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Neuromelanin-Sensitive Imaging of the

Substantia Nigra: A Comparison of Three
Different Sequences
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Background: Neuromelanin-sensitive MRI (NM-MRI) of the substantia nigra provides a noninvasive way to acquire an indi-
rect measure of dopamine functioning. Despite the potential of NM-MRI as a candidate biomarker for dopaminergic
pathology, studies about its reproducibility are sparse.
Purpose: To assess the test–retest reproducibility of three commonly used NM-MRI sequences and evaluate three analysis
methods.
Study Type: Prospective study.
Population: A total of 11 healthy participants age between 20–27 years.
Field Strength/Sequence: 3.0T; NM-MRI gradient recalled echo (GRE) with magnetization transfer (MT) pulse; NM-MRI
turbo spin echo (TSE) with MT pulse; NM-MRI TSE without MT pulse.
Assessment: Participants were scanned twice with a 3-week interval. Manual analysis, threshold analysis, and voxelwise
analysis were performed for volume and contrast ratio (CR) measurements.
Statistical Tests: Intraclass correlation coefficients (ICCs) were calculated for test–retest and inter- and intrarater variability.
Results: The GRE sequence achieved the highest contrast and lowest variability (4.9–5.7%) and showed substantial to
almost perfect test–retest ICC (0.72–0.90) for CR measurements. For volume measurements, the manual analysis showed a
higher variability (10.7–17.9%) and scored lower test–retest ICCs (–0.13–0.73) than the other analysis methods. The thresh-
old analysis showed higher test–retest ICC (0.77) than the manual analysis for the volume measurements.
Data Conclusion: NM-MRI is a highly reproducible measure, especially when using the GRE sequence and CR measure-
ments. Volume measurements appear to be more sensitive to inter/intrarater variability and variability in placement and
orientation of the NM-MRI slab. The threshold analysis appears to be the best alternative for volume analysis.
Level of Evidence: 2
Technical Efficacy Stage: 1
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IN VIVO VISUALIZATION of the dopamine system is of
interest due to its role in a variety of psychiatric and

neurodegenerative disorders, including Parkinson’s disease
(PD)1 and psychosis.2 The substantia nigra (SN) in the
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mesencephalon is the location from where dopaminergic neu-
rons project to the striatum, forming the nigrostriatal path-
way.3 A novel neuromelanin-sensitive magnetic resonance
imaging sequence (NM-MRI) provides a noninvasive way to
acquire an indirect measure of dopamine functioning in the
SN.4 NM-MRI has been successfully used to examine
changes in the SN in PD and schizophrenia2,5,6 and seems
promising as a biomarker in these disorders. Considering the
noninvasive nature of NM-MRI, it has the potential to be
applied in clinical practice.

Neuromelanin (NM) is synthesized from cytosolic
dopamine and dihydroxyphenylalanine derivatives that have
not been taken up into synaptic vesicles.7,8 After iron-
dependent oxidation of the cytosolic dopamine, NM-iron
complexes are stacked inside autophagic organelles that fuse
with lysosomes, and lipid and protein components forming
the final autolysosomal NM-containing organelles.7,9 These
NM-containing organelles accumulate over age in the SN,10

or rather show an inverted U-shaped age effect.11 The para-
magnetic NM-iron complexes lead to T1 reduction, which
contributes to the NM-MRI contrast.4

NM-sensitive T1-weighted turbo spin echo (TSE) is the
most frequently used NM-MRI sequence and multiple stud-
ies have shown a reliable decrease of NM-MRI signal in the
SN of patients with PD.5,12-27 The TSE sequence can be per-
formed with or without a magnetization transfer (MT) pulse.
An off-resonance MT pulse suppresses the contribution of
macromolecules to the signal and can thereby increase con-
trast.4,24,28,29 A smaller number of patient studies have been
performed with an NM-sensitive gradient echo pulse (GRE)
sequence with an MT pulse.6,30

Despite the promise of NM-MRI as a biomarker, studies
on the reproducibility and reliability of the different sequences
have been sparse. Reproducibility provides vital information
for study designs, since outcome measures with lower reliabil-
ity have diminished power. One study has shown a lower sen-
sitivity for imaging the SN with a TSE sequence compared to
a GRE sequence,31 but reproducibility was not compared.
Reproducibility studies have been performed for the GRE
sequence and yielded excellent results for volume measure-
ments32 and contrast ratio measurements,6,32,33 while using
the TSE sequence, a study has shown moderate reproducibil-
ity in the noradrenaline-rich locus coeruleus.34 A study
directly comparing the GRE and TSE NM-MRI sequences
in terms of their reproducibility in SN imaging would be
useful.

