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BACKGROUND AND PURPOSE: In PD, tissue damage occurs in specific cortical and subcortical regions.
Conventional MR images have only limited capacity to depict these structural changes. The purpose
of the current study was to investigate whether voxel-based MT imaging could indicate structural
abnormalities beyond atrophy measurable with T1-weighted MR imaging.

MATERIALS AND METHODS: Thirty-six patients with PD without dementia (9 in H&Y stage 1, thirteen
in H&Y 2, eleven in H&Y 3, three in H&Y 4) and 23 age-matched control subjects were studied with
T1-weighted MR imaging and MT imaging. Voxel-based analyses of T1-weighted MR imaging was
performed to investigate brain atrophy, while MT imaging was used to study abnormalities within
existing tissue. Modulated GM and WM probability maps, sensitive to volume, and nonmodulated
maps, indicative of tissue density, were obtained from T1-weighted MR imaging. Effects seen on MTR
images, but absent on density maps, were attributed to damage of existing tissue.

RESULTS: Contrary to T1-weighted MR imaging, MT imaging was sensitive to the progression of brain
pathology of the neocortex and paraventricular WM. MTR images and T1-based volume images, but
not density images, showed a progression of disease in the olfactory cortex, indicating the occurrence
of atrophy as well as damage to existing tissue in this region. MTR images revealed bilateral damage
to the SN, while T1-weighted MR imaging only showed left-sided abnormalities.

CONCLUSIONS: The findings suggest that voxel-based MT imaging permits a whole-brain unbiased
investigation of CNS structural integrity in PD and may be a valuable tool for identifying structural
damage occurring without or before measurable atrophy.

ABBREVIATIONS: FWHM � full width at half maximum; FWE � family-wise error; GM � gray
matter; H&Y � Hoehn and Yahr; ILF � inferior longitudinal fascicle; MMSE � Mini-Mental State
Examination; MPRAGE � magnetization-prepared rapid acquisition of gradient echo; MT � mag-
netization transfer; MTR � magnetization transfer ratio; PD � Parkinson disease; SN � substantia
nigra; SNc � substantia nigra, pars compacta; STG � superior temporal gyrus; UPDRS � United
Parkinson Disease Rating Scale; VBM � voxel-based morphometry

PD is characterized by the degeneration of multiple neuro-
nal systems, involving the accumulation of intraneuronal

inclusions, Lewy bodies, and Lewy neurites in specific cortical
and subcortical regions. Generally, the earliest stages of this
process precede the diagnosis of PD. Motor symptoms of PD
are likely to appear when the pathology of the disease has
caused significant damage to the SN. As structural abnormal-
ities spread from the olfactory cortex, lower brain stem, mid-
brain, and limbic structures in the temporal and subgenual
mesocortex to neocortical sensory association areas and pre-
frontal cortex, motor and cognitive deficits become more se-
vere.1,2 Cortical amyloid deposition, though modest in com-

parison with that in Alzheimer disease, also tends to occur in
PD and is likely to contribute to cognitive impairment.3,4

Conventional MR imaging has not proved to be sufficiently
sensitive to PD-related progressive cerebral tissue damage. Re-
cently, voxelwise analyses of T1-weighted MR imaging have
indicated widespread cortical and subcortical atrophy in pa-
tients with PD and dementia,5-7 in line with the distribution of
microstructural damage in advanced stages of disease.1,2 In
some studies of patients without dementia, brain atrophy has
also been found, predominantly in the neocortical regions, but
its extent and topography have been quite heterogeneous.5-11

A limitation of volumetric measurements is that they are sen-
sitive only to severe tissue damage, as opposed to subtle reduc-
tions of tissue integrity that may occur without volume loss.

