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Abstract
Objective
To evaluate microstructural characteristics of the corpus callosum using diffusion tensor im-
aging (DTI) and their relationships to cognitive impairment in Parkinson disease (PD).

Methods
Seventy-five participants with PD and 24 healthy control (HC) participants underwent
structural MRI brain scans including DTI sequences and clinical and neuropsychological
evaluations. Using Movement Disorder Society criteria, PD participants were classified as
having normal cognition (PD-NC, n = 23), mild cognitive impairment (PD-MCI, n = 35), or
dementia (PDD, n = 17). Cognitive domain (attention/working memory, executive function,
language, memory, visuospatial function) z scores were calculated. DTI scalar values, including
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD), were established for 5 callosal segments on a midsagittal plane, single slice using a to-
pographically derived parcellation method. Scalar values were compared among participant
groups. Regression analyses were performed on cognitive domain z scores and DTI metrics.

Results
Participants with PD showed increased AD values in the anterior 3 callosal segments compared
to healthy controls. Participants with PDD had significantly increased AD, MD, and RD in the
anterior 2 segments compared to participants with PD-NC and most anterior segment com-
pared to participants with PD-MCI. FA values did not differ significantly between participants
with PD and participants with HC or among PD cognitive groups. The strongest associations
for the DTI metrics and cognitive performance occurred in the most anterior and most
posterior callosal segments, and also reflected fronto-striatal and posterior cortical type cog-
nitive deficits, respectively.

Conclusions
Microstructural white matter abnormalities of the corpus callosum, as measured by DTI, may
contribute to PD cognitive impairment by disrupting information transfer across in-
terhemispheric and callosal–cortical projections.
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Cognitive impairment in Parkinson disease (PD) leads to
substantial disability, but its neuroanatomic substrates are
incompletely understood.1,2 Gray matter atrophy, especially
involving cortico-limbic regions, has been identified on brain
MRI in patients with PD with dementia (PDD) and mild
cognitive impairment (PD-MCI).3–6 Microstructural white
matter alterations in cortical, subcortical–cortical, cingular,
and callosal pathways have been reported in PD cognitive
impairment using diffusion tensor imaging (DTI), though the
presence and location of DTI abnormalities vary across
studies.7–14 DTI is an MRI technique that can be used to
characterize directional properties of the diffusion of water in
different tissues, such as brain white matter. Four commonly
evaluated DTI scalar values include fractional anisotropy
(FA) (a normalized SD of the eigenvalues), mean diffusivity
(MD) (a directionally averaged measure), axial diffusivity
(AD) (apparent diffusivity in the direction parallel to the
underlying tissue tract), and radial diffusivity (RD) (apparent
diffusivity perpendicular to the underlying tissue tract).15

The corpus callosum is a critical structure for in-
terhemispheric information transfer and thereby plays an
important role in cognitive function.16 In a prior study, we
found macrostructural differences in the corpus callosum as-
sociated with PD cognitive impairment with greater volume
loss in PDD compared to PD-MCI and cognitively normal
(PD-NC) participants.17 Furthermore, regional callosal at-
rophy predicted performance in certain cognitive domains.
Building on this work, we sought to examine the micro-
structural integrity of the corpus callosum across the PD
cognitive spectrum, using a region of interest approach based
on the topographic patterns of callosal–cortical projections.18

We investigated 4 DTI scalar values (FA, MD, AD, and RD)
in the 5 topographically defined callosal segments in PD-NC,
PD-MCI, and PDD participants compared to healthy controls
(HCs) and evaluated their relationships to performance
measures of different cognitive domains.

Methods
Participants
Participants were part of a prospective study of clinical and
neuroimaging markers of PD cognitive impairment, and those
having both DTI and structural MRI brain scans were
included.17,19,20 Of 107 total MRI scans, 8 were excluded due
to motion/field of view issues, with final inclusion of 99

participants comprising 75 patients with PD and 24 HC. PD
participants were diagnosed by movement disorders special-
ists using UKPDBrain Bank Criteria.21 Healthy controls were
recruited from the community, had normal cognition and
neurologic examinations, and had Mini-Mental State Exami-
nation (MMSE) scores ≥28. Detailed inclusion and exclusion
criteria for the PD and HC participants have been described
previously.17

Standard protocol approvals, registrations, and
patient consents
Participants gave informed consent, and the study protocol
was approved by the Rush University Institutional Review
Board.