In addition to differences in image acquisition, there are
also differences in the analysis of NM-MRI data. Most studies
have used an average contrast ratio based on a manual
approach in which the SN and a reference region are manu-
ally traced on one or more axial slices in each NM-MRI scan.
While this has shown differences between groups,15,19,20,24,35

it does not assess the entire SN. Furthermore, this method is

sensitive to inter/intrarater variability resulting from variabil-
ity in the placement and orientation of the NM-MRI imaging
slab within and across studies. An intensity threshold method
avoids the inter/intrarater variability and when applied to
scans normalized to Montreal Neurological Institute (MNI)
space it can give an estimate of the entire SN, independent of
slab placement.32 More recently, Cassidy et al validated a
voxelwise approach.6 This method is semiautomated using an
average mask of the normalized dataset instead of a subject-
specific mask. This approach captures the voxel anatomical
information in the scan and can be implemented for various
measurements, including mapping the (sub)regional variation
of the SN.

In order to further develop NM-MRI for research and
clinical applications, it is important to determine optimal
acquisition and analysis methods. Therefore, the aim of this
study was to compare the test–retest reproducibility of three
NM-MRI sequences in SN imaging; 1) the GRE sequence
with MT pulse, 2) the TSE sequence with MT pulse, and 3)
the TSE sequence without MT pulse and, also, to assess and
compare the reliability of three analysis techniques; i) manual
analysis, ii) threshold analysis, and iii) voxelwise analysis.

Materials and Methods
Participants
This study was approved by the local Medical Ethics Committee. All
participants gave written informed consent prior to the first scan
after the nature of the procedure had been fully explained. Eleven
healthy participants (mean [SD] age: 24.82 [2.04], range:
20–27 years, seven male and four female) were included in the
study. Prior to inclusion, all participants were screened by means of
an interview and excluded if they had a history of neurological or
psychiatric disorders, used any medication (with the exception of
contraceptives), or had any MRI contraindications.

Image Acquisition
All MR data were acquired at a single center using a 3T Ingenia
MRI system (Philips, Best, The Netherlands) with a 32-channel
SENSE head coil. All participants participated in two identical NM-
MRI scanning sessions, with a 3-week interval (mean [SD] days:
20.9 [1.4], range: 18–24 days).

For slice placement and registration, transversal high-
resolution structural T1-weighted volumetric images, with full head
coverage, were acquired (echo time [TE] / repetition time [TR] = 4.1/
9.0 msec; 189 slices; field of view [FOV] = 284 × 284 × 170 mm;
voxel size: 0.9 × 0.9 × 0.9 mm, flip angle [FA] = 8�). On these, the
NM-MRI sections were placed perpendicular to the fourth ventricle
floor with coverage from the posterior commissure to halfway
through the pons.

The following three NM-MRI scans were acquired; 1) GRE
MToff-resonance pulse (GRE MT on) (TE/TR = 3.9/260 msec,
FA = 40�, 8 slices, slice thickness = 2.5 mm, in-plane resolu-
tion = 0.39 × 0.39 mm2, FOV = 162 × 199 mm, number of signal
averages [NSA] = 2, magnetization transfer frequency off-
set = 1200 Hz and duration = 15.6 msec, based on6,33); 2) TSE with
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MT off-resonance pulse (TSE MT on) (TE/TR = 10/641 msec,
FA = 90�, 8 slices, slice thickness = 2.5 mm, in-plane resolu-
tion = 0.40 × 0.40 mm2, FOV = 180 × 180 mm, NSA = 2, magne-
tization transfer frequency offset = 1200 Hz and duration = 15.6
msec, based on24); 3) TSE without MT pulse (TSE MT off) (TE/
TR = 10/500 msec, FA = 90�, 8 slices, slice thickness = 2.5 mm, in-
plane resolution = 0.40 × 0.40 mm2, FOV = 180 × 180 mm,
NSA = 2, based on20).

