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Imaging Degeneration of the Substantia Nigra in
Parkinson Disease with Inversion-Recovery

ORIGINAL .
researcH | MR Imaging
L. Minati BACKGROUND AND PURPOSE: Visualizing with MR imaging and obtaining quantitative indexes of
M. Grisoli degeneration of the substantia nigra in Parkinson disease have been long-sought goals. We investi-
F. Carella gated the potential role of area and T1 contrast measurements in differentiating patients from controls

] and their age-related changes.
T. De Simone

M.G. Bruzzone
M. Savoiardo

METHODS: Eight patients with Parkinson disease, 8 age-matched controls, and 8 young controls were
imaged. We obtained the pixel-wise difference between 2 sets of inversion-recovery images, acquired
parallel to the bicommissural plane, with different inversion times. Pixel-intensity ratios between lateral
and medial nigral regions, and nigral area and substantia-nigra/midbrain area ratios were computed.

RESULTS: Compared with that of controls, loss of substantia nigra was evident in patients, its borders
taking a smoother and more irregular appearance. Patients were characterized by a lateral-to-medial
gradient, due to reduced hypointensity of the lateral portion of the substantia nigra and relative sparing
of its medial portion. The visible nigral area was significantly smaller in patients compared with
matched controls (P = .04). The substantia nigra/midbrain area ratio enabled considerably better
separation (P = .0001). The lateral/medial pixel-intensity ratio was significantly higher in patients
compared with matched controls (P = .01) and in young controls compared with age-matched controls
(P =.01).

CONCLUSION: Inversion-recovery sequences may provide a convenient way to visualize nigral degen-
eration. Relative area and pixel-intensity measurements may integrate other technigues (such as
diffusion-tensor imaging on nigrostriatal pathways) in the neuroradiologic diagnosis and follow-up of

arkinson disease is common, involving degeneration of

dopaminergic neurons in the substantia nigra. Incidence
increases with age; therefore, this increase results in an ex-
panding burden on the health care systems of aging Western
societies.

From a neuroradiologic point of view, diagnosis and stag-
ing of Parkinson disease has traditionally proved challenging
because standard T1, T2, and proton-density sequences do not
show disease-specific changes.' At the present time, the most
sensitive imaging techniques for the early diagnosis of Parkin-
son disease are positron-emission tomography (PET) and sin-
gle-photon emission tomography (SPECT).” However, even
though PET and SPECT have demonstrated superior sensitiv-
ity to disease stage (and may hold a promise for use in the
preclinical stage), compared with MR imaging, their availabil-
ity is presently limited and the cost of each imaging session is
higher.?

During recent years, a range of techniques has been pro-
posed for MR imaging of Parkinson disease, falling broadly
into 4 groups. The first group is based on measurement of the
T2 and T2* relaxation times, which are known to change be-
cause of increased iron deposition occurring in the basal gan-
glia in Parkinson disease. Ordidge et al’ and Gorell et al* dem-
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Parkinson disease by quantitatively assessing the degeneration of the substantia nigra.

onstrated significant differences due to increased nigral iron
content in patients, and subsequently Graham et al® reported
similar findings, obtained by using a specific MR imaging
sequence.

The second group is based on measuring the nigral area
and area ratios on the basis of T2- and proton-density—
weighted images; Oikawa et al° reported no significant differ-
ences in nigral thickness as measured on the resulting images.
A similar approach, based on delineating the nigral borders on
the basis of surrounding fibers on diffusion-weighted MR im-
aging (DWT), has been investigated by Adachi et al,” who re-
ported no significant area differences.

The third group is based on diffusion-tensor imaging mea-
surements, particularly mean diffusivity and fractional anisot-
ropy; promising results have been obtained differentiating
controls, patients with Parkinson disease, and patients with
progressive supranuclear palsy.®'° However, these results
have been obtained through measurements on structures of
the basal ganglia and their connections and do not necessarily
reflect the degree of degeneration of the substantia nigra itself.

