
Parkinson’s disease (PD) is a common progressive
neurodegenerative movement disorder. Although motor
symptoms are associated with focal loss of substantia nigra
dopaminergic neurons, pathological changes in PD are
widespread1. Dementia in patients with PD is common and
patients with Parkinson’s disease and dementia (PDD) have
involvement of additional cortical regions compared with non-
demented PD patients2. While PD is not known to directly affect
white matter fiber tracts, changes in these tracts may reflect
pathology within the neuronal cell bodies from which the axons
arise and PDD patients may show different patterns of white
matter involvement than PD patients.

Diffusion tensor imaging (DTI) non-invasively measures the
anisotropic mobility of water in the human brain3, which
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anisotropy (FA) and mean diffusivity (MD) values in the corpus callosum and cingulum pathways, defined by diffusion tensor
tractography, in patients with PD, PD with dementia (PDD) and controls and to determine if these measures correlate with Mini-Mental
Status Examination (MMSE) scores in parkinsonian patients. Methods: Patients with PD (17 Males [M],12 Females [F]), mild PDD (5
M,1F) and controls (8 M, 7F) underwent cognitive testing and MRI scans. The corpus callosum was divided into four regions and the
cingulum into two regions bilaterally to define tracts using the program DTIstudio (Johns Hopkins University) using the fiber
assignment by continuous tracking algorithm. Volumetric MRI scans were used to measure white and gray matter volumes. Results:
Groups did not differ in age or education. There were no overall FA or MD differences between groups in either the corpus callosum or
cingulum pathways. In PD subjects the MMSE score correlated with MD within the corpus callosum. These findings were independent
of age, sex and total white matter volume. Conclusions: The data suggest that the corpus callosum or its cortical connections are
associated with cognitive impairment in PD patients.

RÉSUMÉ: La tractographie du corps calleux et du cingulum dans la maladie de Parkinson. Contexte : Dans la maladie de Parkinson, il est bien
connu que la perte cellulaire dans le locus niger cause des symptômes moteurs; cependant, il se produit des changements anatomopathologiques étendus
qui peuvent être associés à des symptômes qui ne sont pas moteurs tels une atteinte cognitive. L’imagerie en tenseur de diffusion est une méthode
d’imagerie quantitative qui est sensible à la microstructure des faisceaux de la substance blanche. Objectif : Le but de l’étude était de mesurer
l’anisotropie fractionnelle (AF) et la diffusivité moyenne (DM) dans les voies du corps calleux et du cingulum, définies par la tractographie en tenseur
de diffusion, chez des patients atteints de la MP, de la MP accompagnée de démence (MPD) et chez des témoins, et d’évaluer si ces mesures son
corrélées avec les scores au Mini-Mental Status Examinassions (MMSE) chez des patients parkinsoniens.Méthodes : Des patients atteints de la MP (17
hommes et 12 femmes), de la MPD (5 hommes et 1 femme et des témoins (8 hommes et 7 femmes) ont subi une évaluation cognitive et des scans par
IRM. Le corps calleux était divisé en quatre régions et le cingulum en deux régions bilatéralement pour définir les voies au moyen du programme
DTIstudio (Johns Hopkins University) utilisant l’algorithme de “tracking” de fibres continu pour l‘organisation des faisceaux. Des scans IRM
volumétriques ont été utilisés pour mesurer le volume de la substance blanche et de la substance grise. Résultats : L’âge et le niveau de scolarité des
différents groupes étaient semblables. Il n’y avait pas de différences de FA ou de MD entre les groupes dans les voies du corps calleux ou du cingulum.
Chez les sujets atteints de la MP, les scores au MMSE étaient corrélés à la MD dans le corps calleux. Ces observations étaient indépendantes de l’âge,
du sexe et du volume total de la substance blanche. Conclusions : Selon ces données, le corps calleux ou ses connections corticales sont associés à
l’atteinte cognitive chez les patients atteints de la MP.
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ORIGINALARTICLE

provides an indirect quantitative marker of the micro-structural
“integrity” (e.g. axon packing, myelin) of white matter tracts,
such as the corpus callosum and the cingulum4. Two commonly
reported diffusion parameters are mean diffusivity (MD), an
estimate of the overall bulk diffusivity irrespective of orientation
and fractional anisotropy (FA) representing the degree of
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directionality of water molecule motion. Two methods of
determining regional FA and MD in specific tracts are manual
region of interest (ROI) analysis and tractography. Region of
interest analysis enables the measurement of FA and MD at pre-
defined locations on particular slices of a magnetic resonance
image. Tractography reconstructs individual white matter fiber
tracts based on a priori knowledge of brain anatomy and enables
the quantitative analysis of diffusion parameters over the entire
length of the tract5.