Manual Segmentation
ITK-Snap (v. 3.6.0, www.itksnap.org)36 was used to manually seg-
ment the SN. In addition, the crus cerebri (CC) and red nucleus
(RN) were segmented and served as reference areas.6,20,33 Segmenta-
tion was performed by three independent raters (M.Z., K.B., E.W.)
and the raters segmented both the test and retest scans twice. The
interval between segmentation 1 and segmentation 2 was a mini-
mum of 3 weeks and a maximum of 6 weeks. To ensure raters had
the same segmentation approach, a segmentation protocol was used
and all attended a training session. No raters had experience with
the NM-MRI segmentations prior to this study. For every sequence
two contrast ratios (CR), CRSN-RN and CRSN-CC, were determined.
These were calculated as: CRSN-RN = (SSN – SRN)/SRN and CRSN-

CC = (SSN – SCC)/SCC, where SSN, SRN, and SCC represent the mean
signal intensities of the SN, RN, and CC, respectively. For each par-
ticipant the two slices with the highest voxel intensity were seg-
mented. Segmentation of the CC consisted of six default circles
(three on each side of the SN), each with a diameter of 8 mm.

Standardized Preprocessing
For the standardized analyses, we preprocessed the NM-MRI scans
using Statistical Parametric Mapping’s (SPM 12; Wellcome Trust,
London, UK). We first coregistered the NM-MRI retest scans to the
NM-MRI test scans and subsequently coregistered both to the T1-
weighted test scans. Tissue segmentation was performed using the
T1-weighted test scan. All scans were normalized into MNI standard
brain space using DARTEL routines with a gray and white matter
template generated from all T1-weighted test scans and spatially
smoothed with a 1-mm full-width at half-maximum Gaussian ker-
nel. For post-hoc analysis, the preprocessing was performed without
spatial smoothing to assess the effect of spatial smoothing. All images
were visually inspected following each preprocessing step.

Semiautomated Thresholding Segmentation
For each sequence a large area around the (left and right) SN was
manually traced on the standardized average image with ITK-Snap.
This was done carefully to avoid contamination from CSF space.
This mask was overlaid on the individual NM-MRI scans in MNI
space and voxels with signal intensity Sv >3 standard deviations from
SCC were considered part of the SN. All high-intensity voxels gener-
ated by the thresholding method were visually inspected to ensure
no outlying/aberrant voxels were included in the mask.

Voxelwise Analysis
We used FSL (FMRIB Software Library, v. 5.0.10, Oxford Univer-
sity, UK) to create one standardized average for each of the three
sequences based on the 22 standardized NM-MRI scans (test and
retest). Template population masks for both the SN and CC were

created for each sequence by manual tracing with ITK-Snap on the
standardized average image (Fig. 1b). For each scan and voxel in the
SN mask a CRv was calculated as CRV = (Sv – SCC)/SCC. Voxels
with a CRV smaller than 0 or greater than 3 standard deviations
from the mean were excluded.

Statistical Analysis
To assess reliability in test–retest, intrarater, and interrater reliability
the intraclass correlation coefficient (ICC) was used.37 For the man-
ual analysis the ICC estimates and their 95% confident intervals
(CIs) were calculated using SPSS 26.0 (IBM, Armonk, NY) and the
ICC for the thresholding and voxelwise analyses were calculated
using MatLab (MathWorks, R2016a, Natick, MA). The test–retest
ICC was based on single measures and consistency two-way mixed-
effects and the ICC for the intrarater and interrater agreement was
based on single measures and an absolute agreement two-way mixed-
effects model. Standard thresholds were used for interpretability of
ICC values: “almost perfect” for ICC 0.81–1.00, “substantial”
for ICC 0.61–0.80, “moderate” for ICC between 0.41–0.60, “fair”
for ICC 0.21–0.40, “slight” 0.00–0.20, and “poor” for ICC <0.00.37

Test–retest variability was assessed as a measure of agreement

and was calculated using the following equation: VAR = jtest− retestj
test + retestð Þ=2 �

100% and performed for the manual analysis on both contrast ratios
(CRSN-RN and CRSN-CC) and SN volumes for all three sequences and
raters. Furthermore, Bland–Altman plots for test and retest were con-
structed as an additional measure of agreement for the manual analysis.

