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High-resolution diffusion tensor imaging

in the substantia nigra of de novo
Parkinson disease
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ABSTRACT

Background: In the midbrain of patients with Parkinson disease (PD), there is a selective loss of
dopaminergic neurons in the ventrolateral and caudal substantia nigra (SN). In a mouse model of
PD, investigators have administered 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
found that measures derived using diffusion tensor imaging (DTI) were correlated with the number
of dopamine neurons lost following intoxication.

Methods: Twenty-eight subjects (14 with early stage, untreated PD and 14 age- and gender-
matched controls) were studied with a high-resolution DTI protocol at 3 Tesla using an eight-
channel phase array coil and parallel imaging to study specific segments of degeneration in the
SN. Regions of interest were drawn in the rostral, middle, and caudal SN by two blinded and
independent raters.

Results: Fractional anisotropy (FA) was reduced in the SN of subjects with PD compared with
controls (p < 0.001). Post hoc analysis identified that reduced FA for patients with PD was
greater in the caudal compared with the rostral region of interest (p < 0.00001). A receiver
operator characteristic analysis in the caudal SN revealed that sensitivity and specificity were
100% for distinguishing patients with PD from healthy subjects. Findings were consistent across
both raters.

Conclusions: These findings provide evidence that high resolution diffusion tensor imaging in the
substantia nigra distinguishes early stage, de novo patients with Parkinson disease (PD) from
healthy individuals on a patient by patient basis and has the potential to serve as a noninvasive
early biomarker for PD. Neurology® 2009;72:1378-1384

GLOSSARY

DTI = diffusion tensor imaging; FA = fractional anisotropy; MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD =
Parkinson disease; ROC = receiver operating characteristic; ROl = region of interest; SN = substantia nigra; UPDRS =
Unified Parkinson’s Disease Rating Scale.

In the midbrain of patients with Parkinson disease (PD), there is a selective loss of dopaminer-
gic neurons in the substantia nigra (SN) pars compacta, which results in impaired motor
function. At the point of clinical expression of PD, it is estimated that approximately half of the
dopaminergic cells in the SN pars compacta are lost."> Moreover, PD-related cell loss occurs
mainly in the ventrolateral and caudal segment of the SN pars compacta.® These studies char-
acterizing cell loss in the SN pars compacta of patients with PD have been limited to ex vivo
examination. Recent developments in neuroimaging techniques bring new promise for identi-
fying surrogate markers of the degeneration within the SN in vivo.*¢

Although diffusion tensor imaging (DTI) has typically been used to study white matter
tracts,”® it also holds promise for studying abnormalities in gray matter areas. As a method,
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High-resolution diffusion tensor imaging in the substantia nigra of de novo Parkinson disease: Correction

In the article “High-resolution diffusion tensor imaging in the substantia nigra of de novo Parkinson disease” by D.E. Vaillancourt et al. (Neurology® 2009;72:1378–1384), there is an error in figure 3, panel C: 1-Specificity was incorrectly labeled as Specificity. The editorial staff regrets this error. The error has been noted in the online version of the article. This erratum with the corrected figure is published in the June 9, 2009, issue of Neurology.

Reference:
Vaillancourt DE, Spraker MB, Prodoehl J, et al.  High-resolution diffusion tensor imaging in the substantia nigra of de novo Parkinson disease. Neurology 2009;72:1378-1384.



Table 1

Subject
P1

P2

P3

P4

P5

P6

P7

P8

P9

P10
P11
P12
P13
P14
Mean (SD)

Patient characteristics

Age,y
47

72

66

55

57

60

69

45

57

36

55

60

58

64
57.2(9.6)

*Months since diagnosis.
UPDRS = Unified Parkinson's Disease Rating Scale.