One method previously applied to detect potential slight
changes in neuronal integrity is diffusion-weighted MR imag-
ing; voxel-based diffusion-weighted imaging has revealed in-
creased diffusivity in the olfactory tracts of patients with mild-
to-moderate PD (H&Y stage 2.1 � 0.7)12 and in the frontal
cortex as well as the cingulum of patients with PD without
dementia.13

In the current study, we investigated cerebral tissue
changes in a group of patients with PD without dementia with
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voxel-based analyses of MTR images and T1-weighted MR
imaging. MT imaging relies on the continuous interchange of
magnetization between free protons and protons bound to
macromolecules and thus permits an indirect measurement of
tissue integrity.14 It has been used to provide quantitative mea-
sures of CNS damage in multiple sclerosis and other dis-
eases.15,16 In PD, changes in the CNS tissue structure have
been detected with MT imaging in selected regions, specifi-
cally in the basal ganglia,17 paraventricular WM, and brain
stem.18 Our hypothesis was that MT imaging would be more
sensitive to the progression of PD than T1-weighted MR im-
aging. We postulated that MT imaging would reveal injury to
existing tissue in areas already affected by atrophy and would
indicate subtle damage in additional locations.

Materials and Methods

Subjects
Forty-six patients between the ages of 42 and 76 (mean age, 61.0 � 7.1

years; 27 men and 19 women; 10.9 � 3.0 years of education) and 25

age- and education-matched healthy volunteers (mean age, 59.6 �

5.9 years; 10 men and 15 women; 11.9 � 3.3 years of education)

participated in the study. Ten patients and 2 control subjects were

excluded because of motion artifacts (8 patients and 2 control sub-

jects) and susceptibility artifacts (2 patients). Characteristics of the

remaining 36 patients (21 men and 15 women) and 23 control sub-

jects (9 men and 14 women) are listed in On-line Table 1. Clinical

evaluation of patients included complete neurologic examination and

determination of the H&Y stage19 and score on the UPDRS.20 Nine

patients were in H&Y stages 1 and 1.5; thirteen, in stages 2 and 2.5;

eleven, in stage 3; and 3 patients, in stage 4. Patients were categorized

according to H&Y stage, so the nonlinear progression of PD brain

pathology21 could be analyzed in subgroup comparisons. After com-

paring the patient and control group overall, we performed compar-

isons of the control group with patients in H&Y subgroups and of

patients in early H&Y stages with patients in more advanced stages.

We also used the more finely graded UPDRS to study associations

between clinical status and cerebral tissue damage in the whole group

(On-line Table 1). Patients met the UK brain bank criteria for idio-

pathic PD.22 Further inclusion criteria were the ability to tolerate a

session of MR imaging and the absence of dementia. Careful attention

was paid to comfortable positioning of subjects in the scanner to

minimize movement. Dementia was assessed by using the Diagnostic

and Statistical Manual of Mental Disorders, Fourth Edition and the

MMSE; the MMSE cutoff value was set at �24/30 points.23 All pa-

tients were on dopaminergic medication; 12 patients showed motor

fluctuations and were assessed during their “on” state.

The study was approved by the clinical institutional review board

of Giessen University. All subjects gave informed consent.

Structural Image Analysis
MR imaging examinations were performed on a 1.5T whole-body

unit (Magnetom Sonata; Siemens, Erlangen, Germany). They con-

sisted of 3D high-resolution T1-weighted images (MPRAGE: TE, 3.49

ms; TR, 1900 ms; flip angle, 15°; 1.0 � 160 sections; matrix, 256 �

208; FOV, 210 � 170 mm [voxel size, 0.82 � 0.82 � 1 mm]). MT

images were also 3D-acquired, consisting of axial oblique proton den-

sity�weighted gradient-echo images with and without a saturation

pulse (TR, 29 ms; TE, 6 ms; flip angle, 12°; 1.2 � 120 sections; matrix,

256 � 208; FOV, 320 � 260 mm [voxel size, 1.25 � 1.25 � 1.2 mm];

shaped pulse: 7.68 ms applied 1.5 KHz off-resonance). The total scan-

ning time was 18 minutes.