For the semiautomated thresholding segmentation, addition-
ally the Dice similarity coefficient (DSC) was calculated to deter-
mine reproducibility between the mean test and retest volume
measurements. The DSC was calculated with MatLab and defined
as DSC = (2*volume (Test \ Retest)) / (volume(Test) + volume
(Retest)), where \ represents the intersection operator.

Results
Manual Segmentation
In all subjects the SN was consistently detected as an area of
hyperintensity (Fig. 1a). Tables 1 and 2 show the test–retest
variability, test–retest reliability, intrarater reliability, and
interrater reliability based on the manual segmentation proto-
col for the CR and volume measurements, respectively. For
CR, variability was lowest for the GRE MT on sequence with
CRSN-CC analysis. Test–retest ICC was substantial to almost
perfect (0.60–0.86) for all three sequences with CRSN-CC

analysis. Also, intrarater ICC was substantial to almost perfect
(0.75–0.97) for all three sequences with CRSN-CC analysis,
whereas the interrater ICC was substantial (0.63–0.81). Since
the CRSN-CC yielded better reproducibility than the CRSN-

RN, further analysis focused solely on the CRSN-CC (CRSN).
For volume measurements, the TSE MT on sequence yielded
the lowest variability (10.74–11.47%) and highest ICCs with
a slight to substantial test–retest ICC (0.11–0.73) and intra-
and interrater ICC varying from slight to almost perfect
(0.34–0.87). Bland–Altman plots of the CRSN, depicted in
Fig. 2, give a graphical representation of the agreement for
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the CRSN and volume between the test and the retest for all
three sequences.

Semiautomated Thresholding Segmentation
The semiautomated thresholding segmented SN volumes
were reproducible with a substantial ICC reliability
(0.67–0.77, see Table 3). In addition, the semiautomated
thresholding segmented SN volume showed significant over-
lap between the two scans (Table 3), especially for the GRE
MT on (0.91). The post-hoc nonsmoothed preprocessed data
yielded lower reliability compared to the smoothed
preprocessed data (Table 3).

Voxelwise Analysis
The standardized mask did not fit the retest scan of one par-
ticipant, due to suboptimal imaging slab placement (top part
of SN was missing); therefore, this participant was excluded
from the automatic analysis.

CR for each voxel in the standardized average was calcu-
lated for test and retest (Fig. 3). Two-way mixed, single score
ICC and consistency values between test and retest per voxel
were calculated, creating a map of ICC values in the SN
(Fig. 3). The mean ICC across voxels for each sequence was
calculated with the available data in at least 10 participants
(Table 3). The results yielded a substantial ICC (0.72) for
the GRE sequence, moderate ICC (0.52) for the TSE MT on
and fair ICC (0.37) for the TSE MT off. In addition, the
ICC for the average CRSN in the whole ICC mask was calcu-
lated for each sequence (Table 3). ICC values of the average
CR in the SN were almost perfect for the GRE sequence
(0.90), substantial for TSE MT on (0.79), and the TSE MT
off (0.66). The post-hoc nonsmoothed preprocessed data
yielded lower reliability compared to the smoothed
preprocessed data (Table 3).

Discussion
This study compared NM-MRI sequences with regard to
their reproducibility and evaluated different analysis methods
in young healthy controls. Overall, the GRE MT on
sequence achieved the best reproducibility and reliability for
all analysis methods (manual, threshold, and voxelwise). For
CR measurements, the CC was a more stable reference region
than the RN and the test–retest, intra- and interrater ICCs

ranged from substantial to almost excellent. The SN volume
measurements were more variable, with poor to slight test–
retest variability and slight to almost perfect inter- and intra-
rater ICCs for the manual segmention and a substantial ICC
for the threshold analysis.

