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BACKGROUND AND PURPOSE: Parkinson disease (PD) is characterized by basal ganglia abnormalities.
However, there are neurodegenerative changes in PD that extend beyond the basal ganglia and that
are not sufficiently evaluated with standard MR imaging. The aim of this study was to characterize
whole-brain gray matter (GM) and white matter (WM) changes in PD by using diffusion tensor imaging
(DTI).

MATERIALS AND METHODS: Thirteen control and 12 subjects with nondemented PD were examined
by using DTI and 3D anatomic T1-weighted images. Statistical parametric mapping analyses of DTI and
anatomic images were performed. Patients were evaluated with a variety of neurocognitive measures
and the Unified Parkinson’s Disease Rating Scale (UPDRS) OFF (cessation of medication) and ON
(taking medications as normal) their antiparkinsonian medications.

RESULTS: The PD participants had dopa-responsive features as ascertained by the UPDRS OFF versus
ON medications and had no cognitive impairment. Decreased fractional anisotropy (FA) was observed
in subjects with PD bilaterally in the frontal lobes, including the supplementary motor area, the
presupplementary motor area, and the cingulum. There were no significant differences in mean
diffusivity or GM/WM attenuation between PD subjects and controls.

CONCLUSION: Statistical parametric mapping analysis of DTI showed changes in FA in frontal areas
without volume loss. These results confirm that the neurodegenerative process extends beyond the
basal ganglia in PD.

Parkinson disease (PD) is a neurodegenerative disorder
characterized by bradykinesia, rigidity, resting tremor,

and postural abnormalities. In PD, the primary pathologic
changes involve loss of nigrostriatal dopaminergic neurons.1

In addition to dopamine-related motor impairments in PD,
there are increasingly recognized nondopaminergic deficits in
other brain areas.1,2 The extension of the neurodegenerative
process beyond the basal ganglia is probably the basis for clin-
ical features, including motor and nonmotor, of PD.

For appreciating these pathophysiologic changes in PD,
conventional MR imaging has been unsuccessful so far. The
development of a noninvasive technology for understanding
changes at the microstructural level would be helpful to im-
prove understanding as well as for monitoring disease pro-
gression and prognostication regarding these aspects of PD.3,4

Several authors, summarized in a review article, have stressed
the potential utility of recent MR imaging techniques.4 Voxel-
based morphometry assesses whole-brain differences in local
gray matter (GM) attenuation by using structural T1-
weighted images5 and provides information on brain atrophy.
Voxel-based diffusion tensor imaging (DTI) assesses changes
in diffusion orientation and magnitude throughout the whole
brain. Voxel-based DTI allows detection of subtle abnormal-
ities in GM and white matter (WM) integrity.6 In particular,

voxel-based DTI provides information on the orientation of
diffusion in WM fiber bundles.

Normal diffusion measurements have been reported in PD
in the brain stem, cerebral peduncles, and the basal ganglia,
whereas diffusion was altered in patients with multiple system
atrophy and progressive supranuclear palsy.7-12 Few studies
have examined whole-brain diffusion imaging in patients with
PD. One group found loss of WM integrity in patients with PD
compared with healthy subjects in the subcortical WM region
containing the nigrostriatal pathway.13 Another study showed
increased apparent diffusion coefficient in the precentral and
prefrontal white matter in patients with PD.11 Last, another
group found decreased fractional anisotropy (FA) in the sub-
stantia nigra.14

On the basis of previous work, we proposed to evaluate
whole-brain DTIs of patients with PD and control subjects by
using statistical parametric mapping (SPM) analysis (SPM2,
Wellcome Department of Cognitive Neurology, Institute of
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/)
in an attempt to detect GM loss and WM integrity loss.

Subjects and Methods

Patients and Controls
Twelve patients with PD (5 men; mean age, 62.1 � 12.7 years) and 13

age- and sex-matched control subjects (8 men; mean age, 58.0 � 7.3

years) were included in this University of Minnesota institutional

review board–approved study. Patients and controls were recruited

by using institutional review board–approved strategies, which in-

cluded the use of a PD and control subject registry, posted and pub-

lished advertisements, and approaching potential participants in the

clinic. At screening, participants underwent a neurologic history and

examination to exclude possible control and PD subjects with poten-

tially confounding neurologic factors or other medical conditions. All
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enrolled patients with PD were diagnosed as having idiopathic PD

according to the Gelb criteria for PD.15

Neurologic Evaluation
Clinical data are presented in Table 1. All patients and controls un-

derwent standardized neurologic testing at their baseline visit by us-

ing the Unified Parkinson Disease Rating Scale (UPDRS). Partici-

pants with PD did not have dementia as assessed by the Mini-Mental

State Examination (MMSE),16 were taking antiparkinsonian medica-

tion, and had a documented clinical response to medication. Disease

duration was 5.8 � 4.5 years. Hoehn and Yahr (HY) clinical staging

was 1.8 � 0.4 ON (taking medications as normal) and 1.9 � 0.6 OFF

(cessation of medication). Total UPDRS scores were 43.7 � 13.8 ON

medication and 53.3 � 22.1 OFF medication. Patients were treated by

using levodopa, ropinirole, or pramipexole alone or in combination.