The fourth group is based on changes in the spin-lattice
relaxation time (T1), which, as discussed by Hutchinson etal'!
and Hutchinson and Raff, '>'? seem to accompany nigral de-
generation because of degenerative changes in the intracellular
compartment and in iron deposition.

Inversion-recovery sequences are a convenient and widely
available way to obtain images whose contrast heavily depends
on the spin-lattice relaxation time (T1) of tissues. Hutchinson
etal'' and Hutchinson and Raff '*'> demonstrated good sep-
aration between controls and patients with Parkinson disease
by using a combination of inversion-recovery sequences, but
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their work received seemingly limited attention. We set out to
replicate their findings and to compare different approaches
for the analysis of the resulting inversion-recovery images.

Subjects and Methods

To assess sensitivity with respect to pathologic and age-related
changes, we defined 3 groups: patients (PD), age-matched controls
(MC), and young controls (YC). Written informed consent was ob-
tained from all subjects according to institutionally approved proce-
dures, regulations, and forms.

Each group included 3 women and 5 men. A clinical diagnosis of
probable Parkinson disease was established in the PD group by a
senior neurologist according to established criteria."* MC and YC
groups were screened for absence of clinical and neuroradiologic ev-
idence of neurologic pathology and for the absence of any first relative
with the diagnosis of extrapyramidal syndrome. In the PD, MC, and
YC groups, mean age was, respectively, 66.5 = 5.0 years, 63.6 * 7.3
years, and 28.5 * 3.3 years. Given the exploratory nature of the
present study, patients were scanned as a part of their clinical fol-
low-up while they were on their usual medications. Given that the
Unified Parkinson Disease Rating Scale (UPDRS) score as deter-
mined under this condition may not be representative of disease se-
verity, patients were characterized by disease duration, which was
2.8 & 1.2 years (range, 2-5 years). As examined, all patients matched
the criteria for disease stage IT on the Hoehn and Yahr scale'>—that is
bilateral disease without postural instability.

Scans were obtained on a Magnetom Avanto 1.5T system (Sie-
mens, Erlangen, Germany). Similar to the work of Hutchinson et al'!
and Hutchinson and Raff,'>'*> we used 2 inversion-recovery se-
quences, denoted respectively as white-matter-suppressed (WMS)
and gray-matter-suppressed (GMS), whose parameters were adjusted
to minimize signal intensity from deep brain white matter and gray
matter in the MC group. Hutchinson et al'' and Hutchinson and
Raff'>13 reported using TT = 420 ms, TE = 20 ms, and TR = 2000 ms
for the GMS sequence; and TT = 250 ms, TE = 20 ms, and TR = 1450
ms for the WMS sequence.''"'? For reasons that require further veri-
fication, using these parameters on controls and patients failed to
deliver the expected contrast between the substantia nigra and sur-
rounding structures with our experimental setup. We thereafter em-
pirically determined (by successive adjustments of the TI) TI = 475
ms, TE = 12 ms, TR = 3000 ms; and TI = 240 ms, TE = 12 ms, and
TR = 3000 ms as the parameters, respectively, minimizing the signal
intensity from nigral gray matter and from deep brain white matter in
MC.

The MR signal intensity was modulus-reconstructed; as a conse-
quence, all T1 changes (both lengthening and shortening) with re-
spect to values found in MC resulted in signal-intensity increase.'®

Matrix size was set to 192 X 256; FOV, to 192 X 256 mm; and
section thickness, to 1.5 mm, obtaining 1 X 1 X 1.5 mm voxels. To
minimize positioning variability, we aligned sections with the bicom-
missural plane. The intersection gap was set to 0.15 mm, and inter-
leaved acquisition was used. Six excitations were performed for both
sequences. Turbo spin-echo sequences were used, the echo-train
length was set to 15, and no parallel imaging was performed. Subjects
were imaged with a receive-only head coil. Twelve sections were ac-
quired, and the total acquisition time was approximately 7 minutes.