Gender Disease duration® UPDRS I Hoehn and Yahr
F 4 10 |
M 34 32 Il
F 30 20 Il
F 17 12 |
M 4 25 Il
M 17 12 |
M 6 18 Il
F 25 18 Il
M 15 18 Il
M 1 4 |
M 33 31 Il
F 12 11 Il
F 17 16 Il
M 16 25 Il
16.5(10.8) 18(8.1)

DTTI is based upon the diffusivity of water
molecules, which exhibit a varying degree of
tissue dependent anisotropy. In white matter,
water molecules are limited in the directions
of diffusion, resulting in a high value of frac-
tional anisotropy (FA).” However, in gray
matter and in CSF, water molecular diffusion
exhibits significantly less directional depen-
dence, causing low FA values relative to white
matter. The administration of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)
in a murine model of PD demonstrated that
measures derived from DTT were significantly
correlated with the number of SN dopami-
nergic neurons lost following intoxication.'”
The authors suggested that DTT can provide
an indirect measure of dopaminergic degener-
ation within the SN, presumably because cell
loss in the SN alters the microstructural integ-
rity and diffusivity of water molecules.

This study used high resolution DTI to
compare the SN between patients with PD
and healthy individuals. Early stage, unmedi-
cated patients with PD were studied because
these patients are the most difficult group to
differentiate from healthy individuals and be-
cause they are medication naive. Each patient
with PD was prospectively matched with a
corresponding control subject based on age
and sex. Since previous studies suggest that

the ventrolateral, caudal portion of the SN
pars compacta manifests the greatest degener-
ation in PD,>> we tested the hypothesis that
the highest sensitivity and specificity for dif-
ferentiating de novo PD from healthy indi-
viduals would be found in this area.

METHODS Subjects. The study was a prospective case-
controlled study that included 28 subjects. Fourteen de novo
patients with PD and 14 healthy subjects participated in the
study (table 1). Patients were recruited from the Movement Dis-
orders Section at Rush University Medical Center. Patients were
included if they were not on antiparkinson medications and had
never been treated with antiparkinson medications, and did not
have clinically significant cognitive impairment. We defined an-
tiparkinsonian medication to include any drug designed to alter
symptoms of PD or posited to slow the progression of PD. All
patients were diagnosed with PD by a movement disorders neu-
rologist and met the PD Society Brain Bank diagnostic crite-
ria.!"'2 Each patient was rated by the same neurologist using the
Unified PD Rating Scale (table 1). The ratings were performed
blinded to the DTT dataset. The 14 healthy control subjects were
recruited from advertisements in the Chicago area, and were
matched for age and sex to each patient with PD. The age of the
PD group (mean 57.2 years) was not different from the control
group (mean 58.0 years) (# = 0.12; p = 0.9). All subjects gave
written informed consent consistent with the Declaration of
Helsinki, which was approved by the local Institutional Review
Boards at Rush University Medical Center and the University of
Illinois at Chicago.

DTTI acquisition. Data were acquired on a General Electric
3.0-Tesla Signa HDx scanner (General Electric Healthcare,
Waukesha, WI) using a DTT pulse sequence designed to reduce
eddy current induced distortion.!> The pulse sequence was capa-
ble of dynamically adjusting the imaging gradients and the re-
ceiver frequency, to offset the eddy current effects and limit the
maximal image shift and distortion to a subpixel level. All images
were acquired using an eight-channel phased-array head coil, to-
gether with parallel imaging (acceleration factor = 2) to increase
the spatial resolution. The key data acquisition parameters were
repetition time = 4,500 msec, echo time = 82 msec, b values =
0, 1,000 s/mm?, diffusion gradient directions = 27, field of
view = 20 cm x 20 cm, matrix = 256 X 256, number of excita-
tions = 4, slice thickness = 4 mm, slice skip = 1 mm, slice
number = 15. The top slice was placed approximately 4 mm
superior to the corpus callosum. The diffusion gradient orienta-

tions were designed based on the electrostatic repulsion model.™

DTI analysis. Fractional anisotropy (FA) is a measure of the
degree of diffusion anisotropy and is represented by:

SN L S5 PR A TR
2 VNN

where A, , A, , and A; are the eigenvalues of the diffusion tensor

matrix.”” FA values close to 0 indicate isotropic diffusion, and FA
values near 1 represent anisotropic diffusion. Highly organized
white matter has high FA because water molecular diffusion is
tightly constrained perpendicular to the fiber tract. In the SN,
FA values are considerably lower than in white matter. In this
study, FA was calculated in DtiStudio'® using singular value de-
composition from the diffusion-weighted images acquired with

the aforementioned protocol.

