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Abstract
Objectives To investigate the substantia nigra in patients
with Parkinson’s disease three-dimensional magnetic reso-
nance spectroscopic imaging with high spatial resolution at
3 Tesla was performed. Regional variations of spectroscopic
data between the rostral and caudal regions of the
substantia nigra as well as the midbrain tegmentum areas
were evaluated in healthy controls and patients with
Parkinson’s disease.
Methods Nine patients with Parkinson’s disease and eight
age- and gender-matched healthy controls were included in
this study. Data were acquired by using three-dimensional
magnetic resonance spectroscopic imaging measurements.
The ratios between rostral and caudal voxels of the
substantia nigra as well as the midbrain tegmentum areas
were calculated for the main-metabolites N-acetyl aspartate,
creatine, choline, and myo-inositol. Additionally, the me-
tabolite/creatine ratios were calculated.
Results In all subjects spectra of acceptable quality could
be obtained with a nominal voxel size of 0.252 ml. The
calculated rostral-to-caudal ratios of the metabolites as well

as of the metabolite/creatine ratios showed with exception
of choline/creatine ratio significant differences between
healthy controls and patients with Parkinson’s disease.
Conclusions The findings from this study indicate that
regional variations in N-acetyl aspartate/creatine ratios in
the regions of the substantia nigra may differentiate patients
with Parkinson’s disease and healthy controls.
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Introduction

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases. Clinical diagnosis is based
on the UK PD Brain Bank criteria [1] in the presence of
the common symptoms like bradykinesia, rigidity, resting
tremor, postural instability, disease progression and re-
sponse to levodopa administration. In early stages of the
disease the criteria are often not met and a clinical
diagnosis is often difficult [1–4]. The definite diagnosis
can only be established by post mortem histological
examination. So far, no imaging method has been included
in the UK PD Brain Bank criteria as a diagnostic tool to
monitor disease progression.

Parkinson’s disease is characterised by progressive
degeneration of the dopaminergic neurons in the sub-
stantia nigra (SN), but the reason for neuronal loss is not
yet understood. To assess the degeneration of the SN in
vivo a non-invasive method is needed. Such a method
might serve as a diagnostic tool in early cases that are
not yet clinically clear.

Proton magnetic resonance spectroscopy (MRS) pro-
vides biochemical information about the investigated
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tissue and can be used as a tool for non-invasive
evaluation of neurodegenerative diseases [5]. The main
metabolites which can be detected by MRSI in the brain
are N-acetyl aspartate (NAA), creatine and phosphocrea-
tine (Cr), choline containing metabolites (Cho), and myo-
inositol (Ins) [6]. NAA is produced predominantly in
neurons and is accepted as a putative marker of viable
neurons. Therefore, it is a possible indicator of neuron
loss. However, the complex functionality of NAA in the
biochemistry and neurobiology of the central nervous
system is still unexplained [7]. Cr is a key energetic
metabolite and, therefore, a possible indicator of defective
energy metabolism. It was shown that Cr levels change
slowly with age and in neuropathological conditions [8–
10]. Changes in Cho can occur due to altered neuronal
membrane synthesis and degeneration. Elevated Cho
levels may reflect myelin breakdown or cellular prolifer-
ation [11]. Ins is a pentose sugar, which was found in glial
cells and in lower concentrations in neurons [12]. It has
been discussed as a detoxification agent, an osmoregulator
and an intracellular messenger [12]. Changes in Ins have
also been discussed in several processes observed in
neurodegenerative disorders and could be a marker for
inflammatory processes involving microglia activation
[13, 14].