The better performance of the GRE MT on sequence is
an important result, as most NM-MRI studies have been per-
formed with TSE sequences.5,12-27 Our results for the GRE
MT on sequence are in line with previous reliability studies.
Langley et al found a lower ICC (0.81) for the CRSN for the
threshold analysis, even though in our study the two MRI
scans were separated by a 3-week interval instead of a single
session day.32 This difference might be due to variation in
analysis design. For example, this study used SPM with
DARTEL routines for normalization to MNI space, whereas
Langley et al used FSL.32 However, they found a higher ICC
(0.94) for the volume measurements using a semiautomated
thresholding method, although they yielded a lower DSC
(0.80) for the volume measurement. The ICC is more clini-
cally relevant than the DSC, however, since it measures the
reproducibility of CR and volume measurements instead of
the reproducibility of the volume location and center. The
current study replicated the analysis design of Cassidy et al
and, indeed, their results (an ICC of 0.95 for the CRSN) are
more comparable to ours (0.90), while they had only an hour
interval between test and retest acquisitions.6 The voxelwise
analysis also showed similar results, with a mean ICC CRv of
0.72 compared to a median ICC of 0.64. This result suggests
that a longer period between test and retest (3 weeks instead
of an hour) does not result in increased variability. A recent
study compared different acquisition parameters for GRE
MT on sequences and different voxelwise analysis toolboxes33

with higher ICCs than ours, which is most likely related to
further optimized slab placement and coregistration methods.
These comparisons emphasize the influence of analysis and
acquisition design.

In this study a single measures and absolute agreement
two-way mixed-effects model was chosen for the intrarater
and interrater reliability, since the purpose was to compare
the absolute score from the raters on the same measurement
(scan). For the test–retest ICC, single measures and consis-
tency two-way mixed-effects were used. This ICC does not
penalize systematic variability across test and retest (eg, if the

Figure 1: NM-MRI of the substantia nigra. (a) An individual example of the three NM-MRI sequences. (b) Manual segmentation of
subsantia nigra (SN) and crus cerebri (CC) mask on a standardized image in MNI space. The mask of the SN is shown in red and the
mask of the CC in blue. GRE: gradient recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.
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retest is consistently higher than the test measurements). The
consistency ICC has been used in previous reliability studies
of the GRE MT on NM-MRI.6,33 We observed, however,
hardly any differences between the absolute agreement and
consistency ICC values.

A previous study also compared different NM-MRI
sequences and showed a higher CR for the GRE sequence
compared to a TSE sequence.31 Our study replicated this
finding and additionally indicated that a higher contrast goes
together with better reproducibility. Adding the MT pulse
increased the contrast for the TSE sequences and also resulted
in an overall better reproducibility. This supports previous
work that has shown that contrast in NM-MRI is associated
with MT effects (next to T1 reduction by neuromelanin),

which is probably partly related to higher macromolecular
content in the adjacent white matter than in the gray matter
of the SN.4,28,38

It is reassuring to see that different analysis methods
achieved substantial to almost perfect reliability for the
CR. The method with the highest ICC was the analysis in
which all scans were normalized to standard space, before cal-
culating the CR for the whole SN mask. The choice of analy-
sis method may be based on a number of considerations.
Manual segmentation might be considered with a small sam-
ple size. Since it does not require a normalization step, there
is no introduction of normalization errors and the low com-
plexity could increase clinical applicability. In addition, man-
ual segmentation might be more suitable for comparing two

TABLE 2. Reproducibility and Reliability Based on the Manual Segmented SN Volumes of the NM-MRI Sequences

GRE MT on TSE MT on TSE MT off

Mean volume mm3 (SD)

Rater 1 (test) 355.52 (54.53) 337.93 (64.73) 328.15 (69.43)

Rater 1 (retest) 373.91 (56.48) 362.99 (67.62) 306.11 (48.99)

Rater 2 (test) 333.87 (35.48) 343.10 (55.18) 302.84 (42.80)

Rater 2 (retest) 308.35 (36.73) 340.14 (45.73) 304.31 (37.37)

Rater 3 (test) 365.56 (52.83) 386.50 (42.14) 378.63 (36.38)

Rater 3 (retest) 391.11 (40.90) 414.67 (40.96) 380.67 (47.00)