Clinical and cognitive evaluations
Clinical evaluations assessed demographics and medications,
and disease-related features for participants with PD, in-
cluding levodopa daily dose equivalents,22 proportion on
levodopa or dopamine agonists, Hoehn & Yahr stage,23 pro-
portion with motor fluctuations and dyskinesias, and motor
function with the Movement Disorder Society–Unified Par-
kinson’s Disease Rating Scale (MDS-UPDRS)23 in the “on”
state. Neuropsychological assessments included the MMSE
and a battery of tests grouped into 5 cognitive domains
(attention/working memory, executive function, language,
memory, and visuospatial domains) according to Movement
Disorder Society (MDS) Task Force recommendations and
previously described methodology (table 1).19,20,24 Raw
scores of neuropsychological tests in each cognitive domain
were transformed into z scores based on normative data from
HCs at our center.25 z Scores based on local normative
samples were utilized in order to be cognizant of local norms
and consistent with our prior studies. By transforming the
scores into z scores, a normal distribution was necessarily
created. Participants with PD were classified into cognitive
groups (PD-NC, PD-MCI, PDD) according to MDS Task
Force criteria for PD-MCI and PDD and established cognitive
classification methodology.26,27 Participants with PD without
dementia who did not fulfill MDS PD-MCI criteria were
classified as PD-NC.

MRI acquisition and processing
Participants underwent MRI brain scans at Rush University
Medical Center using a 1.5T General Electric (Fairfield, CT)
Signa scanner including DTI and T1-weighted sequences. T1-
weighted fast spoiled gradient echo sequence or

Glossary
AD = axial diffusivity; ANCOVA = analyses of covariance; DTI = diffusion tensor imaging; FA = fractional anisotropy; HC =
healthy control; HD = Huntington disease; IIT = Illinois Institute of Technology; MANCOVA = multivariate analyses of
covariance;MD =mean diffusivity;MDS =Movement Disorder Society;MDS-UPDRS =Movement Disorder Society–Unified
Parkinson’s Disease Rating Scale; MMSE = Mini-Mental State Examination; PD = Parkinson disease; PD-MCI = Parkinson
disease with mild cognitive impairment; PD-NC = Parkinson disease with normal cognition; PDD = Parkinson disease with
dementia; RD = radial diffusivity; ROI = region of interest; TBSS = tract-based spatial statistics.
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magnetization-prepared rapid gradient-echo sequences were
obtained with previously described parameters.17 DTI
sequences included diffusion-weighted, single shot, echopla-
nar imaging with the following parameters: 38 slices, repeti-
tion time 12,100 ms, echo time 97 ms, field of view 25 cm,
matrix 128 × 128, slice thickness 3 mm, zero gap. DTI
sequences were acquired with 6 repetitions in the anterior–
posterior commissural plane and using 2 degrees of diffusion
weighting (b values = 0 s/mm2 and 800 s/mm2). Diffusion
weights were applied in 26 noncollinear directions with 2
repetitions of b = 0 and 2 repetitions of each diffusion-
weighted image. Raw diffusion-weighted images were aligned
to the corresponding nonweighted image (B0) and corrected
for eddy currents and motion artifacts using the FSL software
package (fmrib.ox.ac.uk/fsl).28 A diffusion tensor model was
fit for each diffusion-weighted image. FA, MD, AD, and RD
values were obtained from each DTI image with FSL. Using
FMRIB’s nonlinear image registration tool (FNIRT)29 within
FSL, all FA, MD, AD, and RD images were nonlinearly reg-
istered to the mean FA template derived from the Illinois
Institute of Technology (IIT) Human Brain Atlas, a high-
quality standardized atlas in 256 × 256 × 256 space.30

Masks for region of interest (ROI)–based analyses were
created from the IIT Human Brain Atlas. The principal dif-
fusion direction volume was derived from the IIT Human
Brain Atlas mean tensor volume using the DTI-TK software
package (dti-tk.sourceforge.net). ROI masks were drawn
overlying the principal diffusion direction volume using ITK-
SNAP (itksnap.org). The corpus callosum was identified on
a midsagittal plane, single slice based on the principal di-
rection of diffusion. Only voxels with a transverse principal
direction of diffusion were included in the mask in order to
minimize inclusion of noncallosal regions within the ROI.

Five segments of the corpus callosum (figure 1) were estab-
lished according to the callosal–cortical topographical parcel-
lation scheme of Hofer and Frahm,18 which was used because of
its derivation of callosal boundaries from human studies. In this
parcellation scheme, the cortical projections of the 5 segments
as delineated by Hofer and Frahm18 using DTI-based tractog-
raphy are as follows: segment 1 (most anterior), prefrontal
cortex; segment 2, premotor and supplementary motor cortex;
segment 3, motor cortex; segment 4, sensory cortex; segment 5
(most posterior), parietal, temporal, and occipital cortex.