Magnetic resonance spectroscopy (MRS) has already
been performed in PD patients by several groups. In
accordance with the pathological features of PD, the SN
is one of the most interesting anatomical regions in which
to perform MRS. However, the SN is a very small and
heterogeneous region inside the midbrain [15] with a high
cellular iron content [16]. Local iron-induced magnetic field
inhomogeneities [17] and field inhomogeneities caused by
the magnetic susceptibility differences near tissue interfaces
in the region of the midbrain cause a peak broadening and
result in low-quality spectra compared with other brain
regions in general. Additionally, the small dimension of the
SN requires high-resolution MRS exactly co-registered
with anatomical images. The few published studies about
MRS in the region of the SN in PD patients used single-
voxel spectroscopy (SVS) at 1.5 and 4 T respectively with
volumes between 2.2 and 6 ml [18–20] and magnetic
resonance spectroscopic imaging (MRSI) at 3 T with a
nominal voxel size of 2.7 ml and 0.675 ml after matrix
interpolation [21].

Goal of this study was to develop a method that can be
used to investigate possible metabolic changes in the region
of the SN in PD patients. Therefore, specially designed 3D-
MRSI measurements were performed with a higher spatial
resolution at 3 T to allow non-invasive detection and
measurement of SN degeneration. Special care was taken to
account for the known inhomogeneity issues, to minimise
quality loss due to peak broadening.

Materials and methods

Subjects

Seventeen subjects (12 men, 5 women) aged between 51 and
79 years were included in the study. All subjects were classified
into one of two groups: nine PD patients (mean 69±6.5 years,
six men, three women) with disease durations between 4 and
25 years andHoehn andYahr stages 2.5 to 3, and eight age- and
gender-matched neurologically healthy controls (mean 66±
10.8 years, six men, two women). The age difference between
the two groups was not significant (p=0.459). Patients were
underwent imaging in the medical ON state (while taking
their medication as usual) to reduce tremor-related movement
artefacts, after giving written informed consent in accordance
with the local ethics committee. Initial high-resolution MRI of
all subjects were obtained and examined by a neuroradiologist
to exclude brain morphological abnormalities.

Data acquisition

All MR examinations were carried out at 3 T (Magnetom
Tim Trio, Siemens Healthcare, Erlangen, Germany) with a
32-channel or a 12-channel receive-only phased array head
coil in combination with the body coil for radio frequency
transmission. The 12-channel head coil had to be used in
some subjects because of the relatively small size of the 32-
channel head coil. As only ratios were evaluated coil-
dependent signal differences did not influence the results
and the measurements were comparable.

Coronal (parallel to the midbrain axis), sagittal and
transversal (perpendicular to the midbrain axis) T2-
weighted images were acquired using 2D high-resolution
turbo spin echo (TSE) pulse sequences (TE=98 ms, TR=
4 s, field of view FOVð Þ ¼ 230� 230mm2, matrix size ¼
256� 256, 19 slices, thickness=2 mm) for MRSI slice
selection.

The proton 3D-MRSI was performed using a point
resolved spectroscopy (PRESS) pulse sequence [22] with
WET water saturation [23] and a short echo time TE=30 ms
to reduce signal intensity loss by T2 relaxation. For clinical
application it is important to reduce the measurement time to
an acceptable level for PD patients. Therefore, the repetition
time (TR) chosen was relatively short (1350 ms). With this
TR, the acquisition time (TA) could be reduced to
21:20 min. The short TR induces a T1 weighting that usually
has to be corrected for absolute quantification of metabolite
concentrations. In this study only intra-individual ratios of
peak integrals were evaluated.

The volume of interest VOIð Þ ¼ 40� 30� 30 mm3 was
relatively small and could be fitted to the size of the
midbrain. The exact planning procedure is shown in Fig. 1.
The accurate localisation of the VOI was realised in each
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subject so that the regions of the SN were located in the
same voxels. The slice direction was parallel to the
rostrocaudal SN dimension so that the voxel coordinates
were exactly the same for each subject. Therefore, the
inaccuracies in flip angles due to pulse profiles should be
comparable and a correction would only be necessary for
absolute quantification of metabolite concentrations.