Voxel-Based Morphometry with T1-Weighted MR Imaging.

High-resolution T1-weighted images were processed according to the

method for VBM described by Good et al24 with SPM2 software

(Wellcome Department of Imaging Neuroscience, London, UK;

http//www.fil.ion.ucl.ac.uk/spm) and Matlab 6.5 software (Math-

Works, Natick, Massachusetts). Briefly, this method involved an ini-

tial segmentation of T1-weighted MR images into GM and WM im-

ages in native space, followed by a normalization of the GM and WM

images to templates in stereotactic space to obtain optimized normal-

ization parameters. During normalization, images were interpolated

to isotropic 1 � 1 � 1 mm voxels. The normalization parameters were

then re-applied to the original whole-brain structural images before a

second segmentation.

We analyzed both the original nonmodulated probability maps

(ie, GM and WM density images) and modulated maps (ie, GM and

WM volume images). We included density maps in the analysis be-

cause they could be more easily compared with (nonmodulated)

MTR images. Nonmodulated probability maps based on T1-weighted

images can be thought of as indicative of the proportion of GM or

WM to all tissue types within a region. Modulated probability maps

were also analyzed because they are intensity-corrected for volume

changes resulting from normalization and thus are more sensitive to

the distribution of GM and WM volume. Density maps and MTR

images were smoothed with a 12-mm FWHM kernel; modulated im-

ages were smoothed with a smaller FWHM kernel (8 mm) because of

smoothing involved in the modulation step. For the analysis of the

midbrain, we used a smoothing kernel of 6 mm for density maps and

MTR images and of 4 mm for the modulated probability maps be-

cause of the small size of the SN.25

MTR Analysis. By selectively saturating the macromolecular pro-

ton pool, MT imaging permits quantification of the magnetization

exchange between protons in macromolecules and unbound water.

The MT effect can be measured as the ratio of voxel intensities, known

as the MTR. The MTR was calculated voxel by voxel by using SPM2

and Matlab 6.5 software. The MT images with and without the satu-

ration pulse were first coregistered with each other, then with the

corresponding MPRAGE image. An MTR image was calculated ac-

cording to the following equation:

MTR � ��M0 � Ms]/M0),

where M0 and MS are voxel intensities of the MT images with and

without the saturation pulse.

The transformation parameters derived from the normalization

of the MPRAGE images were subsequently applied to the MTR im-

ages. To analyze GM and WM damage separately, we applied masks

derived from the GM and WM density probability maps to the MTR

image. The threshold for the masks was chosen to ensure that voxels

included had a �50% likelihood of belonging to GM or WM. We

found that this threshold was conservative and yet successfully ex-

cluded other tissue classes. Effects observed in the MTR image analy-

sis, but not on density maps, were considered to indicate injury of

existing brain tissue. We also compared the results of the MTR anal-

ysis with the effects seen in the analysis of modulated GM and WM

maps, which are sensitive to local volume differences, to see whether

atrophy and damage to existing tissue occurred in the same areas.

Statistical Analysis of Regional Tissue Abnormalities. We used

SPM2 to investigate group differences (with 1-way ANOVA) and per-

form multiple regression analyses (with age, sex, and total cranial
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volume as confounding variables) on a voxel-by-voxel basis. For

group comparisons, multiple regression analyses were performed

with group as an independent variable. Effects were reported as sig-

nificant when whole-brain cluster-level FWE-corrected P was �.05.