Table 1 Cognitive domains and neuropsychological tests

Cognitive domain Tests

Attention/working memory Trail-Making Test A

Letter–number sequencing

Digit span forwards

Symbol Digit Modalities Test

Executive function Trail-Making Test B

Digit span backwards

Clock-drawing test

Progressive matrices

Controlled Oral Word Association Test

Language Category fluency

Similarities

Boston Naming Test

Memory CERAD word lists trials

Delayed recall figural memory test

Free and Cued Selective Reminding Test

Logical memory prose passages

Visuospatial Clock-copying test

Judgment of line orientation

Intersecting pentagons

Abbreviation: CERAD = Consortium to Establish a Registry for Alzheimer’s
Disease.
See Goldman et al.24 for related references.

Figure 1 Hofer and Frahm corpus callosal segmentation
scheme and corpus callosum segment region of
interest (ROI) masks

(A) Hofer and Frahm corpus callosal segmentation scheme. (B) Corpus cal-
losum segment ROI masks.
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Figure 1 depicts the geometric boundaries of each segment.
Because boundaries of the callosal segments as outlined by
Hofer and Frahm are defined only at the midsagittal plane, we
focused our analyses to this region. Separate ROI masks were
drawn as follows: (1) the inferior axis of the corpus callosumwas
established by drawing a line at the corpus callosum base con-
necting the most anterior–inferior and posterior–inferior cal-
losal points; (2) lines orthogonal to the inferior axis were
established to divide the corpus callosum into 5 segments de-
fined by Hofer and Frahm; and (3) separate ROI masks were
established for each of the 5 segments (figure 1). A visual in-
spection of ROI masks overlaid against normalized FA, MD,
AD, and RD images for each scan was performed blinded to
diagnosis and confirmed good fit within the corpus callosum for
all scans. Mean FA, MD, AD, and RD values for each callosal
segment were calculated using FSL for each participant.

Statistical analyses

Clinical characteristics
Clinical features were compared across groups (PD-NC, PD-
MCI, PDD, HC) using analyses of variance for years of ed-
ucation, MMSE scores, and cognitive domain z scores, and
among PD groups, for years of disease, levodopa daily dose
equivalents, and MDS-UPDRS motor scores; post hoc com-
parisons were adjusted for multiple comparisons using Scheffé
corrections to permit comparisons of each group with all
other groups. For all statistical analyses in the study, the
nominal significance level was set at p < 0.05. Nonparametric
tests were used for comparisons across all groups for sex (χ2)
and among PD groups for the proportions of patients on
dopamine agonists, with dyskinesias, or with motor fluctua-
tions (χ2) and Hoehn & Yahr staging (Kruskal-Wallis, with
post hoc tests usingMann-WhitneyU controlling for multiple
comparisons).

Callosal DTI metrics
Mean FA, MD, AD, and RD values for each of the 5 callosal
segments were compared between the entire PD cohort and
HC participants using multivariate analyses of covariance
(MANCOVA) covarying for age and sex. If a main effect of
group was present, post hoc univariate analyses of covariance
(ANCOVA) were used to evaluate between-group differ-
ences, covarying for age and sex. Mean FA, MD, AD, and RD
values for each of the 5 callosal segments also were compared
between PD-NC and HC participants using MANCOVA and
covarying for age and sex, in order to evaluate whether dif-
ferences in scalar values related to factors other than cogni-
tion. If a main effect of group was present, post hoc univariate
ANCOVA were used to evaluate between-group differences,
covarying for age and sex. Finally, mean FA, MD, AD, and RD
values for the 5 callosal segments were compared across the
PD cognitive groups using MANCOVA and covarying for
age, sex, and PD duration. If a main effect of group occurred,
post hoc ANCOVA were used for groupwise comparisons,
covarying for age, sex, and PD duration, and with Bonferroni
corrections for post hoc comparisons.

Relationships between callosal DTI metrics and
cognitive domains in PD
Linear regression analyses were performed to investigate
relationships between cognitive domain z scores and callosal
segment DTI values. Separate linear regression models were
completed for each cognitive domain z score (attention/
working memory, executive function, language, memory, and
visuospatial function) with each DTI metric (FA, MD, AD,
RD). For each regression model, the dependent variable was
the cognitive domain z score with age, sex, and PD duration as
force-entered covariates in the first block and DTI measures
(mean FA, MD, AD, or RD values, each run independently)
of the 5 callosal segments as stepwise-entered independent
variables in the second block.

Data availability
Anonymized data will be shared at the request of qualified
investigators.