Studies using DTI ROI analysis have shown that PD patients
have decreased FA values in areas connected to the substantia
nigra and premotor cortex6, as well as directly within the
substantia nigra7. These findings are consistent with the known
pathology that occurs in the substantia nigra of PD patients.

In addition to substantia nigra involvement, frontal cortical
atrophy has been shown in PD patients with additional cortical
involvement in PDD patients as determined by conventional
magnetic resonance imaging (MRI) methods2. Diffusion tensor
imaging ROI analysis has shown reduced FA values in frontal,
temporal, and occipital white matter in both PD and PDD
patients8. In addition, FA reduction is present in the posterior
cingulum white matter of PDD versus PD patients8 suggesting
that cognitive function may be related to diffusion abnormalities
in the cingulum pathway. Patients with Dementia with Lewy
Bodies, which overlaps pathologically with PDD9, have
decreased FA and increased MD in the corpus callosum and
pericallosal regions10 suggesting that PDD patients may have
similar changes in the corpus callosum. The area of the corpus
callosum, as measured on mid-sagittal MRI, is not reduced in
patients with PD or PDD11; however DTI may be more sensitive
at detecting white matter changes compared to atrophy measures.
Tractography has not been used to examine the involvement of
the cingulum or corpus callosum in this patient population.
Tractography provides the ability to average FA and MD values
over the length of a tract, possibly helping to reduce sampling
error, which may occur with ROI analysis.

In this study we examined the corpus callosum and cingulum
pathways using DTI tractography in patients with PD or PDD to
determine if subtle pathologic changes are present in these white
matter tracts. The purpose of our study was to determine if subtle
white matter changes might be evident in this classical
“subcortical” disease. Moreover, we examined if FA or MD
measurements within the corpus callosum and cingulum are
associated with cognitive function.

METHODS
Patient Selection: Patients and controls were recruited from

the Movement Disorders Clinic at the University of Alberta, the
Parkinson Society of Alberta, posters in seniors centers,
advertisements placed in senior’s newsletters and by word of
mouth. Parkinson’s disease patients were consecutively recruited
and, like controls, were in stable health and did not have a
clinical health condition that could compromise survival.
Parkinson’s disease patients met criteria for idiopathic PD12.
Patients with atypical clinical features or incidental stroke on
structural imaging were excluded. Patients with PDD first had
parkinsonism and subsequently developed dementia as defined
by DSM-IV criteria13. All patients and controls underwent
cognitive testing using the Mini-Mental Status Examination
(MMSE)14 -a quantitative measurement of multiple domains of

cognition. Disease severity was assessed using the United
Parkinson’s Disease Rating Scale (UPDRS, part 3)15.

Scan Protocol: Magnetic resonace imaging was performed
on a 1.5T Siemens Sonata scanner. Volumetric scans were
obtained using a coronal magnetization prepared rapid
acquisition sequence oriented perpendicular to the anterior-
posterior commissure line (MPRAGE: TR 1800 ms, TE 3.82 ms,
TI 1100 ms, 1 average, flip angle = 15 degrees, FOV = 256 mm,
image matrix 256X256, 128 coronal slices, 1.5 mm slice
thickness) and processed as previously described16. Volumes
were calculated for gray matter (GM) and white matter (WM)
segments using the “spm_get_volumes” function in SPM5
(Welcome Department of Cognitive Neurology, London, UK,
http://www.fil.ion.ucl.ca.uk/spm), as described16. In addition
standard axial T2 and FLAIR scans were used to exclude
pathological lesions17. Slices for DTI acquisition were aligned
axially along the inferior margin of the corpus callosum using a
T1 weighted multi-slice sagittal image and placed such that the
vertex was included. The DTI data was acquired using the
following parameters: slice thickness=3mm, no inter-slice gap,
TR=5600ms, TE=88ms, FOV=220x220 mm2, acquisition
matrix= 128x128 with 75% phase partial Fourier (interpolated to
256x256), six diffusion directions, b=1000s/mm2, acquisition
voxel size of 1.7x1.7x3.0 mm3 (interpolated to 0.86x0.86x3.0
mm3), 35 slices, eight averages for a total scan time of 5 minutes
and 21 seconds. Motion artifact was assessed visually using
source images, and was not found to be prominent in any of the
images; hence motion correction was not applied. Images were
not warped for DTI or volumetric measurements, but were
analyzed in native space.