Neurology 72 April 21, 2009 1379

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



Figure 1
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Procedure used to draw regions of interest in the substantia nigra
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(A) BO image with the red nucleus and substantia nigra. This slice was first identified. (B) BO slice just inferior to the slice shown in A, and this slice is where
we drew the three regions of interest. (C) shows the fractional anisotropy image and (D) shows the colormap of the same slice in B. The region of interest for
the cerebral peduncle is also shown. (E) Larger image of the three regions of interest in the rostral, middle, and caudal substantia nigra as well as the region
of interest in the cerebral peduncle. All images were generated in DtiStudio.
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Radial diffusivity [Az = (A, +A5)/2] and longitudinal diffusiv-
ity (A, = ;) were calculated, where A, , A, and A are in descend-
ing order. Radial diffusivity reflects the average diffusivity
perpendicular to axonal fibers and longitudinal diffusivity reflects
diffusivity parallel to axonal fibers. Average diffusivity was also
quantified.”"” These measures are reported in appendix e-1 and table

e-1 on the Neurology®

Web site at www.neurology.org. In order to
assure the image quality and the reliability of the diffusion measures,
head motion of the DTT data set was examined using AFNI and was
found to be less than 1 mm for all subjects. There was no significant
difference in head motion between groups. We did not implement
head motion correction.

Figure 1 shows the BO image (which is essentially a T2-
weighted image) for the slice with the red nucleus and substantia
nigra (A), BO image one slice inferior (B), FA map (C), and the
colormap (D) to illustrate how and where our regions of interest
(ROI) were drawn in the SN. Separate ROI were drawn using
three circles in the rostral, middle, and caudal segments. The SN
pars compacta is difficult to differentiate from SN pars reticulata
using T2-weighted imaging in vivo, and therefore the regions are
interpreted to be within the SN rather than just in SN pars
compacta. Also, previous studies have indicated that the rostral
part of the hypointense area of the SN on a T2-weighted image
includes both the cerebral peduncle and SN.'® Thus, the differ-
ences between groups may be smaller in this region than in the
caudal ROI where cell loss in PD is most prominent.?

The following method was used to draw ROI. Each ROI was
four voxels in diameter, and each voxel was 0.781 mm. This pro-
vides a ROI volume equal to 30.6 mm?. First, on the B0 image we

identified the slice where the red nucleus, subthalamic nucleus, and

Neurology 72 April 21, 2009

SN were prominent (figure 1A). Second, we moved one slice infe-
rior because much of the SN is below the red nucleus. In this slice,
the substantia nigra was always visible, and the red nucleus was
either no longer visible or was only faintly visible (figure 1B). This
method was used to focus on the ventral SN. Third, we placed the
first ROI in the hypointense part of the rostral segment of the SN
while making sure to stay within the brainstem. Fourth, the middle
ROI was placed lateral and posterior to the first circle such that the
two circles did not overlap. Fifth, the caudal ROI was placed lateral
and posterior to the middle circle such that the two circles did not
overlap (figure 1E). When placing all three ROI, we used the FA
map and colormap (figure 1, C and D) to make sure that our ROI
were not in the cerebral peduncle laterally.

In the rostral, middle, and caudal ROI the FA, radial diffusivity,
longitudinal diffusivity, and average diffusivity were extracted. Next,
in each corresponding left and right ROI the mean of the corre-
sponding dependent measure (e.g., FA) was calculated. The mean
value across the left and right ROl in the SN was used in the statis-
tical analysis. As a control procedure, a ROI was drawn in the cere-
bral peduncle, just lateral to the SN (figure 1B) and the findings are
reported in table e-1. A standard noise threshold was applied to all
images in DdStudio. Each image was visually inspected after appli-
cation of this threshold to make certain that signal loss did not occur
in the ROI or in surrounding tissue.

The ROI were drawn independently by two of the investiga-
tors. Both investigators agreed upon the common method a pri-
ori that was described above. All ROI were drawn blinded to the

patient or control status.

Statistical analysis. On each dependent measure separate

two-way mixed model analyses of variance were performed. The
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Figure 2 Differences between groups
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Mean fractional anisotropy across patients with Parkinson
disease (green) and healthy control subjects (black) in the
rostral, middle, and caudal region of the substantia nigra.
Error bars represent + 1 SD.

between subjects factor was group (control and PD) and the
repeated factor was ROI (rostral, middle, and caudal). Post hoc
unpaired 7 tests were used to examine interactions. In the cere-
bral peduncle, separate unpaired  tests between the PD and
control group were performed. Inter-rater reliability between rat-
ers 1 and 2 was examined using intraclass correlation coefficients
in SPSS 15.0." Receiver operating characteristic (ROC) curves
were used to determine the sensitivity and specificity for the

three SN ROL.