Results
Participant characteristics
Seventy-five participants with PD (PD-NC, n = 23; PD-
MCI, n = 35; PDD, n = 17) and 24 HCs were included (table
2). There were no significant differences in age or sex. The
overall model comparing education years among the 4
groups was significant (F3,95 = 3.070, p = 0.032), but the post
hoc pairwise comparisons were not significant. Comparison
of education years between the HC and all participants with
PD also was not significant (t[97] = 1.54, p = 0.13). Disease
duration significantly differed among PD groups (F2,71 =
5.305, p = 0.007) with longer durations in PDD compared to
PD-NC and PD-MCI participants (post hoc comparison: p
= 0.034 and 0.01, respectively). Hoehn & Yahr staging and
MDS-UPDRS motor scores significantly differed across
groups, with worse performance in PDD compared to PD-
MCI and PD-NC participants, and in PD-MCI compared to
PD-NC participants. There were no differences among PD
groups in the presence of motor fluctuations, dyskinesias, or
treatment with levodopa.While a smaller percentage of PDD
and PD-MCI participants were on dopamine agonists
compared to PD-NC participants, this difference was not
statistically significant. As expected, MMSE scores were
significantly different among groups (F3,95 = 43.87, p <
0.0005), with worse scores in those with PDD compared to
PD-MCI, PD-NC, and HC participants (all p < 0.0005) and
in those with PD-MCI compared to HC (p = 0.016); there
were no significant differences between PD-NC and HC
participants (p = 0.073). Cognitive domain z scores differed
significantly across all groups (p < 0.0005) with greatest
impairment in PDD compared to all other groups (p <
0.0005). PD-MCI participants performed worse cognitively
compared to PD-NC (p < 0.01) and HC (all p < 0.0005
except visuospatial domain [p = 0.004]). There were no
significant differences in cognitive domain z scores between
PD-NC and HC participants.
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DTI metrics: Comparisons between PD vs
HC, PD-NC vs HC, and across PD cognitive
groups
In the MANCOVA comparing FA, MD, AD, and RD values
of the callosal segments between the entire PD cohort and
HC, covarying for age and sex, only AD was significantly
different in multivariate tests (F5,91 = 2.45, p = 0.039) (figure
2). Post hoc univariate tests revealed significant differences
in AD values in callosal segment 1 (F3,95 = 12.73, p <
0.0005), segment 2 (F3,95 = 6.25, p = 0.001), and segment 3
(F3,95 = 7.93, p < 0.0005). Group pairwise comparisons
demonstrated increased AD values in PD compared to HC
(segment 1, p = 0.033; segment 2, p = 0.006; segment 3, p =
0.002). There were no significant differences between PD
and HC in mean FA, MD, or RD values for the callosal
segments.

InMANCOVA comparing mean FA,MD, AD, and RD values
of the callosal segments between PD-NC and HC, controlling
for age and sex, multivariate tests demonstrated no significant
differences in any of the scalar values: FA (F5,39 = 0.17, p =
0.97), MD (F5,39 = 0.83, p = 0.54), AD (F5,39 = 1.65, p = 0.17),
and RD (F5,39 = 0.51, p = 0.77) (figure 3).

In the MANCOVA comparing mean FA, MD, AD, and RD
values of the callosal segments across the PD cognitive
groups (i.e., PD-NC, PD-MCI, and PDD), controlling for
age, sex, and PD duration, multivariate tests demonstrated
significant differences in the values of diffusivity measures:
MD (F10,128 = 3.39, p = 0.001), AD (F10,128 = 3.66, p <
0.0005), and RD (F10,128 = 2.70, p = 0.005), but not in FA
(figure 4). Post hoc ANCOVA revealed significant group
differences in MD, AD, and RD values for segment 1 (F5,69 =

Table 2 Demographic features of the study cohort

HC (n = 24) PD-NC (n = 23) PD-MCI (n = 35) PDD (n = 17) F testa p Values

Age, y 71.8 ± 6.1 72.9 ± 5.8 74.5 ± 6.1 74.5 ± 6.7 1.187 0.319

Male, n (%) 14 (58.3) 21 (91.3) 22 (62.9) 12 (70.6) 7.333b 0.062

Education, y 16.4 ± 2.7 16.2 ± 2.4 14.4 ± 3.4 16.1 ± 2.9 3.070 0.032c

PD duration, y — 9.7 ± 4.4 9.4 ± 4.1 13.5 ± 4.9 5.305 0.007d

Hoehn & Yahr stage, median (range) — 2 (2–3) 2 (2–4) 3 (2–5) 22.74e <0.0005f

Dyskinesia, n (%) — 7 (30.4) 12 (34.3) 4 (23.5) 0.623b 0.732

Motor fluctuations, n (%) — 13 (56.5) 19 (54.3) 10 (58.5) 0.099b 0.952

Levodopa equivalent doses, mg/d — 757.2 ± 441.2 729.0 ± 393.3 785.0 ± 345.8 0.118 0.889