Deterministic Fiber Tracking: Processing was performed
using the program DTIstudio (Johns Hopkins University) using
the fiber assignment by continuous tracking algorithm18. Fibers
were included if their FA value was >0.3 and the turning angle
between voxels was <70 degrees eliminating the analysis of
cerebrospinal fluid (CSF) and grey matter, as well as minimizing
spurious fibers. An in-house program built on Matlab 7 (The
Mathworks, Natick, MA) was used to determine FA and MD
values. All of the voxels included in each tract were queried for
DTI parameters and averaged – each voxel was only counted
once.

Corpus Callosum Tractography: Four regions of the corpus
callosum were evaluated (CC1-CC4). Individual regions of the
corpus callosum are derived from separate areas of the cortex
and therefore anterior to posterior differences may exist within
the corpus callosum itself. Methods of division of the corpus
callosum were based on methods outlined in our previous
volumetric study11. Fibers were required to course through the
pre-selected area of the corpus callosum on the mid-sagittal
image and continue to a point distal to the corpus callosum as
described in Figure 1.

Cingulum Tractography: The cingulum was divided into two
regions bilaterally. Fiber tracts were required to traverse the most
distal points of each segment as well as a point located midway
(Figure 2). Left and right tracts were analyzed separately and
values were averaged over the defined area of interest.

Statistical Methods: Groups were compared using an
analysis of variance. Post hoc comparisons were done using a
Bonferonni correction when there were group differences. Intra-
rater reliability for measurements were determined by the re-
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tracing of six randomly chosen subjects using single measure
interclass correlation coefficients (ICCs), using a two way mixed
model with absolute agreement19. The relationship between
MMSE and FA or MD values in the corpus callosum and
cingulum were determined in PD and PDD patients as one group.
Partial correlation coefficients, controlling for age and sex were
reported. The impact of white matter volume on partial
correlation coefficients was also examined. A p-value of 0.05
was considered statistically significant.

RESULTS
Subject Characteristics

The baseline characteristics of the subjects are reported in
Table 1. There was no difference between the PD, PDD, and
control groups in age, education, or whole brain grey or white
matter using a one-way analysis of variance. Post hoc tests
revealed significantly lower MMSE scores in the PDD group
than in the control or PD groups (p<0.05). Parkinson’s disease
and PDD groups had significantly higher UPDRS scores than
controls, as expected (p<0.05).

DTI Measurements
Intra-class correlation coefficients (ICC’s) for FA values were

0.97-1.0 (corpus callosum), and 0.67-0.87 (cingulum). Intra-
class correlation coefficients for MD values were 0.88-1.0
(corpus callosum) and 0.87-0.95 (cingulum).

Corpus callosum (Table 2) and cingulum (Table 3) tracto-
graphy revealed no significant difference in FA or MD values
between groups. Fractional anisotropy values in all groups were
lower than traditionally seen in DTI ROI analysis as the FA
values obtained with tractography are averages of the entire tract
and include tract extension into the gyral white matter.

DTI Correlations with MMSE
Tractography of the corpus callosum revealed correlations of

MMSE with MD values in all regions of the corpus callosum
(p<0.05), which remained significant in three of the regions,
namely the two anterior and the posterior regions of the corpus
callosum (Table 4) in models controlling for age and sex. These
correlations were unaltered by controlling for WM volume.
Scatterplots indicated that subgroups of subjects did not drive the
correlations (data not shown). Tractography of the cingulum was
not significantly correlated with MMSE (data not shown).
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Figure 1: Corpus Callosum Tractography: For fibers arising in segment
CC1 (anterior = yellow) only fibers projecting anteriorly and traversing
the coronal slice at the most anterior point of the corpus callosum were
included and fibers were excluded if they projected posterior to the
traced region. For areas CC2 (anterior body = orange) and CC3
(posterior body = light blue), only fibers passing through the most
superior point of the traced region on the horizontal slice were included
and fibers were excluded if they projected inferiorly. For area CC4
(posterior = dark blue), fibers not projecting to the occipital or temporal
lobes were excluded.