The average daily levodopa equivalent dose was 585.2 � 509.8 mg.

Imaging Protocol
All subjects underwent structural MR imaging on a 3T Trio 8-channel

MR imaging scanner (Siemens Medical Systems, Erlangen, Ger-

many). All patients were in an ON medication state during MR im-

aging. The imaging protocol included a coronal 3D T1-weighted se-

quence of the whole brain with the following parameters: TR, 2530

ms; TE, 3.65 ms; TI, 1100 ms; 1 average; voxel size, 1 � 1 � 1 mm3;

matrix size, 256 � 192; acquisition time, 487 seconds. The DTIs were

acquired by using spin-echo echo-planar images with the following

parameters: TR, 7500 ms; TE, 82 ms; flip angle, 90°; matrix, 128 �

128; FOV, 256 � 256 mm; section thickness, 2 mm; spacing between

sections, 2 mm; number of averages, 3; acquisition time, 339 seconds.

Diffusion weighting was performed along 12 independent directions

with a b-value of 1000 s/mm2 and 1 volume acquired without diffu-

sion weighting (b0 image).

Data Analysis
SPM Analysis of T1-Weighted Images. Data processing and anal-

yses were performed by using SPM software (SPM2). Voxel-based

morphometry was performed by using an optimized procedure as

described in Good et al.17 The protocol included the following: 1)

affine normalization of the T1-weighted image by using a custom

study-specific T1 template and the following default parameters:

25-mm cutoff, medium nonlinear regularization, 16 nonlinear itera-

tions; 2) segmentation of GM; 3) estimation of the nonlinear normal-

ization parameters by using the GM template previously built; 4)

application of these parameters to the original whole-brain T1-

weighted image, which was then resectioned to a voxel size of 1 � 1 �

1 mm3; 5) segmentation of the normalized image into GM by using

the customized prior probability map; 6) Jacobian modulation of the

segmented GM image; and 7) smoothing of GM images with a 10-mm

full width at half maximum isotropic Gaussian kernel. The same pro-

cess was applied to WM images by using a WM template.

Creation of the Custom Template. The MR images of all control

subjects and patients were used for the creation of the template. Each

T1-weighted MR imaging volume was spatially normalized to the T1

Montreal Neurologic Institute (MNI) template with affine registra-

tion only. Subsequently, the normalized scans were averaged, and the

resulting mean image was smoothed with a 10-mm full width at half

maximum Gaussian kernel to form the T1 template. A study-specific

GM template was created according to the following steps: spatial

normalization of all structural images to the customized T1 template,

segmentation into GM partitions, and brain extraction (for removing

nonbrain voxels from the GM images). The GM images were averaged

to create a GM template respectively and then smoothed with a

10-mm full width at half maximum kernel. A separate WM template

was obtained after the following steps: segmentation into WM parti-

tion, averaging of WM images to form a WM template, and smooth-

ing with a 10-mm full width at half maximum.

SPM Analysis of DTIs. Raw diffusion-weighted data were cor-

rected for geometric distortions secondary to eddy currents by using a

registration technique based on the geometric model of distortions.18

Field map correction was performed by using a double-echo gradient-

echo sequence with SPM2 software.

DTI images were first processed to generate FA and mean diffu-

sivity (MD) maps by using in-house software (Fig 1).19 To allow

voxel-based statistical comparisons, we spatially normalized the T2-

weighted images obtained for b0 of all subjects by using the MNI

template. The FA and MD maps for the whole brain, including the

brain stem and cerebellum, were then normalized by using the pa-

rameters determined from the normalization of the b0 image. The

normalized FA and MD maps were smoothed with a 10-mm isotropic

Gaussian kernel.20

Statistical Analysis
Group comparisons for whole-brain T1-weighted images and DTI

were performed by using Student t tests. Analysis of covariance was

performed by using age as a covariable. We used a voxelwise threshold

of P � .01 with a corrected P � .05 for cluster extent.