On levodopa, n (%) — 23 (100) 34 (97.1) 17 (100) 1.16b 0.560

On dopamine agonist, n (%) — 12 (52.2) 11 (31.4) 4 (23.5) 4.076b 0.130

MDS-UPDRS motor score 1.2 ± 1.1 26.5 ± 8.7 35.3 ± 7.6 44.0 ± 14.6 15.503 <0.0005g

MMSE scores 29.3 ± 0.9 29.0 ± 1.1 27.4 ± 1.7 22.1 ± 4.4 43.87 <0.0005h

Attention/working memory z score −0.07 ± 0.65 −0.30 ± 0.54 −1.34 ± 0.82 −2.64 ± 1.72 29.912 <0.0005i

Executive function z score −0.02 ± 0.52 −0.33 ± 0.67 −1.60 ± 0.94 −2.61 ± 0.92 47.456 <0.0005j

Language z score 0.04 ± 0.64 −0.11 ± 0.59 −0.94 ± 0.60 −1.89 ± 1.06 31.503 <0.0005k

Memory z score −0.019 ± 0.56 −0.39 ± 0.54 −1.32 ± 0.66 −2.99 ± 1.13 65.579 <0.0005l

Visuospatial z score 0.06 ± 0.69 −0.08 ± 0.52 −1.67 ± 1.80 −4.3 ± 3.18 26.091 <0.0005m

Abbreviations: HC = healthy controls; MCI = mild cognitive impairment; MDS-UPDRS = Movement Disorder Society–Unified Parkinson’s Disease Rating Scale;
MMSE = Mini-Mental State Examination; NC = normal cognition; PD = Parkinson disease; PDD = Parkinson disease dementia.
Data presented as mean ± SD unless noted.
a Other test statistic where indicated.
b Pearson χ2.
c No significant groupwise differences in post hoc comparisons: HC vs PD-NC, p = 0.994; HC vs PD-MCI, p = 0.087; HC vs PDD, p = 0.992; PD-NC vs PD-MCI, p =
0.170; PD-NC vs PDD, p = 1.00; PD-MCI vs PDD, p = 0.271.
d PD-NC < PDD, p = 0.034; PD-MCI < PDD, p = 0.01.
e Kruskal-Wallis H.
f PD-NC < PD-MCI, p = 0.003; PD-NC < PDD, p < 0.0005; PD-MCI < PDD, p = 0.002.
g HC < PD-NC, p < 0.0005; HC < PD-MCI, p < 0.0005; HC < PDD, p < 0.0005; PD-NC < PD-MCI, p = 0.004; PD-NC < PDD, p < 0.0005; PD-MCI < PDD, p = 0.011.
h HC vs PD-NC, p = 0.963; HC > PD-MCI, p = 0.016; HC > PDD, p < 0.0005; PD-NC vs PD-MCI, p = 0.073; PD-NC > PDD, p < 0.0005; PD-MCI > PDD, p < 0.0005.
i HC vs PD-NC, p = 0.878; HC > PD-MCI, p < 0.0005; HC > PDD, p < 0.0005; PD-NC > PD-MCI, p = 0.002; PD-NC > PDD, p < 0.0005; PD-MCI > PDD, p < 0.0005.
j HC vs PD-NC, p = 0.613; HC > PD-MCI, p < 0.0005; HC > PDD, p < 0.0005; PD-NC > PD-MCI, p < 0.0005; PD-NC > PDD, p < 0.0005; PD-MCI vs PDD, p = 0.001.
k HC vs PD-NC, p = 0.910; HC > PD-MCI, p < 0.0005; HC > PDD, p < 0.0005; PD-NC > PD-MCI, p = 0.001; PD-NC > PDD, p < 0.0005; PD-MCI > PDD, p < 0.0005.
l HC vs PD-NC, p = 0.368; HC > PD-MCI, p < 0.0005; HC > PDD, p < 0.0005; PD-NC > PD-MCI, p < 0.0005; PD-NC vs PDD, p < 0.0005; PD-MCI > PDD, p < 0.0005.
m HC vs PD-NC, p = 0.994; HC > PD-MCI, p = 0.004; HC > PDD, p < 0.0005; PD-NC > PD-MCI, p = 0.012; PD-NC > PDD, p < 0.0005; PD-MCI > PDD, p < 0.0005.
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9.67, p < 0.0005; F5,69 = 8.03, p < 0.0005; and F5,69 = 9.36,
p < 0.0005, respectively) and segment 2 (F5,69 = 3.73, p =
0.005; F5,69 = 3.05, p = 0.015; and F5,69 = 3.89, p = 0.004,
respectively). Group pairwise comparisons showed in-
creased MD, AD, and RD values for PDD compared to PD-
NC participants in segment 1 (all p < 0.0005) and segment 2
(p = 0.030, p = 0.033, and p = 0.035, respectively) and
increased MD, AD, and RD values for PDD compared to
PD-MCI participants in segment 1 (p = 0.014, p = 0.018,
and p = 0.020, respectively).