To increase the effective spatial resolution and reduce
partial volume effects the field of view FOVð Þ ¼ 96�
96� 56 mm3 and the matrix size ¼ 16� 16� 8 were
chosen to be relatively large compared with the small
VOI for a smaller point spread function (PSF) [24]. The
nominal voxel size without interpolation was 6×6×7 mm3

and the number of averages NA=4.
In order to keep the acquisition time to an acceptable extent

for clinical application, it was necessary to use elliptical
weighted k-space sampling. Consequently, the high k-space
frequencies were not acquired and the low k-space frequen-
cies according to the apodisation during acquisition were
more pronounced to favour sensitivity over detail and
resolution. This reduction of acquired k-space data to 30%
results in a larger effective voxel size than the nominal size.
No Hamming filter was used.

Additionally, the carrier frequency was centred 2.0 ppm
upfield from the water resonance (delta frequency=−2.0 ppm)
between the Cr and NAA resonances to reduce chemical shift
displacement artefacts. The acquisition bandwidth was
1000 Hz and acquisition duration was 1024 ms.

For the WET water saturation [23] a bandwidth=35 Hz
was used without adjustment for water suppression
resulting in a smaller excitation flip angle for water
saturation. The residual water signals were high enough
for all channels to determine the phase and combine all
signal contributions of the multi-coil elements correctly so
that no zero-order phase corrections were necessary.

In order to achieve appropriate magnetic field homogene-
ity, the volume for automatic and manual shimming proce-
dures was adjusted to two slices of interest (40×30×14 mm3).
After shimming, the full width at half maximum (FWHM) of
the water signal in the adjusted volume was smaller than

27 Hz in all cases. Neither fat saturation nor outer volume
suppression was performed. The total measurement time of
combined MRI/MRSI was approximately 30 min.

Spectra analysis

For post-processing and evaluation the Syngo software
package on the MR scanner [25] was used. A fixed post-
processing protocol was developed to avoid differences in
data post-processing and curve fitting. Apodisation (time-
domain filtering) with a Hanning filter of 200 ms width and
zero-filling to 2048 data points were used to optimise the
signal/noise ratio and the spectral resolution. The residual
water signal was removed in the time domain by water
subtraction. After Fourier transformation, an automatic
baseline correction by a 6th order polynomial was per-
formed. For integrating the NAA, Cr, Cho, and Ins
resonances the spectra were fitted.

Based on the exact planning schema (Fig. 1) two
enclosed voxels in the slice direction defined the rostral
(upper part) and caudal (lower part) regions of the left and
right SN. Consequently four voxels were analysed for each
subject (Fig. 2).

The individual metabolite/Cr (NAA/Cr, Cho/Cr, Ins/Cr)
ratios were determined for each voxel. Additionally, for
intra-individual results the rostral-to-caudal ratios of the
metabolite/Cr ratios were calculated. Furthermore, to
evaluate potential metabolite changes between both slices
the rostral-to-caudal ratios for each single metabolite
(NAA, Cr, Cho, Ins) were determined. All values are given
as mean ± standard deviation (SD).

To investigate the regional specificity the voxels in the
rostral and the caudal parts of the midbrain tegmentum
areas were also analysed.

Statistics

As a normal distribution of metabolite concentrations was
assumed in both groups the mean values with standard
deviations were calculated. Taking in consideration the

Fig. 1 MRSI planning schematic:
Axial and sagittal T2-weighted
MRI of the midbrain with PRESS
box (black grid), volume of inter-
est (white box), and adjustment
volume (dashed white box) for the
MRSI examination
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relatively small sample sizes, for statistical analysis an
independent Wilcoxon-Mann–Whitney u-test with a statis-
tical significance level of 0.05 was performed for signifi-
cance testing.