Additional ROI analyses were performed for the olfactory cortex and

SN, because these structures are known to be affected at the earliest

stages of PD-related pathology (voxel-level ROI FWE-corrected P �

.05).1,2 The “olfactory cortex” was defined as the anterior olfactory

cortex in the basal forebrain and the more dorsally located subcallosal

region known as “Broca’s olfactory cortex” (http://www.fil.ion.ucl.

ac.uk/spm/ext/).26,27 Because the pars compacta is the focus of PD

pathology within the SN, we chose the SNc coordinates according to a

previous MR imaging investigation of midbrain structures28 and cre-

ated a 5-mm spheric ROI around these voxels (x � �4, y � �12, z �

�10; x � 4, y � �12, z � �10). The size of the SN ROI was chosen

according to the estimated SN volume. The width of the minor axis of

the crescent-shaped SN has been shown to be approximately 5 mm on

axial MR imaging in healthy individuals.25

Results

Comparison of Patient and Control Groups Regarding
Tissue Density, Volume, and MTR
Patients showed reduced tissue integrity on MTR images in
the left olfactory cortex bordering on the amygdala (GM
analysis) and in the bilateral SN (WM analysis). Of note, the
midbrain was classified as WM in all subjects during statis-
tical parametric mapping segmentation. WM volume maps
exhibited damage only in the left SN; WM density showed
no significant effects. This finding provides evidence for
distinguishable atrophy and damage to existing

tissue in the left SN. All types of GM images (density, vol-
ume, and MTR) showed tissue damage in the left
parahippocampal gyrus in the patient group (On-line Table
2 and Fig 1).

Comparison of Patient Subgroups According to H&Y
Stage and Control Group
There were no significant differences in regional tissue density,
volume, or MTR between control subjects and patients in
H&Y stage 1. Patients in H&Y 2 showed reduced tissue integ-
rity on GM MTR images in the left olfactory cortex bordering
the amygdala, but not in GM density or volume maps (On-line
Table 2 and Fig 2). The WM analysis indicated effects in bilat-
eral SN on MTR images, but only in the left SN in density and
volume maps (On-line Table 3 and Fig 2). When patients in
H&Y stages 3 and 4 were compared with control subjects, pa-
tients showed reduced GM integrity in the left olfactory cortex
and in the right STG only on MTR images; all types of GM
images revealed effects in the left parahippocampal gyrus
(On-line Table 2 and Fig 2). WM analysis indicated tissue
damage in the left SN in all image types (On-line Table 3 and
Fig 2).

Comparison of H&Y Patient Subgroups Regarding Tissue
Density, Volume, and MTR Distribution
Patients in H&Y stage 2 showed no differences in GM or WM
density or volume compared with patients in H&Y stage 1, but
they exhibited reduced subcallosal tissue integrity on the MTR
images. Structural abnormalities on MTR images were appar-
ent in patients in H&Y stage 2 compared with the control
group, in the same region of the left olfactory cortex/amygdala

Fig 1. Results are presented at P � .001 whole-brain
uncorrected for GM images and P � .01 for midbrain images;
significant effects are marked with arrows and labeled. A,
The comparison of control subjects and patients shows re-
duced tissue integrity only on MTR images in the left olfac-
tory cortex bordering the amygdala (A3 ). B and C, MTR
images also show effects in bilateral SNc (C3 ), whereas
midbrain volume images indicate atrophy only in the left SNc
(C1), and density images show no effect (C2 ). All GM images
reveal an effect in the left parahippocampal gyrus (B1–3 ).
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that showed an effect in the overall group comparison (On-
line Table 2 and Fig 3).

When patients in H&Y stage 2 were compared with pa-
tients in H&Y stages 3 and 4, the GM density maps did not
reveal differences; both the GM volume maps and the GM
MTR images showed progression of tissue damage in the ol-
factory cortex, indicating distinguishable atrophy and injury
to existing tissue in the same region. In addition, only the MTR
images revealed reduced tissue integrity in the right STG (On-
line Table 2 and Fig 3). There were no group differences in
WM integrity.

Correlations of UPDRS Score with Regional Distribution
of Tissue Density, Volume, and MTR
UPDRS scores in the patient group did not correlate with GM
or WM density or volume. They did, however, correlate with

abnormalities on GM MTR images in the right STG. Further-
more, UPDRS scores correlated with WM MTR in the right
IFL (On-line Table 4 and Fig 4).