Relationships between callosal DTImetrics and
cognitive domains in PD
For the PD cognitive groups, regression models, control-
ling for age, sex, and PD duration as forced-entry variables,
showed significant associations among callosal segment FA,
MD, AD, and RD values and cognitive domain z scores
(table 3). FA values for the callosal segments were signifi-
cantly associated with attention/working memory, execu-
tive function, and language domain z scores in segment 1
(p < 0.0005 for all, except for attention/working memory,

Figure 2 Comparison of diffusion tensor imaging (DTI) scalar values between Parkinson disease (PD) (all cognitive groups
combined) and healthy control (HC) participants

(A) Fractional anisotropy (FA). (B) Mean diffusivity (MD). (C) Axial diffusivity (AD). (D) Radial diffusivity (RD). CI = confidence interval.
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p = 0.004), and with memory and visuospatial function
domain z scores in segment 5 (p < 0.0005). MD values were
significantly related to attention/working memory domain
z scores in callosal segments 1, 4, and 5; memory, executive
function, and language domain z scores in segment 1; and
visuospatial function domain z scores in segments 1 and 4
(all p < 0.0005). AD values were significantly associated
with attention/working memory domain z scores in callosal
segments 1, 4, and 5, and memory, executive function,
language, and visuospatial function domain z scores in
segments 1 and 4 (all p < 0.0005). RD values were

significantly associated with all cognitive domain z scores in
segment 1 only (p < 0.0005).

Discussion
Our study revealed increased measures of diffusivity, partic-
ularly in the anterior callosal segments, with (1) greater AD
values in PD compared toHC and (2) increased AD,MD, and
RD in the most cognitively impaired PD group (i.e., PDD),
compared to PD-NC and to PD-MCI participants, but (3) no

Figure 3 Comparison of diffusion tensor imaging (DTI) scalar values between Parkinson disease normal cognition (PD-NC)
and healthy control participants

(A) Fractional anisotropy (FA). (B) Mean diffusivity (MD). (C) Axial diffusivity (AD). (D) Radial diffusivity (RD). CI = confidence interval.
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differences in DTI scalar values in those PD with normal
cognition compared to HC. These findings suggest that there
are abnormalities in the callosal white matter that may be
specifically linked to the presence of cognitive impairment in
PD. Furthermore, we found significant associations between
DTI measures and performance in the different cognitive
domains in PD. Our findings uphold classic brain–behavior
relationships including the anterior–posterior dissociations
that are particularly relevant in understanding cognitive def-
icits in PD.31,32 These are supported by our findings of

a predominance of anteriorly located DTI abnormalities as-
sociated with deficits in attention/working memory and ex-
ecutive function cognitive domains and of posteriorly located
DTI abnormalities with memory, visuospatial, and executive
function cognitive domains.

Increased AD within the corpus callosum has been demon-
strated in other neurodegenerative diseases, including Alz-
heimer disease,33 Huntington disease (HD),34 and
amyotrophic lateral sclerosis35 and in areas of white matter

Figure 4 Comparison of diffusion tensor imaging (DTI) scalar values among Parkinson disease cognitive groups

(A) Fractional anisotropy (FA). (B)Mean diffusivity (MD). (C) Axial diffusivity (AD). (D) Radial diffusivity (RD). CI = confidence interval; PD-MCI = Parkinson disease
with mild cognitive impairment; PD-NC = Parkinson disease, cognitively normal; PDD = Parkinson disease with dementia.
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atrophy in HD34 and Friedreich ataxia.36 In patients with PD,
areas of increased AD have been demonstrated in the sub-
stantia nigra37 and right hemispheric frontal white matter
projections in patients with PD with cognitive impairment.38