Results

Proton 3D-MRSI spectra with acceptable quality and a
nominal voxel size of 0.252 ml could be obtained in the
rostral and caudal parts of the SN regions as well as the

midbrain tegmentum areas in all subjects. The quality of the
spectra was evaluated based on the FWHM of the NAA
signal and was similar in healthy controls and PD patients,
both in the SN regions and tegmentum areas: 16±2.4 Hz
in controls, 17±2.3 Hz in PD patients (SN regions).
Differences in line broadening could not be observed between
the groups. Typical examples of 1H-MRSI spectra in the SN
regions of a healthy control and a PD patient are shown in
Fig. 3. In a first visual inspection clear differences between
the intra-individual NAA and Cr levels on the rostral and
caudal SN parts could be recognised in both groups.

Fig. 3 1H-MRSI spectra in the rostral and caudal regions of the substantia nigra of a healthy control and a patient with Parkinson’s disease
acquired from 0.252 ml volumes. NAA = N-acetyl aspartate, Cr = creatine, Cho = choline, Ins = myo-inositol

Fig. 2 Rostral (left) and caudal
(right) voxels investigated in
the regions of the substantia
nigra as well as in the
midbrain tegmentum areas
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The influence of surrounding tissue on signal intensity in
a selected voxel was estimated by simulation. The
measurement of a volume with 16×16×8 matrix points
was assumed. The simulated object consisted of a box with
the dimensions of a nominal voxel size and a signal
intensity of 1 at the central position. All other positions
within the object had an assumed intensity of 0. The k-
space signal intensity of the object was calculated at all k-
space positions. After 3D Fourier transformation, the
neighbouring voxels (originally zero) showed signal inten-
sities up to 12%. This value is the maximal contribution of
each of the six neighbouring voxels to the signal intensity
within the nominal voxel in the performed measurements.

The contributions from different coil elements were saved
uncombined in a couple of cases to verify the automatic
combination procedure. The residual water signal of each coil
element was high enough to determine the exact phase,
providing a correct signal combination in the resulting
spectrum.

NAA/Cr ratios

Figure 4 shows that the NAA/Cr ratios overlap between both
groups in the regions of the SN and in the tegmentum areas.
The NAA/Cr ratios showed no significant differences between
the two hemispheres, therefore only the averaged values for
the SN regions are presented in Table 1. In the rostral SN
regions, the PD patients showed a trend (p=0.054) towards
decreased NAA/Cr ratios compared with healthy controls
whereas in the caudal SN regions the NAA/Cr ratios were
significantly increased (p=0.002) in PD patients compared
with controls.

For quantification of these differences the intra-individual
rostral-to-caudal ratios ((NAA/Cr)rostral/(NAA/Cr)caudal) were
calculated (Table 1) and significant differences between the
two groups could be found in the SN regions but not in the
midbrain tegmentum areas (Fig. 5).

Cho/Cr and Ins/Cr ratios

The Cho/Cr and Ins/Cr ratios as well as the rostral-to-
caudal ratios ((Cho/Cr)rostral/(Cho/Cr)caudal, (Ins/Cr)rostral/
(Ins/Cr)caudal) are also given in Table 1. For the Ins/Cr
ratios significant effects could be found as described earlier
for NAA/Cr but with higher variations, most likely due to
the limited accuracy of Ins estimations. Contrary to the

Fig. 4 Distribution of rostral
and caudal NAA/Cr ratios with
mean values in healthy controls
(rhombus) and patients with
Parkinson’s disease (circle) in
the regions of the substantia
nigra and the midbrain
tegmentum areas

Table 1 Mean values with standard deviations of the rostral and
caudal ratios of the metabolite/creatine ratios as well as the rostral-to-
caudal ratios in the region of the substantia nigra in healthy controls
and patients with Parkinson’s disease, and the p values

Controls PD patients P value

(NAA/Cr)ros 3.34±1.23 2.45±1.55 0.054

(NAA/Cr)cau 2.03±0.67 4.92±2.96 0.002

(NAA/Cr)ros/(NAA/Cr)cau 1.78±0.69 0.63±0.25 0.001

(Cho/Cr)ros 0.85±0.12 1.08±0.40 0.162

(Cho/Cr)cau 1.01±0.19 1.34±0.44 0.112

(Cho/Cr)ros/(Cho/Cr)cau 0.93±0.24 0.86±0.18 0.962

(Ins/Cr)ros 0.82±0.43 0.59±0.52 0.248

(Ins/Cr)cau 0.64±0.34 1.95±1.43 0.021

(Ins/Cr)ros/(Ins/Cr)cau 1.73±1.30 0.48±0.69 0.034
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NAA/Cr and Ins/Cr ratios, the Cho/Cr ratios showed no
significant differences (p=0.962) between the two groups.

