group in
the right caudate (p=0.013) and in the left hippocampus (p= 0.012).

In the set of cortical and subcortical regions where differences be-
tween the groups were significant, the corresponding imaging metrics
showed the following correlations with cognitive indicators in the PD
group: longitudinal MD increases at the left frontal cortex correlated
with a longitudinal reduction in Letter Number Sequencing scores
(p=0.035); lower semantic fluency scores at baseline correlated with
larger longitudinal MD increases in the left occipital cortex (p= 0.043);
and lower BJLO scores at baseline correlated with an increased loss of
left hippocampal volume (p=0.022).

4. Discussion

We found that despite the absence of cross-sectional imaging dif-
ferences, recently-diagnosed and drug-naïve PD patients showed a
higher one-year increase in intracortical diffusivity than healthy con-
trols with a similar sociodemographic profile. Whereas MD increases
spanned both frontal lobes and the left occipital cortex, loss of cortical
thickness in the PD group was only increased in a small parietal cluster.

Because as many as half the patients with PD develop dementia
(PDD) within 10 years of diagnosis [1], the ability to identify very early

signs of cortical alterations – which are strongly associated with PDD –
is of interest to the medical community. We found that intracortical MD
changes were able to detect incipient cortical microstructural degen-
eration in PD patients whose cognitive performance was still similar to
healthy controls.

Besides showing a more consistent neurodegenerative pattern than
Cth changes in terms of frontostriatal circuitry, the increases we ob-
served in cortical MD yielded significant correlations with cognitive
changes. In particular, we found that MD increases in the left frontal
cortex correlated with a decrease in LNS scores, a frontal-dominant test.
Additionally, semantic fluency scores in the PD group correlated with
temporo-occipital MD increases. This is noteworthy because impaired
semantic fluency has shown to predict PDD [9], and occipital in-
volvement in this cognitive indicator is well-documented [10]. Indeed,
one recent review on PDD highlighted the importance of finding ima-
ging techniques able to detect early occipital degeneration in this
clinical context [11].

The lack of significant cross-sectional differences in our sample
highlights the importance of a longitudinal neuroimaging approach in
this context, as longitudinal changes may be more sensitive and spe-
cifically-related to active neurodegeneration in predementia disease
stages [6,12]. Overall, our results suggest that monitoring intracortical
MD changes in clinical trials could provide a useful imaging biomarker
of early cortical deterioration in PD.

Table 1
Baseline and longitudinal sample characteristics. Values are expressed as mean ± standard deviation. UPDRS-III: total motor score for the Unified Parkinson's
Disease Rating Scale, MoCA: Montreal Cognitive Assessment (MoCA) [total score], HVLT: Hopkins Verbal Learning Test, LNS: Letter-Number Sequencing, SDMT:
Symbol Digit Modality Test, BJLO: Benton Judgment of Line Orientation. Longitudinal changes are expressed as (follow-up – baseline)/baseline, except for UPDRS-III
scores, which are expressed as follow-up– baseline to avoid division by zero.

de-novo PD HC Significance (p-value)

Baseline One-year change Baseline One-year change Baseline One-year change

n 64 20
Age [years] 60.4 ± 9.1 59.8 ± 9.9 0.81
Sex 19/64 female 6/20 female 0.98
Education [years] 14.9 ± 3.1 15.2 ± 2.7 0.69
Months since PD diagnosis 5.7 ± 7.6 - -
UPDRS III 19.6 ± 9.3 2.3 ± 7.6 1.1 ± 2.1 0.5 ± 2.2 < 0.001 0.09
MoCA 27.4 ± 2.3 −0.01 ± 0.1 28.0 ± 1.0 −0.03 ± 0.05 0.22 0.29
HVLT 24.8 ± 5.6 −0.02 ± 0.2 25.3 ± 3.4 0.004 ± 0.2 0.76 0.66
LNS 10.9 ± 2.7 0.03 ± 0.2 10.1 ± 2.3 0.06 ± 0.2 0.17 0.64
SDMT 42.1 ± 10.1 .001 ± 0.2 46.5 ± 12.6 0.04 ± 0.2 0.17 0.51
BJLO 12.9 ± 2.0 0.01 ± 0.2 13.2 ± 2.1 0.01 ± 0.1 0.69 0.94
Semantic fluency 21.6 ± 4.6 0.03 ± 0.2 20.9 ± 4.2 0.10 ± 0.2 0.48 0.20

Fig. 1. Cortical regions where de-novo PD patients showed a higher one-year loss of Cth (top) and a higher one-year increase of intracortical MD (bottom) with
respect to HC, p < 0.05 FWE controlling for age, sex, and education. Longitudinal changes were measured in terms of vertex-wise symmetrized percent change
(SPC).
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The main strength of this study is the application, for the first time
in PD, of a novel neuroimaging technique within a longitudinal fra-
mework. This approach yielded significant FWE-corrected vertex-wise
results with higher effect sizes than standard approaches. However, the
exploratory nature of the subsequently observed clinical-imaging as-
sociations may limit their interpretation. Hence, further research is
needed to establish the relationship between this imaging biomarker
and the development of cognitive impairment and dementia in PD.

To conclude, using a longitudinal surface-based analysis of mean
diffusivity within the cerebral cortex, we observed early widespread
cortical microstructural degeneration in de-novo PD patients.
Alterations in this novel imaging metric were found in the absence of
pronounced cortical thinning, and they correlated with cognitive in-
dicators. This imaging biomarker could thus be useful to monitor early
cortical deterioration in PD trials targeting the prevention or treatment
of cognitive decline, but further research confirmation is needed.