Preliminary visual analyses indicated that the subtraction images
enabled better delineation of the substantia nigra compared with the
GMS images alone and that they appeared to be less affected by noise
than the ratio images used in previous studies."'"'> Therefore, all mea-
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surements and visual analyses were conducted on the image obtained
by pixel-wise subtraction of the WMS image from the GMS image
(GMS-WMS), interpolated to 384 X 512 to improve region-of-inter-
est drawing accuracy. Image quality (eg, absence of motion during
and between the 2 sequences) was checked after each acquisition. A
senior neuroradiologist, blinded to patient names, birth dates, and
groups, drew regions of interest on the images. All image processing
was performed by using the Image] program (National Institutes of
Health, Bethesda, Md).

Only midbrain sections superior to the decussation of the superior
cerebellar peduncles and on which the borders of the substantia nigra
could be satisfactorily identified (as judged by the blinded neuroradi-
ologist) were included in the analysis. The upper limit of the included
sections was at the level at which the anterior lateral midbrain outline
(ie, the profile of the cerebral peduncle) was no longer clearly identi-
fiable (at the level at which the cerebral peduncles merge with the base
of the brain).

The microscopic brain stem atlas of Olszewski and Baxter'” and
the stereotaxic atlas of Duvernoy and Vannson'® were used as refer-
ence throughout the whole study. Furthermore, coronal and horizon-
tal plates from the diencephalon atlas of Van Buren and Borke'?
served as reference to ensure that the subthalamic nucleus was not
included in the sections used for analysis.

Considering the difficulty of separating the pars compacta and the
pars reticulata, we decided to include in the nigral region of interest
the substantia nigra as a whole, appearing as a hypointense area on the
subtraction image. The cerebral peduncles, appearing bright on the
subtraction image, were taken as the anterior-lateral limit of the sub-
stantia nigra.

Although the extension of the substantia nigra is relatively easy to
delineate in healthy individuals, it is difficult to define in patients
because of the diffuse nature of degeneration. Because the relation-
ship between loss of dopaminergic neurons and T1 relaxation time is
not straightforward, the purpose of the present study was not to mea-
sure the actual extension of the residual substantia nigra but, more
simply, to measure the extension of its portion having a T1 similar to
that found in healthy individuals.

To overcome the difficulties associated with the fact that nigral
borders can have a smooth appearance in patients, the neuroradiolo-
gist visually determined, as reference for region-of-interest drawing, a
level approximately half-way between the pixel intensity of the visible
substantia nigra and that of surrounding structures. The overall ex-
tension of the visible substantia nigra was considered for the region-
of-interest drawing, regardless of the presence of focal hyperintense
spots within its area.

As represented in Fig 1A, to test the hypothesis that the nigral area
is significantly reduced in patients, we drew regions of interest by
using the criteria defined previously, including the full extension of
the substantia nigra characterized by a signal intensity similar to that
of MC.

Because considerable variability is found in midbrain size among
individuals, a further region of interest was placed on each section,
including the whole midbrain, with the purpose of serving as a refer-
ence for relative area measurements.

As represented in Fig 1B, to test the hypothesis that lateral-to-
medial nigral contrast is significantly different in patients and con-
trols because of the gradient of degeneration, 2 regions of interest
were placed on each section, on each side, evenly dividing the whole
extension of the substantia nigra as would be expected from known
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Fig 1. Positioning of the region of interest (ROI) for area measurement, drawn on the visible
substantia nigra (A), and of the ROI for relative contrast measurement, drawn including the
whole expected extension of the substantia nigra (B).

anatomy (rather than the extension of the substantia nigra with un-
altered signal intensity), in a lateral and medial region.

For all measurements performed, a one-way analysis of variance
(ANOVA) was used to evaluate group differences, followed by a
2-tailed unpaired t test between the PD group and the MC group, and
between the MC group and the YC group. Given the small sample size
and that all patients were classified as having the same disease stage on
the Hoehn and Yahr scale,'® correlation of measurements with dis-
ease duration and stage was not investigated in this study.