Raters combined (test) 351.65 (48.73) 355.85 (57.49) 336.54 (59.30)

Raters combined (retest) 357.79 (57.03) 372.50 (60.08) 330.36 (56.41)

Test–retest variability (SD)

Rater 1 14.31% (13.08) 10.74% (10.16) 13.03% (12.76)

Rater 2 13.04% (10.68) 10.99% (7.84) 17.88% (9.82)

Rater 3 14.47% (12.05) 11.47% (9.84) 12.76% (7.83)

Test–retest ICC (95% CI)

Rater 1 0.13 (–0.48–0.66) 0.73 (0.26–0.92) 0.43 (–0.19–0.81)

Rater 2 0.05 (–0.54–0.61) 0.57 (–0.11–0.86) –0.13 (–0.66–0.48)

Rater 3 –0.10 (–0.64–0.51) 0.11 (–0.50–0.65) –0.01 (–0.59–0.57)

Rater ICC (95% CI)

Intrarater ICC (R1) 0.84 (0.67–0.93) 0.87 (0.71–0.94) 0.64 (0.32–0.83)

Intrarater ICC (R2) 0.33 (–0.9–0.65) 0.35 (–0.9–0.67) 0.53 (0.17–0.77)

Intrarater ICC (R3) 0.82 (0.30–0.94) 0.72 (0.45–0.87) 0.58 (0.12–0.81)

Interrater ICC 0.11 (–0.07–0.36) 0.34 (0.07–0.61) 0.21 (–0.01–0.47)

Given are the test–retest variability for each rater and ICC values with 95% confidence interval.
R1: rater 1; R2: rater 2; R3: rater 3; SD: standard deviation; ICC: intraclass correlation coefficient; 95% CI: 95% confidence interval;
GRE: gradient recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.
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anatomically different groups (eg, due to atrophy), since this
could complicate the registration/normalization process and
defining the template mask. However, manual segmentation

is labor-intensive and susceptible to rater differences and
imaging slab placement, especially for the volume measure-
ments. This is an important finding, since numerous studies

Figure 2: Bland–Altman plots representing the difference between the test and the retest of (a) manual segmented contrast ratios
and (b) manual segmented volumes. With the representation of the mean difference (dashed lines) and the limits of agreement
(dotted lines), from –1.96 SD to +1.96 SD; in purple Rater 1, in blue Rater 2, in green Rater 3. GRE: gradient recalled echo; MT:
magnetization transfer pulse; TSE: turbo spin echo.

TABLE 3. Mean Test–Retest Reliability of the Semiautomated Analyses With the Contrast Ratios From the
Voxelwise Analysis and the Volumes From the Semiautomated Thresholding Segmentation

GRE MT on TSE MT on TSE MT off

Threshold analysis

ICC Volume (95% CI) 0.77 (0.31–0.94) 0.71 (0.18–0.92) 0.67 (0.12–0.91)

DSC Volume (SD) 0.91 (0.03) 0.71 (0.07) 0.68 (0.13)

Voxelwise analysis

ICC CRV (95% CI) 0.72 (0.25–0.92) 0.52 (–0.05–0.84) 0.37 (–0.25–0.78)

ICC CRSN (95% CI) 0.90 (0.66–0.97) 0.79 (0.36–0.94) 0.66 (0.09–0.90)

Analysis without spatial smoothing

GRE MT on TSE MT on TSE MT off

Threshold analysis

ICC Volume (95% CI) 0.78 (0.26–0.94) 0.64 (0.07–0.90) 0.65 (0.08–0.90)

DSC Volume (SD) 0.86 (0.03) 0.72 (0.08) 0.51 (0.18)

Voxelwise analysis

ICC CRV (95% CI) 0.63 (–0.00–0.87) 0.38 (–0.21–0.79) 0.26 (–0.34–0.71)

ICC CRSN (95% CI) 0.83 (–0.45–0.95) 0.61 (0.01–0.89) 0.64 (0.06–0.90)