One longitudinal study showed a faster rate of increase in AD
metrics in several brain regions in PD compared to HC.39 On
the other hand, areas of reduced AD were noted in the body
and splenium of the corpus callosum in a smaller cohort (n =
22) of participants with PD in a tract-based spatial statistics
(TBSS)40 study specifically excluding participants with PD
with notable cognitive impairment.41 Reduced AD also has
been associated with white matter axonal injury in animal
models,15,42 but the biophysical substrates underlying these
alterations remain unresolved as other human disease studies
report both increases and decreases.34,36 Some studies suggest
that atrophy may lead to increased extra-axonal space and
smaller axonal caliber, potentially mediating greater water
diffusion parallel to axons, resulting in increased AD.34,36 Of
interest, the callosal regions revealing increased AD in the
current study overlap with the callosal areas in which we

previously found macrostructural alterations, with partic-
ipants with PD demonstrating volume loss in the anterior 2/
5th–3/5th of the corpus callosum.17 Callosal atrophy may
contribute to altered AD, though actual microstructural tissue
pathology cannot be inferred from imaging differences
alone.43

Among the PD cognitive groups, we found not only increased
AD, but also increased values in other diffusivity measures
(i.e., RD, MD) in the anterior corpus callosum as well as in
relation to the severity of PD cognitive impairment. Increased
diffusivity occurred to a greater extent in those with PDD
compared to those with PD-NC in the anterior half of the
corpus callosum, but also in those with PDD compared to
those with PD-MCI in the anterior 1/6th of the corpus cal-
losum. These DTI differences potentially may reflect abnor-
malities in myelination. For example, demyelination increased
RD in a mouse model, potentially indicating less restricted
water movement in directions perpendicular to underlying
fiber tracts with myelin sheath breakdown.44 However, RD

Table 3 Linear regressions of callosal segmental diffusion tensor imaging scalar values and cognitive domain z scores in
the Parkinson disease (PD) cohort

Cognitive domain
Callosal segment with significant
association Adjusted R2 β (callosal segment) F p Values

Attention/working memory Segment 1 (FA) 0.149 0.225 4.24 0.004

Segments 1, 4, and 5 (MD) 0.335 −0.672 (1), 0.268 (4), 0.317 (5) 7.222 <0.0005

Segments 1, 4, and 5 (AD) 0.399 −0.587 (1), 0.364 (4), 0.224 (5) 9.19 <0.0005

Segment 1 (RD) 0.211 −0.368 5.94 <0.0005

Executive function Segment 1 (FA) 0.146 0.317 4.16 0.004

Segment 1 (MD) 0.246 −0.493 7.05 <0.0005

Segments 1 and 4 (AD) 0.269 −0.538 (1), 0.239 (4) 6.46 <0.0005

Segment 1 (RD) 0.238 −0.480 6.77 <0.0005

Language Segment 1 (FA) 0.200 0.327 5.61 0.001

Segment 1 (MD) 0.258 −0.445 7.44 <0.0005

Segments 1 and 4 (AD) 0.266 −0.461 (1), 0.249 (4) 6.38 <0.0005

Segment 1 (RD) 0.266 −0.454 7.71 <0.0005

Memory Segment 5 (FA) 0.221 0.375 6.26 <0.0005

Segment 1 (MD) 0.267 −0.464 7.75 <0.0005

Segments 1 and 4 (AD) 0.323 −0.528 (1), 0.299 (4) 8.08 <0.0005

Segment 1 (RD) 0.261 −0.454 7.54 <0.0005

Visuospatial function Segment 5 (FA) 0.258 0.443 7.42 <0.0005

Segments 1 and 4 (MD) 0.316 −0.571 (1), 0.219 (4) 7.84 <0.0005

Segments 1 and 4 (AD) 0.349 −0.536 (1), 0.382 (4) 8.944 <0.0005

Segment 1 (RD) 0.296 −0.517 8.784 <0.0005

Abbreviations: AD = axial diffusivity; FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity.
Regressions controlled for age, sex, and PD duration.
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may also be affected by axonal loss43 or differences in axonal
packing density or diameter.45 MD is considered to be in-
versely related to membrane density and sensitive to cellu-
larity, edema, or necrosis.15 Thin, unmyelinated axons appear
to be selectively vulnerable to developing abnormal pro-
teinaceous aggregations characteristic of PD46 and in-
terestingly, the anterior corpus callosum has the highest
concentration of small, unmyelinated axons in the structure.47

The anterior-predominant DTI differences occurring in PD
may potentially reflect this preferential distribution of thin,
unmyelinated axons in the corpus callosum.