Discussion
The main finding of this study was that the voxel-based anal-
ysis of MTR images permitted the detection of tissue damage
in patients with PD not attributable to volume loss.

Most patients in the current study were in H&Y stages 1–3
and thus had mild-to-moderate disease. Only 3 of 36 patients
(8.3%) had progressed to H&Y stage 4. Based on histopatho-
logic evidence, clinically relevant symptoms are to be expected
when significant tissue abnormalities have developed in the
midbrain and pathology has spread to the basal forebrain, ad-
jacent limbic areas (subcallosal area and cingulate cortex), and
temporal mesocortex.2 In the current study, evidence for tis-

Fig 2. Results are presented at P � .001 whole-brain uncor-
rected, for GM images, and P � .01, for midbrain images;
significant effects are marked with arrows and labeled. A, The
comparison of control subjects and patients in H&Y stage 2
indicates reduced tissue integrity only on MTR images in the
left olfactory cortex bordering on the amygdala (A3 ). B, MTR
images also show effects in the bilateral SNc (B3 ), whereas
midbrain volume and density images indicate tissue damage
only in the left SNc (B1–2 ). C�F, When control subjects are
compared with patients in H&Y stages 3 and 4, only MTR
images show effects in the left olfactory cortex (C3 ) and right
STG (E3 ). All images reveal tissue damage in the left parahip-
pocampal gyrus (D1–3 ) and left SNc (F1–3 ).
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sue damage was found in the midbrain and olfactory cortex in
patients at H&Y stage 2 and in additional regions in the para-
hippocampal gyrus, temporal neocortex, and paraventricular
WM in a greater number of patients with more advanced PD,
in line with the known progression of disease.

The fact that MTR images indicated structural changes in
existing brain tissue of patients with PD presumably reflects
the sensitivity of the MTR to decreases in axonal and dendritic
density as well as to secondary myelin degeneration.15 Neuro-
nal loss occurs in PD following the accumulation of Lewy bod-
ies in cell somata and Lewy neurites in cellular processes, in-
clusion bodies that contain misfolded and aggregated
�-synuclein but, to some extent, may also be associated with
amyloid deposition.1,2

Structural Abnormalities at Early Stages of PD
(H&Y 1 and 2)
In the current group of patients with PD, changes in GM or
WM structure did not become apparent in H&Y 1, presum-
ably because these changes were not yet pronounced; the small
group size may also have contributed to the absence of effects.
In H&Y stage 2, patients showed tissue abnormalities, which
were apparent in more regions on MTR images than on T1-
weighted MR imaging. Only MT imaging indicated an in-

volvement of the olfactory cortex, specifically the subcallosal
area and anterior olfactory cortex, known to be affected by
PD-related pathology at early stages of the disease.2,26 More-
over, MTR images were sensitive to bilateral SN damage,
whereas T1-based probability maps indicated effects only in
the left SN. Because of the small size of the SN and difficulties
in segmenting midbrain regions, detection of SN damage has
been difficult on MR imaging; recently a combination of a
specific T1-weighted MR imaging and diffusion tensor imag-
ing was presented as a means of identifying PD-related abnor-
malities in SN.29 The current study provides evidence that
voxel-based MR imaging can detect damage in limbic and
neocortical structures as well as in a midbrain region as small
as the SN; MTR images proved to be more sensitive to abnor-
malities in the right SN and olfactory cortex than T1-based
probability maps at early stages of disease.