RESULTS The FA value was reduced in the PD
group compared with the control group [/(1,26) =
28.7, p < 0.001] and the FA value was reduced
across ROI [F(2,52) = 4.9, p < 0.05] (figure 2 and
table e-1). There was a group by ROI interaction
[F(2,52) = 5.9, p < 0.01]. The FA difference be-
tween groups was less in the rostral region than in the
caudal region (figure 2A). For instance, while the FA
value in the rostral region was not different between
groups (£ = 1.5; p = 0.12), the FA differences in the
middle (¢ = 3.7; p < 0.001) and caudal (+ = 11.9;
2 < 0.00001) regions were clearly different between
groups. It is important to highlight that the caudal ¢
value is 11.9, suggesting that it is extremely unlikely
this finding occurred by chance.

The measurements based on the high resolution
DTTI technique were sensitive to disease detection in
the caudal part of the SN in all patients with PD
analyzed independently by both raters (figure 3, A
and B). The ROC analysis on the FA value from
rater 1 on the rostral, middle, and caudal ROI dem-
onstrated that the area under the ROC curve was
greatest for the caudal ROI compared with the mid-
dle and rostral ROI (figure 3C and table 2). The
sensitivity was 100% and specificity was 100% for
the caudal ROI (table 2).

In the assessment of inter-rater reliability between
raters 1 and 2, there was strong agreement for the
three primary areas of interest: intraclass correlation
coefficient from the rostral ROI was 0.808, middle
ROI was 0.832, and caudal ROI was 0.96. We also
performed unpaired ¢ tests between the two raters for
FA in each ROI and all three ¢ tests were nonsignifi-
cant. Details on the control analysis in the cerebral
peduncle, other dependent measures, and relation
between FA and the Unified Parkinson’s Disease

Rating Scale are presented in the table e-2.

DISCUSSION There were three novel findings in
this study. First, we demonstrated that the FA values
were reduced in the SN of early stage, unmedicated
patients with PD. Second, the difference between de
novo patients with PD and healthy control subjects
was greatest in the caudal ROI of the SN compared
with the middle and rostral SN ROI. Third, all de
novo patients with PD were distinguished from all
healthy individuals with 100% sensitivity and speci-
ficity. These findings were consistent across two in-
dependent, blinded raters. Our DTI assessment
therefore detected not only group differences, but
also accurate individual assignment.

In humans, two previous studies using DTI
showed that FA in the substantia nigra is reduced in
patients with PD compared to healthy individuals.*®
In those studies, patients were more severely im-
paired than the patients in the current study, and the
patients in these two previous studies were examined
while on dopaminergic medication. The current
study extends the previous literature to show that
early stage, de novo patients with PD have reduced
FA in the SN. In addition, although group-level dif-
ferences for FA in the SN were significant in both
previous studies between patients with PD and con-
trol subjects,“® on an individual basis, FA measures
could not identify PD patients consistently. For in-
stance, a case-controlled study® reported an area un-
der the curve that was considered modest (0.653),
suggesting that DTT may not be a promising method
for identifying PD in individual subjects.

Many factors may influence the ability of DTT to
discriminate patients with PD from healthy individuals.
These factors include the field strength of the magnet,
spatial resolution, signal-to-noise ratio, contrast-to-
noise ratio, image artifacts, and zones within the SN
where the ROI are drawn. Previous DTT studies have
used MRI at 1.5 Tesla.“¢ In contrast, the current study
was carried out using a high-resolution DTT sequence at
3 Tesla with state-of-the-art parallel imaging tech-
niques. This technique allows a high spatial resolution
to be achieved with adequate signal-to-noise ratio.
Three 30.6 mm® ROI were drawn in targeted segments