Results

In all control subjects, the substantia nigra appeared as a hy-
pointense area on the subtraction images, whose morphology
closely matched known midbrain anatomy. On these images,
we were unable to distinguish the substantia nigra pars com-
pacta and the pars reticulata.'” Figure 2 depicts 2 central sec-
tions from an MC and from a PD. The outlines of other mid-
brain nuclei were not clearly visible, either on the raw images
or on the subtraction images.

The anterior lateral margin of the substantia nigra was
more sharply delineated than its posterior medial margin be-
cause the contrast with the cerebral peduncle was generally
higher than the contrast with the midbrain tegmentum. Com-
pared with those of the controls, the borders of the substantia
nigra appeared smoother and more irregular in patients, espe-
cially in its lateral part. Furthermore, focal hyperintensities
surrounded by areas of relatively unaltered nigral signal inten-
sity could be seen in some patients.

The PD group was characterized by a lateral-to-medial ni-
gral intensity gradient due to hyperintensity of the lateral por-
tion of the substantia nigra and relative sparing of its medial
portion. PD provided an average of 2.8 usable sections,
whereas both MC and YC provided an average of 4.2 usable
sections.

In the PD group, on each section parallel to the bicommis-
sural plane, the area of residual substantia nigra was 36.2 =
13.7 mm? on the left side and 35.9 * 14.8 mm? on the right
side. After combining left and right sides, we determined that
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Fig 2. Appearance of GMS (left column), WMS (middle column), and difference images
(GMS-WMS, right column) from an MC (2 upper rows) and a PD (2 lower rows). Reduced
hypointensity of the substantia nigra is evident on the difference images from the patient.

Matched control

Upper

Wer

Parkinson's disease

the total area of the substantia nigra was 72.2 * 27.4 mm?” in
the PD group, 88.8 + 28.7 mm? in the MC group, and 91.8 *
29.4 mm? in the YC group. The ANOVA indicated the pres-
ence of significant differences among groups (P = .04), and
the ¢ test P value was .04 for the comparison between the PD
and MC groups and .68 for the comparison between the MC
and YC groups.

The average area of the midbrain was 5.9 + 1.1 cm? in the
PD group, 5.8 = 1.3 cm® in the MC group, and 5.7 + 1.1 cm?
in the YC group. No statistically significant differences were
found. The ratio of the area of the substantia nigra to the area
of the midbrain was 0.12 = 0.028 in the PD group, 0.15 =
0.025 in the MC group, and 0.16 = 0.034 in the YC group. The
ANOVA indicated the presence of significant differences
among groups (P < .00001), and the ¢ test P values were .0001
for the comparison between the PD and MC groups, and .20
for the comparison between the MC and YC groups.

Averaging left and right sides, we determined that the
ratio of mean pixel intensity in the lateral region to the
mean pixel intensity in the medial region was 1.42 = 0.46
(n = o) in the PD group, 1.16 = 0.19 in the MC group, and
1.28 = 0.20 in the YC group. The ANOVA indicated the
presence of significant differences among groups (P =
.006), and the t test P value was .01 for the comparison
between the PD and MC groups and .01 for the comparison
between the MC and YC groups.

Figure 3 depicts, as a scatterplot on a Cartesian quadrant,
the position of each section, with the ratio between pixel in-
tensity in lateral and medial regions of interest as abscissa and
the ratio between nigral and midbrain area as ordinate; com-
plete separation between the PD group and controls was not
achieved.
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Fig 3. Distribution of young controls, age-matched controls, and patients on a Cartesian
quadrant, having as abscissa, the lateral/medial contrast ratio and as ordinate, the
nigral/midbrain area ratio. Separation is not achieved; however, measurements from
patients tend to cluster in the area corresponding to reduced nigral area and increased
lateral-medial contrast. SN indicates substantia nigra.

Discussion

Although other authors claim to have measured specifically
the pars compacta of the substantia nigra, on the basis of signal
intensity and in comparison with known anatomy, we were
not convinced that we could separate the pars compacta and
pars reticulata; therefore, we preferred, more simply, to con-
sider the substantia nigra as a whole.