Single metabolite ratios

To investigate the causes of these group-specific differences
the single metabolite ratios between the rostral and caudal
regions (metaboliterostral/metabolitecaudal) of the SN were
calculated. These rostral-to-caudal ratios for all four
metabolites are represented in Table 2. The ratios for NAA
and Cr were significantly different (p=0.001 and p=0.001)
for both groups, however with different directions. These
contrary effects between NAA and Cr as well as between Ins
and Cr seem to cause the clear separation.

Discussion

This study demonstrated the feasibility of obtaining short-
echo 1H-MRSI spectra of acceptable quality in the regions
of SN and midbrain tegmentum areas of healthy controls

and PD patients with a nominal voxel size of 0.252 ml at
3 T. The analysis of spectra from the rostral and caudal
parts of the SN showed significant differences between the
two groups.

Artefacts and shimming difficulties caused by local
magnetic field inhomogeneities could be reduced by
using a voxel size that was relatively small compared
with the spatial field distortions. Some technical limi-
tations of the spatial resolution could be avoided by
using 3D-MRSI instead of SVS. Susceptibility effects
due to higher iron concentrations in the SN led to an
expected marginal line broadening compared with known
FWHM values. However, the line widths of the NAA
signals in all spectra as well as the line widths of the
water signal during the manual shimming procedure were
comparable in both groups [26, 27].

The effective voxel size was larger than the nominal size
because of the reduced k-space sampling, which was
needed to reduce the measurement time to an acceptable
in vivo level. Therefore, the relatively high overlap in
effective voxel volumes yields to a weighted averaging of
metabolite signals from adjusted positions. This overlap is
larger in slice direction because of the small number of
slices. As an effect of this signal overlap, existing
differences in neighboured voxels were diminished.
Nevertheless, there were still significant differences be-
tween PD patients and healthy controls. The investigated
voxels in the rostral slice were influenced by partial volume
effects from the caudal slice and from the slice inside the
cerebrospinal fluid (CSF). The partial volume effect by
CSF reduces the absolute metabolite levels but no changes
in the metabolite/Cr ratios have to be expected. The
investigated voxels in the caudal slice were influenced by

Fig. 5 Logarithmic plot of the
rostral-to-caudal ratios of the
NAA/Cr ratios with mean values
in healthy controls (rhombus)
and patients with Parkinson’s
disease (circle) in the regions of
the substantia nigra and the
midbrain tegmentum areas

Table 2 Rostral-to-caudal ratios (mean values with standard devia-
tions) of the metabolites in the region of the substantia nigra in healthy
controls and patients with Parkinson’s disease, and the p values

NAAros/
NAAcau

Crros/Crcau Choros/
Chocau

Insros/
Inscau

Controls 1.38±0.16 0.88±0.21 0.83±0.32 1.46±1.25

PD patients 0.89±0.19 1.98±1.10 1.60±0.99 0.77±1.25

P value 0.001 0.001 0.011 0.054
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partial volume effects from the rostral slice and from the
caudal slice inside the pons. The partial volume effects
from the pons could change the metabolite/Cr ratios.
However, this inaccuracy should be the same in healthy
controls and PD patients as neuropathological processes in
PD are described for the SN but not for the pons. A further
reduction of the effective voxel size should provide a much
better separation at the cost of longer measurement times.