Neurology 72 April 21, 2009 1381
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‘ Figure 3 Differences between individual subjects
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(A) Fractional anisotropy values from rater 1 for patients with Parkinson disease (PD) (green) and healthy controls (black)
from the caudal region of interest. The black symbol represents the average plus/minus 1 SD for control subjects. The
green symbol represents the average plus/minus 1 SD for patients with PD. (B) Same as in A but data are from rater 2. (C)
Receiver operating characteristic plots from the rostral (blue), middle (green), and caudal (red) region of interest. The caudal

region had the greatest sensitivity and specificity.

of the SN. Previous DTI studies have typically drawn
one ROI in the SN. One study* reported using a single
ROI volume of 40 mm’. Our choice of using three
smaller ROI based on the known degeneration pattern
in PD may have strengthened our ability to target spe-
cific regions of degeneration in the SN and detect re-
gional changes. The finding that the caudal ROI was
more impaired than the middle and rostral ROI is in

Table 2 Receiver operator
characteristics analysis

Rostral SN Middle SN  Caudal SN

Sensitivity, % 100 100 100
Specificity, % 7.10 35 100
Areaunder curve 0.651 0.834 1.00

SN = substantia nigra.

Neurology 72 April 21, 2009

line with pathologic patterns of nigral degeneration and
suggests that DTI-based FA is a measure that anatomi-
cally focuses on the main target of PD-related pathology.
There are two likely explanations for the between-
group difference in FA in the rostral and caudal ROI,
and these are not mutually exclusive. The first expla-
nation is that the rostral region of the hypointense
area of a T2-weighted image may include more than
just the SN. T2-weighted images with proton
density-weighted spin-echo and fast short inversion
time inversion-recovery imaging show that the ros-
tral part of the hypointense region on an axial slice of
a T2-weighted image contains both the SN and cere-
bral peduncle. Our rostral ROI may have included
the SN and cerebral peduncle, and this may have
decreased our ability to separate PD from healthy
individuals in the rostral SN. This limitation does

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



not apply to the caudal ROI, where the most robust
effects were observed. It is important to note that the
control ROI that was placed lateral to the SN in the
cerebral peduncle (figure 1 and appendix e-1) did not
differ for any measure between groups. Also, the FA
value in the cerebral peduncle was considerably
higher than the FA value for the rostral ROI of the
SN (e-data). The second explanation is that degener-
ation in the SN of patients with PD occurs more in
the ventral and caudal portion compared with the
rostral portion of the SN. Indeed, postmortem studies
in humans have shown dopaminergic cell loss mostly
occurs in the ventrolateral and caudal segment of the
SN pars compacta, whereas normal aging affects cells in
the dorsomedial SN pars compacta.® The greatest dif-
ference was found in the caudal ROI and this is consis-
tent with the region of the SN where dopaminergic cell
loss primarily occurs in PD."? Also, the current finding
that the caudal portion of the SN is more impaired than
the rostral segment is consistent with recent proton den-
sity imaging techniques reflecting higher iron content
caudally.®

Other neuroimaging tests such as PET or SPECT
distinguish patients with PD from healthy individu-
als. PET scans assessing ['*]F-dopa uptake distin-
guished 100% of clinically moderate patients with
PD from healthy controls,* with 85% correctly dis-
tinguished early in the disease.?! When the tracer
[11-C]FE-CIT was used, PET scans correctly distin-
guished 100% of the individuals with mild PD from
healthy controls.?? An overall sensitivity and specific-
ity of 96% was observed in distinguishing individuals
with mild to severe PD from healthy controls when
using SPECT with the tracer ['**IJFP-CIT.?* Our
data suggest that high resolution DTT performs as
well as PET and SPECT. The current findings are
important because PET units are more limited in
availability than 3 Tesla MRI units, and the cost of
PET is higher than MRI.?4 Most importantly, DT is
noninvasive and does not require the use of radioac-
tive tracers, suggesting its potential safe application
for longitudinal follow-up and repeated assess-
ments.”

Future studies may investigate whether DTT can
detect preclinical degeneration in the SN and serve as
a predictive test of PD. In addition, although previ-
ous studies show promise in using DTT to differenti-
ate PD from atypical parkinsonism,??® large scale
studies that use DTI in comparison with the gold
standard of diagnosis by a movement disorders neu-
rologist in different patient cohorts are needed. The
effects of disease progression and medication inter-
vention on DTI-based measures also need to be de-

lineated.
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