Figure 2: Cingulum Tractography. The following landmark parameters
were used: 1. Body: the portion of the cingulum coursing posteriorly
from the most posterior point of the rostrum to the most anterior point of
the splenium (blue). 2. Posterior: the portion of the cingulum coursing
inferiorly and laterally from the most superior point of the fornix to the
level of the midbrain (orange). FA and MD values were calculated for
fibers contained within the specified regions bilaterally.

https://doi.org/10.1017/S0317167100010751 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100010751


THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

598

*SD-Standard Deviation; PD-Parkinson’s disease; PDD-Parkinson’s disease with dementia; MMSE-Mini-Mental Status Examination;
UPDRS-Unified Parkinson’s Disease Rating Scale

Gender 

(male, 

female)

Age (years) 

(SD)

Education 

(years) (SD)

MMSE 

(SD)

UPDRS III 

(SD)

Whole Brain 

GM volume  

(mL)

(SD)

Whole Brain 

WM volume 

(mL)

(SD)

Controls

(n=15)

8, 7 70.7 (4.0) 16.2 (2.5) 28.8 

(1.1)

1.4 (2.0) 636  (70) 460  (61)

PD 

(n=29)

17, 12 70.8 (4.6) 14.3 (3.4) 28.4 

(1.5)

16.8 (7.6) 623  (58) 526  (49)

PDD 

(n=6)

5 , 1 71.4 (4.2) 13.7 (1.9) 25.7 

(1.8)

19.5 (8.5) 650  (65) 526  (98)

P value 0.4 0.95 0.10 <0.05 <0.05 0.58 0.08

F (2, 49) NA 0.06 2.42 10.99 30.7 0.55 2.74

Table 1: Baseline subject characteristics*

*SD-Standard Deviation; PD-Parkinson’s disease; PDD-Parkinson’s disease with dementia; FA-fractional anisotropy; MD-mean diffu-
sivity; CC 1 (anterior) - CC4 (posterior) - corpus callosum subregions (see Figure 1)

CC1 CC2 CC3 CC4

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

Control 

(n=14)

0.54 

(0.02)

0.77 (0.04) 0.56 

(0.03)

0.83 (0.05) 0.58 

(0.03)

0.83 (0.05) 0.57 

(0.01)

0.86 (0.05)

PD 

(n=29)

0.54 

(0.02)

0.79 (0.05) 0.56 

(0.02)

0.83 (0.06) 0.58 

(0.03)

0.83 (0.07) 0.58 

(0.02)

0.86 (0.04)

PDD 

(n=6)

0.53 

(0.02)

0.80 (0.04) 0.58 

(0.02)

0.87 (0.09) 0.61 

(0.04)

0.86 (0.07) 0.57 

(0.02)

0.89 (0.07)

P-value 0.63 0.44 0.32 0.35 0.06 0.59 0.70 0.27

F (2, 48) 0.46 0.83 1.17 1.08 3.07 0.53 0.35 1.35

Table 2: Group comparison of tractography derived DTI parameters for four regions of the corpus callosum.*

*SD-Standard Deviation; PD-Parkinson’s disease; PDD-Parkinson’s disease with dementia; FA-fractional anisotropy; MD-
mean diffusivity

Left Body Right Body Left Posterior Right Posterior

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD 

(10
-3

mm
2
/s) 

(SD)

FA 

(SD)

MD

(10
-3

mm
2
/s) 

(SD)

Control 

(n=15)

0.61 

(0.04)

0.76 (0.03) 0.61 

(0.04)

0.75 (0.03) 0.50 

(0.03)

0.78 (0.08) 0.51 

(0.02)

0.77 (0.04)

PD 

(n=28)

0.62 

(0.05)

0.73 (0.03) 0.60 

(0.05)

0.73 (0.02) 0.49 

(0.03)

0.78 (0.04) 0.50 

(0.03)

0.78 (0.05)

PDD 

(n=6)

0.59 

(0.03)

0.74 (0.02) 0.58 

(0.06)

0.73 (0.02) 0.48 

(0.03)

0.81 (0.07) 0.50 

(0.01)

0.81 (0.06)

P-value 0.50 0.08 0.42 0.28 0.31 0.61 0.29 0.28

F (2, 48) 0.70 2.68 0.88 1.31 1.19 0.50 1.29 1.31

Table 3: Group comparison of tractography derived DTI parameters for two regions of the cingulum*
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DISCUSSION
Tractography is a relatively new imaging technique that

enables the quantitative analysis of white matter fiber tracts.
Given that the corpus callosum is composed of axons arising
from cortical neurons and that cortical atrophy2 and subcortical
DTI ROI changes8 have been found in PD and PDD patients, we
hypothesized that tractography of the corpus callosum in PD and
PDD patients would reveal abnormal FA and MD values;
however no differences were found between groups. In addition,
DTI ROI analysis has shown decreased FA values in the
posterior cingulum in PDD patients compared with PD patients8.
Based on this we expected to find alterations in the cingulum
pathways using tractography. Our data did not support these
findings directly; however, in the previous DTI ROI studies,
disease severity in PD and PDD groups and dementia severity in
the PDD groups were greater than in our study. White matter
microstructural changes may not be robust in early stages of
dementia; however our study found correlations with the MMSE
score suggesting that cognitively meaningful changes may be
reflected by our DTI measures. Given our previous study that did
not find a correlation between MMSE and callosal area, these
new data suggest that DTI may be more sensitive than gross
structural measures of the callosum to changes in trans-callosal
pathways11.