We found relationships between DTI scalar values and cog-
nitive domain performance in several callosal segments in
participants with PD. Moreover, these relationships support
proposed brain–behavior hypotheses of anterior–posterior
dissociations and PD cognitive dysfunction.31 The most an-
terior callosal region (segment 1) demonstrated the strongest
association with DTI values and cognitive domains: AD, RD,
and MD values in this region were associated with all 5 cog-
nitive domain scores, while FA values in segment 1 were
associated with attention/working memory, executive
function, and language performance. Given anterior
callosal–prefrontal cortical connections, these alterations in
microstructural integrity may affect information transfer to
prefrontal regions and thereby play a role in the “frontal–
striatal” cognitive deficits of PD. In addition, we found
significant associations between FA values in the posterior
callosal region (segment 5) and memory and visuospatial
cognitive domains. Given connections of this most posterior
callosal region to temporal, parietal, and occipital cortices,
altered FA in callosal segment 5 may contribute to the “pos-
terior cortical type” deficits recognized in PD cognitive im-
pairment. The finding of significant relationships among DTI
scalar values and cognitive domains in callosal areas in which
groupwise differences were not detected highlights the mul-
tifaceted and complex nature of these relationships and need
for studies with larger sample sizes of cognitive groups.

While DTI studies that include the corpus callosum have been
conducted, our study differs in several methodologic aspects
from others reported in the literature. One notable difference
is our use of a topographically defined parcellation scheme
and ROI-based approach to focus solely on the corpus cal-
losum, examining callosal segments and their neuroanatomi-
cally defined projections.18 Other prior PD studies have
documented DTI abnormalities in the corpus callosum
amidst other white matter regions using whole brain TBSS
approaches, and many have examined FA or MD only,7–10

though others included evaluations of AD and RD.38,41 Ad-
ditionally examining AD and RD helps expand our un-
derstanding of diffusion tensor models including comparisons
of the role of diffusivity rates in different directions (MD, AD,
RD) vs the directional preference of diffusion (FA). One
study examined FA, MD, AD, and RD in the corpus callosum
in a parkinsonian cohort (n = 18), but the study was small,
with mixed parkinsonian diagnoses, and did not evaluate

cognitive status.13 Some studies have identified significant
differences in FA and MD between PD-MCI and PD-NC
participants, but we did not.7,8,10,11 We did find lower average
FA and higher average MD values (nonsignificant) in PD-
MCI compared to PD-NC participants in all callosal seg-
ments, but significant increases in MD were seen only in the
most cognitively impaired participants with PD (PDD) in the
anterior callosal segments. Methodologic differences such as
our focus on the corpus callosum and its segments rather than
all white matter tracts, an ROI approach rather than whole
brain assessment, application of different definitions of PD
cognitive impairment, and differing participant selection may
explain different study results. Our finding of increased AD in
the corpus callosum in participants with PD, in distinction
from the finding of decreased callosal AD values of Geor-
giopoulos et al.,41 may reflect both differences inmethodology
and cognitive status of the PD cohorts, as the latter study
specifically excluded patients with PD with MMSE scores
<25. Our finding of no difference in DTI scalar values be-
tween PD-NC and HC further suggests that the differences in
DTI scalar values seen in our study are specific for cognitive
impairment in the context of PD, as these differences were
notably most pronounced in the PD group with greatest
cognitive impairment even when controlling for potential
confounding variables such as age and disease duration.

Strengths of our study include a large cohort of patients with
PD diagnosed by movement disorders experts, representing
a breadth of cognitive abilities, and established using well-
defined cognitive criteria. Evaluation of the corpus callosum in
the midsagittal plane offers the advantage of being one of the
few areas in the brain with less concern regarding effects of
crossing or divergent white matter fibers on DTI measures,
given a relatively homogeneous and uniformly aligned pop-
ulation of white matter fibers.15We also utilized an ROI-based
imaging evaluation, which can offer greater regional specific-
ity. In this method, we specifically constructed ROI masks
based on the principal diffusion direction and included only
areas with clear left–right orientation of underlying fibers so as
to minimize the effects of partial volume averaging, particu-
larly at borders of tissue types. We acknowledge potential
study limitations such that the midsagittal plane provides one
view of the corpus callosum, and findings may differ in callosal
areas outside this most midline, central part. Currently, these
neuroimaging analyses represent research tools, though they
may gain greater clinical application in the future. Future
histopathologic studies of the corpus callosum may help
elucidate the underlying microstructural nature of the neu-
roimaging DTI differences, and tractography imaging analyses
may offer insights regarding callosal–cortical connectivity.
Another critical evaluation for future studies is how abnor-
malities in the corpus callosum fit into the broader context of
white matter alterations in PD cognitive impairment, in-
cluding whether its changes occur relatively earlier or later
compared to alterations in other white matter structures and
whether the corpus callosum is preferentially affected. Lon-
gitudinal studies tracking DTI changes in the corpus callosum
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over time in the same individuals will allow greater un-
derstanding of the role of white matter microstructure in PD
cognitive impairment.
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