Structural Abnormalities at More Advanced Stages of PD
(H&Y 3 and 4)
Only MTR images revealed additional neocortical tissue dam-
age (in the right STG) in patients with more advanced PD,
both in a H&Y subgroup comparison (stages 3 and 4 versus
stage 2) and in an analysis of correlations with UPDRS. The
right STG, in turn, is known to be an early site of neocortical

Fig 3. Results are presented at P � .001 whole-brain uncor-
rected; significant effects are marked with arrows and labeled.
A, The comparison of patients in H&Y stages 1 and 2 shows a
significant effect in the subcallosal area on MTR images (A3 ),
but not on GM volume or density maps (A1, A2 ). B and C, When
patients in H&Y 3 and 4 are compared with patients in H&Y
stage 2, only MTR images (C3 ) indicate a reduction in tissue
integrity in the right STG. Both MTR images (B3 ) and GM
volume maps (B1) show a progression of pathology in the left
olfactory cortex. There are no significant differences in GM
density between patients in H&Y stages 3 and 4 and patients
in H&Y stage 2 (B2 and C2 ).
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involvement.2,8 Furthermore, MTR images of WM showed
reduced tissue integrity in the right ILF, whereas T1-based
probability maps did not reveal significant WM damage. This
result is in line with a previous (nonvoxel-based) MTR analy-
sis of selected GM and WM regions in patients with PD, which
indicated paraventricular changes in tissue structure, and with
the pronounced sensitivity of MTR images to macromolecular
damage in WM.15,18

Between H&Y 2 and 3/4, progressive tissue abnormalities
were observed in the left anterior olfactory cortex in both
modulated GM maps and MTR images, reflecting distinguish-
able atrophy and injury to existing tissue in the same region.
No effects occurred on GM density maps; thus, the MTR find-
ing in the olfactory cortex is not attributable to atrophy or
registration error. The comparison of patients in H&Y stages
3 and 4 with control subjects confirmed the sensitivity of MTR
images to abnormalities within existing tissue in the olfactory
cortex; T1-based VBM was not sensitive to atrophy in this
region.

While bilateral SN damage was apparent in patients with
H&Y stage 2 versus control subjects as well as in the overall
group comparison, patients in H&Y stages 3 and 4 showed
only MR imaging abnormalities in the left SN compared with
control subjects and no SN effects in comparison with less
advanced (H&Y stage 2) patients. The absence of an apparent
change in SN tissue integrity between patients with early and
more advanced PD could reflect structural SN heterogeneity
in the H&Y 3 and 4 subgroups and may also indicate a non-
linear progression of abnormalities on MR imaging, in line
with previous position-emission tomography results.21 In
contrast, the left parahippocampal gyrus showed tissue injury
in the overall group comparison and between H&Y 3 and 4
and control subjects, not however in patients with H&Y stage
2 compared with the control group. This finding is in accord
with the temporal pattern of pathology, which generally in-

volves the parahippocampal gyrus later than the olfactory cor-
tex and SN.1

The UPDRS correlated with tissue changes only on MTR
images; effects were apparent in the neocortex (STG) and ad-
jacent WM. One reason for the absence of significant correla-
tions with tissue integrity in the olfactory cortex and SN may
be “floor effects,” which limit the sensitivity of the scale in the
mild stage of disease.30 Moreover, the UPDRS constitutes a
more universal scale than the classification according to H&Y
stage, which is based on motor symptoms, and thus perhaps
showed a closer association with SN damage in the current
group of patients with PD.

Conclusions
The voxel-based analysis of MTR images has the capacity to
reveal structural changes in existing brain tissue of patients
with PD. Voxel-based MTR analysis constitutes a potentially
effective method to track early PD-related pathology. In the
current study, it confirmed involvement of the SN, olfactory
and temporal cortices, and paraventricular WM, known to be
foci of PD-associated tissue changes from histopathologic ev-
idence. Whether MTR measures of cerebral tissue damage can
be used as predictors of clinical progression remains to be
investigated.
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Fig 4. Results are presented at P � .001 whole-brain
uncorrected; significant effects are marked with arrows and
labeled. A and B, Only MTR images show a correlation with
the UPDRS in the right STG (A3 ) and adjacent left ILF (B3 ).
Neither GM volume maps (A1 and B1 ) nor GM density maps
(A2 and B2 ) based on T1-weighted MRI indicate correlations
with UPDRS.
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