ICC: intraclass correlation coefficient; ICC CRv: average ICC of voxels in substantia nigra ROI for contrast ratio; ICC CRsn: ICC for
average contrast ratio in the substantia nigra ROI; DSC: Dice similarity coefficient; GRE: gradient recalled echo; MT: magnetization
transfer pulse; TSE: turbo spin echo.
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on PD have used the manual approach for volume measure-
ments.5,14,19,21,22,24 For the manual volume measurements,
the test–retest ICCs were mainly poor to slight and consider-
ably lower than the intrarater ICCs, which ranged from slight
to excellent. For the CR measurements, however, test–retest
ICCs were fair to good, while intrarater ICCs were all excel-
lent. This may indicate that the manual volume measure-
ments were more susceptible to differences in imaging slab
placement between test and retest sessions. The thresholding
method could be a better alternative for volume measure-
ments and could also be applied without the normalization
step. It is less susceptible to rater differences than the manual
volume analysis, since is detects the most intense voxels in a
large region of interest (ROI) around the SN, but variability
from imaging slab placement (in particular, angle) would
remain. The normalization step does seem to reduce the test–
retest variability, and thus reduce variability from imaging
slab placement, with a substantial ICC for the threshold
method applied in this study. Moreover, a semiautomated
approach would be less time- and labor-consuming, especially
for research studies with a large sample size. The voxelwise
method has the potential to explore the (sub)regional varia-
tion of the SN, yielding a substantial combined CRV mean
ICC, although some individual voxels, in particular those
close to the borders of the ROI, showed somewhat lower
reliability.

Limitations
In the current study all imaging slabs were placed by one per-
son (M.P.) according to a commonly used method to reduce
variation However, we still had to exclude one subject for the

voxelwise analysis due to suboptimal placement. Correct
placement of the NM-MRI is challenging and susceptible to
differences in acquisition in and between studies. This would
suggest that using a detailed volume placement protocol, such
as that described recently,33 is advisable to increase the repro-
ducibility of the NM measurements. Furthermore, the cur-
rent raters were inexperienced with NM-MRI segmentation.
We tried to overcome this by employing a segmentation pro-
tocol and a training session. However, reliability might
increase with more experience.

Another limitation might be that MRI scan parameters
such as TR and TE differed between sequences and that
adjustments might affect the reproducibility. The sequences
that we applied were based on previously published
sequences. Unpublished data from our lab has demonstrated
that increasing the TR (to 633 msec) for the GRE MT on
sequence leads to higher CR, which might improve reliabil-
ity. This is in line with data by Wengler et al, who showed
higher CR at a higher TR,33 although in that study, other
parameters such as slice thickness, were also adjusted simul-
taneously. In addition, a recent study by Liu et al showed
that optimizing the FA increased the contrast-to-noise,
which could also affect the reproducibility.39 They found a
different optimal FA for imaging the LC than for the
SN. This means that optimization of NM-MRI for SN mea-
surements may not be the same as for LC measurements.
Since the LC is also an important structure that can be visu-
alized with NM-MRI, separate (or simultaneous) studies
assessing the reproducibility and optimization of NM-MRI
of the LC are necessary.31,34,40 Further optimization of the
sequences by adjusting different MRI acquisition parameters

Figure 3: Contrast ratios (a) and ICC values (b) per voxel between test and retest measurement in the substantia nigra for the three
different NM-sequences. CR: contrast ratio; GRE: gradient recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.
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is therefore of interest. Combining such an optimization
study with postmortem research is meaningful to evaluate
the correlation with regional NM concentration and to eval-
uate the reliability for quantification of neuronal loss, for
instance in PD.

Due to the inclusion of only relatively young and
healthy subjects, the results of this study might not be gener-
alizable to other populations. In addition, when using a clini-
cal sample, such as PD patients, the reproducibility of the SN
may be decreased, since the NM signal in PD patients is
lower, leading to lower contrast and clinical symptoms may
introduce (movement) artifacts in NM-MRI images.

Conclusion
NM-MRI CR is a highly reproducible measure, especially
when using the GRE MT on sequence. Different analysis
methods can be applied for CR analyses; however, for volume
analyses the manual method is unreliable, whereas a
thresholding method shows good results. Future research with
the GRE MT on sequence is encouraged to further optimize
NM-MRI as a noninvasive measurement of neuromelanin in
the SN as a proxy biomarker for functioning of the dopamine
system in different neuropathology.
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