Table 1: Demographic data and clinical scores of subject population

Group (No.) Sex Age (yr) Disease Duration (yr) HY HY UPDRS UPDRS MMSE

(M/F) Mean (SD) Mean (SD) (ON) (OFF) (ON) (OFF) (ON)
PD (12) 5/7 62.1 (12.7) 5.8 (4.5) 1.8 (0.4)* 1.9 (0.6) 43 (13.8)a 53.3 (22.1) 28.2
Controls (13) 8/5 58.0 (7.3) N/A N/A N/A N/A N/A 28.8

Note:—NA indicates data not available; M, male; F, female; HY, Hoehn and Yahr clinical staging; UPDRS, Unified Parkinson Disease Rating Scale; MMSE, Mini-Mental State Examination;
ON, taking medication as normal; OFF, cessation of medication.
* Levodopa equivalent dosage � 585.2 � 509.8 mg.

Fig 1. Axial FA (A) and MD (B) images of a control subject at the level of the basal ganglia.
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Results

Demographics
There were no statistically significant differences in age, sex
distribution, or MMSE scores between PD and control sub-
jects (Table 1).

Voxel-Based Morphometry
Comparison of GM and WM volumes of whole brain between
PD patients and controls revealed no significant differences.

Voxel-Based Diffusion Tensor Analysis
Maps of MD. There were no significant group differences

in MD values.
Maps of Anisotropy. Analysis of DTIs of the whole brain,

including the brain stem and cerebellum, revealed a significant
decrease in FA values in patients with PD bilaterally in the
medial frontal cortex, including the supplementary motor
area; the pre-supplementary motor area; the right rostral me-
dial frontal gyrus; the left anterior cingulate gyrus; the right
and left rostral cingulate gyrus; the right superior, middle, and
inferior frontal gyri; and the bilateral middle frontal gyri at the
frontal pole. The right superior longitudinal fasciculus and left
corpus callosum were also involved within the significant clus-
ter (Fig 2 and Table 2). There were no areas with significantly
increased FA. A difference in z-scores and volume of signifi-
cant voxels was noted between hemispheres, which was pri-
marily due to involvement in the dorsolateral prefrontal cor-
tex and medial frontal lobes. The cluster was larger and
z-scores were higher in the left hemisphere. However, the SPM
analysis does not directly compare the 2 hemispheres.

Discussion
This study shows a significant decrease in FA values in the
frontal lobes, including supplementary motor area, prefrontal
areas, and the anterior cingulate area in patients with PD com-

pared with age-matched controls. Diffusion abnormalities
were not associated with GM or WM changes because voxel-
based morphometry comparison did not show any difference
between patients and control subjects.

DTI, a recently developed MR imaging technique, provides
more subtle information about WM integrity. It is a unique
form of imaging enabling us to quantify the thermal random
motion of water molecules.6,21 Within the brain, the coherent
orientation of axons constrains water molecules to move pref-
erentially along the main direction of neural fibers, a property
called anisotropy. Anisotropy can be considered a measurable
parameter of organization of axons. Anisotropy has been used
to identify fiber tracts. The FA value is derived from eigenval-
ues of the diffusion tensor and is a measure of the anisotropy
of water diffusion in tissue. Lower FA means decrease in fiber
coherence of the connecting tract.

Normal diffusion measurements have been reported in
several studies by using regions of interest in PD. Diffusion
was normal in the brain stem, cerebral peduncles, and the
basal ganglia; whereas it was altered in multiple-system atro-
phy and in patients with progressive supranuclear palsy.7-12 In
a recent DTI study by Yoshikawa et al,13 decreased FA was
reported in an area containing the nigrostriatal fibers in pa-
tients with PD, suggesting that FA decreases could parallel
other neuronal changes in the brain.13 Recently Chan et al14

demonstrated, in a large prospective case-control study, that
FA values in the substantia nigra were lower in patients with
PD compared with healthy controls and correlated inversely
with the clinical severity of PD.14

We did not reproduce the findings of either group. The
failure to replicate their results could be due to the smaller
number of subjects enrolled in our study versus the large num-
ber studied in the work by Chan et al,14 differences in the
severity of disease, or possibly related to imaging techniques
and postprocessing methods. Yoshikawa et al13 did a region-

Fig 2. A, A glass brain showing significant clusters of reduced FA in patients with PD compared with control subjects as viewed from the right (upper left), front (upper right), and above
(lower left). SPM display is according to radiologic convention (right-to-left orientation). B, The statistical map is superimposed on the normalized average FA image. The images are in
MNI space. Color bar indicates z-score. Clusters were considered significant at P � .05, corrected for multiple comparisons.
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of-interest analysis for subcortical nuclei, including the sub-
cortical WM of the prefrontal cortex (area 6), the head of the
caudate, the putamen, and the substantia nigra. In the current
study, whole-brain analysis was performed; therefore, it may
not detect subtle changes that can be appreciated with region-
of-interest analysis. We opted not to use region-of-interest
analysis because this method seems limited compared with
voxel-based DTI to evaluate the entire brain. Recently, Snook
et al22 suggested that voxel-based DTI and region-of-interest
techniques are complementary but still unable to completely
reflect ongoing changes.22 They also offered tractography as a
potentially better alternative to 2D region-of-interest and
voxel-based analysis.