For clinical application of the described MRSI method it
was necessary to reduce the acquisition time to an
acceptable time period for PD patients. Various possibilities
exist to reduce the total measurement time. For instance a
small matrix size can be chosen, which yields a broad PSF
and consequently a large effective voxel size at the cost of
high partial volume effects. Another possibility would be to
reduce the repetition time TR, which leads to a reduced
signal/noise ratio because of the long T1 relaxation times of
the metabolites [28]. In this study TR was 1350 ms and
caused a reduction of the NAA signal intensity of 37%. A
further reduction of TR to 800 ms would decrease the NAA
signal intensity by 55%. One more option is to reduce k-
space sampling, which leads to the disadvantages dis-
cussed. However, to maximise spatial resolution and
minimise acquisition time a combination of all methods
yields the best results.

As absolute metabolite quantification was not needed in
this study, metabolite levels were not corrected for T1

weighting. However, alterations of T1 relaxation times in
the SN could be one reason for the differences found
between PD patients and healthy controls and should be
investigated in future studies.

Problems in the quantification of MRSI data acquired at
short echo time and moderate magnetic field strength
appear by complex multiplet resonance patterns, over-
lapping metabolites, variations in the line shape and
underlying baseline variations. The largest variability
showed Ins and was not reliable enough to use for NAA/
Ins ratios. Additionally, the broad spectral pattern cannot be
measured accurately using only a single peak. Furthermore,
the short T2 relaxation time of Ins [28] leads at TE=30 ms
to an intensity loss of 24%. For comparison the loss in
signal intensity of NAA is only 13%, assuming a T2 of
221 ms [28]. However, the echo time TE was already at the
minimum at the chosen set-up and a further reduction was
not possible.

T2 relaxation times in the human brain depend on age,
brain region [29] and pathological features. To account for
age- and region-specific influences on T2, an age-matched
control group was chosen and the anatomical location
measured was chosen with great care. Segmentation and
subsequent correction for tissue composition was not
necessary because of exact voxel localisation inside the
SN region.

Previous MRS studies in the midbrain encountered
problems obtaining spectra with acceptable quality because
of the unfavourable small and heterogeneous region as well as
the high cellular iron content of the SN [16]. The magnetic
field homogeneity is poor [17] and spectra with high line
widths and signal overlaps were obtained. Oz et al. [18] used
SVS and found trends towards decreased NAA and
increased Cho levels in PD patients compared with healthy
controls. Hattingen et al. [21] found trends towards reduced
phosphocreatine levels in 31P MRSI as well as decreased
total Cr levels in 1H MRSI in the midbrain of PD patients
with advanced disease duration. O’Neill et al. [19] observed
significantly decreased Cr levels in PD patients compared
with normal controls using SVS and followed from this that
elevated NAA/Cr ratios in the SN region of PD patients
reported earlier by Choe et al. [20] were rather due to lower
Cr than to higher NAA concentrations. The results of the
present study cannot be compared directly with previous
data [18–21]. In previous studies the voxel size used was
larger and distinct parts of the SN could not be examined
and compared with each other.

Nevertheless, all measuring inaccuracies were identical
in both groups but there were still significant differences
between PD patients and healthy controls. So far, neither
absolute quantification, whether the differences were really
in NAA and Cr or only in metabolites or macromolecules
underlying these main metabolites, nor biochemical expla-
nation for the results can be given. These questions should
form the basis for further investigations with larger cohorts
to increase statistical power.

In addition to the established imaging methods like
positron emission tomography, single-photon emission
tomography, and transcranial sonography which support
the diagnosis of Parkinson’s disease the application of the
presented MRSI method could contribubute to the enhance-
ment of the diagnostic accuracy and monitoring the disease
progression.

In conclusion, the present study offers a method that
allows the acquisition of MR spectra with a high spatial
resolution in a three-dimensional grid of the midbrain.
Evaluation of ratios of metabolite signals from different
rostral and caudal regions reliably differentiate between PD
patients and healthy controls in a first small sample.
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