Authors’ roles

FS: Project conception, project execution, manuscript writing.
SMH, JP, JML: Statistical analysis, manuscript review.
JK: Project organization, manuscript review and critique.

Funding

This work was partially supported by CERCA and CIBERNED
funding, and grants from la Marató de TV3 (2014/U/477 and
20142910) and Fondo de Investigaciones Sanitarias del Ministerio de
Sanidad y Consumo (PI15/00962 and PI18/01717).

Acknowledgements

Data used in the preparation of this article were obtained from the
Parkinson's Progression Markers Initiative (PPMI) database (www.
ppmi-info.org/data). For up-to-date information on the study, visit
www.ppmi-info.org.

PPMI – a public-private partnership – is funded by the Michael J.

Fox Foundation for Parkinson's Research and funding partners, in-
cluding Abbvie, Allegran, Avid Radiopharmaceuticals, Biogen Idec,
BioLegend, Bristol-Myers Squibb, Celgene, Denali, GE Healthcare,
Genentech, GlaxoSmithKline, Eli Lilly & Co., Genentech, Lundbeck,
Merck, MesoScale Discovery, Pfizer, Piramal, Prevail, Roche, Sanofi
Genzyme, Servier, Takeda, Teva, verily, Voyager, Golub Capital and
UCB.

References

[1] J. Pagonabarraga, J. Kulisevsky, Cognitive impairment and dementia in Parkinson's
disease, Neurobiol. Dis. 46 (2012) 590–596.

[2] D. Aarsland, B. Creese, M. Politis, K.R. Chaudhuri, D.H. Ffytche, D. Weintraub,
et al., Cognitive decline in Parkinson disease, Nat. Rev. Neurol. 13 (2017) 217–231.

[3] P.S.J. Weston, I.J.A. Simpson, N.S. Ryan, S. Ourselin, N.C. Fox, Diffusion imaging
changes in grey matter in Alzheimer's disease: a potential marker of early neuro-
degeneration, Alzheimer's Res. Ther. 7 (2015) 47.

[4] I. Illán-Gala, V. Montal, S. Borrego-Écija, E. Vilaplana, J. Pegueroles, D. Alcolea,
et al., Cortical microstructure in the behavioural variant of frontotemporal de-
mentia: looking beyond atrophy, Brain 142 (2019) 1121–1133.

[5] V. Montal, E. Vilaplana, D. Alcolea, J. Pegueroles, O. Pasternak, S. González-Ortiz,
et al., Cortical microstructural changes along the Alzheimer's disease continuum,
Alzheimer's Dementia 14 (2018) 340–351.

[6] E. Mak, L. Su, G.B. Williams, M.J. Firbank, R.A. Lawson, A.J. Yarnall, et al., Baseline
and longitudinal grey matter changes in newly diagnosed Parkinson's disease:
ICICLE-PD study, Brain 138 (2015) 2974–2986.

[7] B. Fischl, A.M. Dale, Measuring the thickness of the human cerebral cortex from
magnetic resonance images, Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 11050–11055.

[8] M. Reuter, N.J. Schmansky, H.D. Rosas, B. Fischl, Within-subject template estima-
tion for unbiased longitudinal image analysis, Neuroimage 61 (2012) 1402–1418.

[9] C.H. Williams-Gray, J.R. Evans, A. Goris, T. Foltynie, M. Ban, T.W. Robbins, et al.,
The distinct cognitive syndromes of Parkinson's disease: 5 year follow-up of the
CamPaIGN cohort, Brain 132 (2009) 2958–2969.

[10] R.M. Birn, L. Kenworthy, L. Case, R. Caravella, T.B. Jones, P.A. Bandettini, et al.,
Neural systems supporting lexical search guided by letter and semantic category
cues: a self-paced overt response fMRI study of verbal fluency, Neuroimage 49
(2010) 1099–1107.

[11] J.H. Lanskey, P. McColgan, A.E. Schrag, J. Acosta-Cabronero, G. Rees, H.R. Morris,
et al., Can neuroimaging predict dementia in Parkinson's disease? Brain 141 (2018)
2545–2560.

[12] A.I. Garcia-Diaz, B. Segura, H.C. Baggio, C. Uribe, A. Campabadal, A. Abos, et al.,
Cortical thinning correlates of changes in visuospatial and visuoperceptual perfor-
mance in Parkinson's disease: a 4-year follow-up, Park. Relat. Disord. 46 (2018)
62–68.

F. Sampedro, et al. Parkinsonism and Related Disorders 68 (2019) 22–25

25

http://www.ppmi-info.org/data
http://www.ppmi-info.org/data
http://www.ppmi-info.org
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref1
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref1
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref2
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref2
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref3
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref3
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref3
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref4
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref4
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref4
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref5
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref5
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref5
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref6
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref6
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref6
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref7
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref7
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref8
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref8
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref9
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref9
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref9
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref10
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref10
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref10
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref10
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref11
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref11
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref11
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref12
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref12
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref12
http://refhub.elsevier.com/S1353-8020(19)30424-9/sref12

	Longitudinal intracortical diffusivity changes in de-novo Parkinson's disease: A promising imaging biomarker
	Introduction
	Materials and methods
	Sample and assessments
	Neuroimaging methods
	Statistical analyses

	Results
	Discussion
	Authors’ roles
	Funding
	Acknowledgements
	References