The presence of diffusion changes in the frontal lobes in
patients with PD compared with controls may have several
explanations. First, the diffusion abnormalities may be associ-
ated with the pathologic process in PD. The finding of de-
creased FA values in the frontal WM in patients with PD, and
particularly the supplementary motor area and cingulate cor-
tex, is in line with evidence that neurodegenerative changes
may occur outside the substantia nigra.2

Second, diffusion changes may be reflective of frontal lobe
dysfunction in PD. Functional neuroimaging studies have re-
peatedly shown changes in activation in motor and premotor
areas in PD during performance of motor tasks, particularly in
the supplementary motor area.23-29 Dysfunction of medial
frontal areas, which presumably results from altered basal
ganglia interactions due to nigrostriatal dopaminergic loss,
plays a role in impaired motor performance (ie, hypokine-
sia).1,30 This type of functional cortical deafferentation is sup-
ported by brain imaging studies showing diminished regional
blood flow in the supplementary motor area24 and the pre-
frontal region.23

Morphologic longitudinal imaging studies have shown sig-
nificant annual brain volume loss in patients with PD without
dementia compared with control subjects.31 Frontal lobe at-
rophy, which correlates with the duration of motor symp-
toms, has been described in the late-onset PD,32 and frontal
lobe changes were found in patients with PD with early cogni-
tive impairment and those with dementia,33-35 as well as pa-
tients without dementia.34,36,37 Our results complement these
studies in showing that diffusion abnormalities can occur in
the frontal lobe in patients with PD. However, we did not find
brain atrophy, even in the frontal or temporal cortices, as sug-
gested by the lack of significant GM and WM volume differ-
ences between patients with PD and controls.

One possible explanation for the failure to replicate the
finding of atrophy may be the small sample size in this study.
Second, the lack of confirmatory pathology limits interpreta-
tion of this as well as the work of others. Clearly, it would be
helpful to know that all participants with a clinical diagnosis of
PD actually have PD pathology, in addition to having similar
severity of changes and the distribution of involvement out-
side the substantia nigra. Additionally, the presence of accom-
panying neuropathology (eg, vascular and/or Alzheimer
changes) may also be a potential confound, though the high
MMSE scores demonstrated by these participants argue
against the presence of concomitant dementia. These types of
changes, if present, would be subtle.

Meanwhile voxel-based morphometry analysis has its own
limitations. Spatial normalization is used to map each image
to a template. Recent use of customized T1 templates rather
than a standard template has been implemented to reduce
potential errors that may limit regional specificity.34 In our
study, we also used a custom template to reduce errors. Given
the older age of this study population, it is possible that with

Table 2: Peaks for significant clusters of decreased FA in patients with PD*

PD Versus Controls Hemisphere Brodmann Area

MNI Coordinates

Z-Scorex y z
Medial frontal cortex

SMA L 6 �4 14 46 3.3
Pre-SMA R 8 4 26 52 2.79

R 6 6 18 60 2.83
Rostral medial frontal gyrus R 9 6 46 36 2.97

Cingulate cortex
Anterior cingulate gyrus 24 0 �6 46 4.12

L 24 �6 34 46 3.41
32 0 14 38 3.00

L 32 �8 26 28 3.11
Rostral cingulate gyrus R 24 10 30 18 3.00

L 32 �8 44 2 2.82
L 9 �8 46 22 3.18

Dorsolateral prefrontal cortex
Superior frontal gyrus R 9 18 44 32 4.14
Middle frontal gyrus R 46 28 42 14 3.50
Inferior frontal gyrus R 46 42 34 6 2.93
Frontal pole
Middle frontal gyrus R 10 20 46 10 3.17

L 10 �28 42 8 3.06
WM bundles

Superior longitudinal fasciculus R 30 26 16 3.09
Corpus callosum L �16 34 10 3.02

Note:—SMA indicates supplementary motor area; MNI, Montreal Neurologic Institute.
* All significant maxima were part of a single large cluster, including 3927 voxels.
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aging, reduced tissue contrast may limit differentiation of the
voxels, resulting in misclassification during segmentation.34

So atrophic changes reported in deep brain nuclei in other
studies may need further validation due to the fact that these
areas are prone to artifacts from segmentation.

Conclusion
DTI revealed diffusion changes in frontal areas in patients with
PD compared with control subjects. These results suggest that
neurodegenerative changes may occur outside the substantia
nigra in PD.
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