At the present time, the exact relationship between neuro-
degeneration and changes in the spin-lattice relaxation time
remains to be elucidated, changes in the intracellular compart-
ment and in iron deposition both being putative contribu-
tors."''>2% Until such a relationship is clarified, one should
not claim to have measured the actual area of the residual
substantia nigra but instead to have measured the nigral area
having relatively unaltered T1 with respect to control values.

As with other similar studies, the irregular and smooth ap-
pearance of the substantia nigra in the PD group leaves a cer-
tain margin for subjectivity in its delineation for area measure-
ments; nevertheless, the observed group difference seemed
remarkable when the small sample size and initial disease stage
were taken into account. Because pixel values are averaged,
lateral-to-medial contrast measurements are much less vul-
nerable to region-of-interest drawing uncertainty.

The nigral area measured in absolute units on the subtrac-
tion images was significantly different between patients and
controls. However, the significance of such a comparison was
found to be limited by inter-individual variability in midbrain
size; when the ratio between nigral area and midbrain area was
taken into consideration, separation considerably improved.
On the contrary, age-related loss of the substantia nigra ap-
peared not significant in the age range represented by the 2
groups. The fact that patients generally provided fewer usable
sections than controls confirmed, as expected, that thinning of
the substantia nigra also occurs along the rostrocaudal
direction.

In accordance with previous reports and neuropathologic
evidence, our finding of a significant difference between pa-
tients and controls in lateral-medial pixel-intensity ratio con-
firms that the lateral part of the substantia nigra is particularly
affected by disease. The intermediate values found in YC are of
dubious interpretation and require further verification. Age-
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related changes in iron deposition may determine the ob-
served difference because sequences were optimized to mini-
mize overall nigral signal intensity in MC.

Even though, as represented in Fig 3, complete separation
of patients from controls could not be achieved, measure-
ments from patients tended to cluster in the area of the graph
corresponding to reduced nigral area and increased lateral-
medial nigral contrast.

Compared with advanced MR imaging techniques such as
diffusion-tensor imaging and fiber tracking, inversion-recov-
ery imaging may be easier to implement in a clinical routine
because acquisition time is limited and postprocessing of data
is very simple.

The main limitations of the present study are the small
sample size and that all patients were comparable in terms of
disease stage. Before the technique can be considered for diag-
nosis and staging, further study is required, investigating the
correlation with the UPDRS score (evaluated on- and off-
therapy) in a larger population, with the purpose of obtaining
reference values. The proposed technique might give a contri-
bution to the differential diagnosis between Parkinson disease
and atypical Parkinsonisms, characterized by different pat-
terns of involvement of the substantia nigra.'"*'

The findings of the present study are essentially in line with
previous reports by Hutchinson et al'' and Hutchinson and
Raff '>'% interestingly, notwithstanding a certain margin for
subjectivity in the delineation of the substantia nigra with un-
altered signal intensity, we found that the ratio of its area to
that of the midbrain provided better separation between pa-
tients and controls compared with lateral-medial contrast ra-
tios alone.''™"?

Some authors have reported that the area of the substantia
nigra as measured on T2, proton density, and DWI images is
not significantly different between controls and patients, char-
acterized by mean disease duration of or below 5 years.”” On
the basis of this finding, one may conclude that in vivo imag-
ing should not aim at measuring the volume of the substantia
nigra as a whole but rather at obtaining parameters that are
sensitive to neurodegenerative changes occurring indepen-
dently from volume reduction. This study confirms that nigral
degeneration causes T1 changes and that significant differ-
ences between patients and controls can be found on inver-
sion-recovery images, even without absolute quantification of
the T1. The discussed measures are complementary to T2 and
T2* relaxation time quantification.*”

Conclusions

Inversion-recovery imaging may provide a convenient way to
visualize degeneration of the substantia nigra. The results ob-
tained motivate further studies evaluating the correlation of
inversion-recovery imaging findings with patient disease se-
verity on larger patient populations and the potential contri-
bution to the differential diagnosis between Parkinson disease
and atypical Parkinsonisms.
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