Among PD and PDD patients, tractography revealed negative
correlations between MD values of the two anterior regions and
the posterior region of the corpus callosum and cognitive
function, as measured by the MMSE. Increased MD, indicating
greater tissue disruption, was correlated with lower MMSE
scores. There were no correlations between the cingulum FA and
MD values and MMSE. This suggests that cognitive decline in
patients with parkinsonism may be related to global cortical
changes, rather than changes in hippocampal connections. We
combined PD and PDD patients in our correlation analysis in
order to examine the spectrum of patients with cognitive
dysfunction. One group that showed correlation between parietal
FA and executive function (using a ROI approach)20 found an
association between DTI measures in the posterior cingulum
with dementia8 and the anterior cingulum with depression in
PD21 highlighting the possibility that DTI measures might
provide a window into the neural basis for clinical heterogeneity
in PD.

Several additional recent studies add further support to
involvement of white matter tracts in PD. One study using an
ROI approach found frontal and parietal white matter changes22
while another showed global changes using DTI that were

apparent in patients with greater motor impairment23. Another
study supported involvement of the frontal lobes in patients with
PD24. Early involvement of olfactory pathways was observed in
a study focusing on the olfactory tract in PD25. Interestingly, one
group found that olfactory function was associated with
orbitofrontal and cerebellar DTI measures26. Coupled with
recently confirmed evidence that DTI at 3.0 Tesla shows
substantia nigra changes in PD compared to controls27,28 our data
and the other recent literature suggest that there are DTI changes
in PD in both grey and white matter that may be behaviorally
meaningful.

While tractography offers the advantage of defining
degeneration along specific tracts of interest, as shown for
connections of the pedunculopontine nucleus in healthy controls
and primates29, it provides averaged FA and MD values for an
entire tract and therefore might miss changes in a specific portion
of a tract. Our data illustrates that measurement of different tracts
may have differences in measurement reliability; callosal
reliability was slightly higher than that for the cingulum using
our protocol. Improvements in DTI acquisition technology may
further improve reliability30. Another consideration in
interpreting our findings is that even though our sample size was
large compared to the majority of DTI studies, we had relatively
few PDD subjects (i.e., six), which would reduce power to see a
small difference between groups. Future studies examining more
subjects with a range in cognitive performance with more refined
cognitive tests are necessary.

Reasons for the lack of correlation between FA and MMSE
are unclear; however, MD and FA provide completely
independent descriptors of the diffusion ellipse, such that MD
reflects overall bulk diffusivity (i.e. volume of the ellipse) while
FA measures the degree of directionality (i.e. how different the
long and short axes of the ellipse are from one another). One
could have increased MD with normal FA if there were selective
axonal loss (and/or alterations in the extra-cellular matrix) and
the axons remaining were large and modestly separated from
each other. This would give water more room to diffuse in all
directions, while remaining healthy axons could still drive
anisotropy. Our findings in PD/PDD reflect increased diffusivity
with preservation of the directionality of diffusion. While animal
studies report increased MD and decreased FA with total
demyelination, without pathological specimens it is not known
what the elevated MD might reflect at the microstructural level.
Interestingly, our results are consistent with studies in Alzheimer
disease where MMSE was correlated with MD but not with FA
in the posterior cingulate region31,32.
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CC1 CC2 CC3 CC4

FA MD FA MD FA MD FA MD

R , DF 

=31

0.205 -0.36 0.032 -0.51 -0.16 -0.19 0.186 -0.39

P 0.25 *0.04 0.86 *0.003 0.39 0.28 0.3 *0.02

Table 4: Partial correlation coefficients of corpus callosum tractography measures with MMSE, controlling
for age and sex
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CONCLUSIONS
In conclusion, our study examined the corpus callosum and

cingulum pathways using tractography in PD and PDD patients.
While PD and PDD patients did not show group changes in FA
or MD within the corpus callosum or cingulum, correlation of
the DTI measure mean diffusivity in the corpus callosum with
MMSE was identified. Given these associations, which were
exploratory, additional studies examining a broader range of
cognitively impaired PD patients may reveal additional white
matter pathology such as that seen in patients with dementia with
Lewy bodies10.
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