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Disruptions to dopamine and noradrenergic neurotransmission are noted in several neurodegenerative and psychi
atric disorders. Neuromelanin-sensitive (NM)-MRI offers a non-invasive approach to visualize and quantify the struc
tural and functional integrity of the substantia nigra and locus coeruleus. This method may aid in the diagnosis and 
quantification of longitudinal changes of disease and could provide a stratification tool for predicting treatment suc
cess of pharmacological interventions targeting the dopaminergic and noradrenergic systems. Given the growing 
clinical interest in NM-MRI, understanding the contrast mechanisms that generate this signal is crucial for appropri
ate interpretation of NM-MRI outcomes and for the continued development of quantitative MRI biomarkers that as
sess disease severity and progression. To date, most studies associate NM-MRI measurements to the content of the 
neuromelanin pigment and/or density of neuromelanin-containing neurons, while recent studies suggest that the 
main source of the NM-MRI contrast is not the presence of neuromelanin but the high-water content in the dopamin
ergic and noradrenergic neurons. In this review, we consider the biological and physical basis for the NM-MRI con
trast and discuss a wide range of interpretations of NM-MRI. We describe different acquisition and image 
processing approaches and discuss how these methods could be improved and standardized to facilitate large-scale 
multisite studies and translation into clinical use. We review the potential clinical applications in neurological and 
psychiatric disorders and the promise of NM-MRI as a biomarker of disease, and finally, we discuss the current lim
itations of NM-MRI that need to be addressed before this technique can be utilized as a biomarker and translated into 
clinical practice and offer suggestions for future research.
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Introduction
Advances in neuroimaging have afforded new opportunities to detect 
structural and functional disruptions to catecholamine networks, 

which play a critical role in the progression of several neurodegenera

tive and psychiatric disorders. It is imperative to employ advanced 

techniques to study diseases such as Parkinson’s disease, 

Alzheimer’s disease, schizophrenia and depression, for which there 

is no curative therapy. While various monoamine-based therapeutic 

strategies are used in clinical practice, it is crucial to develop biomar

kers that advance our understanding of the pathophysiology of 

neurodegenerative and psychiatric diseases, refining differential 
diagnosis, identifying symptomatic and prodromal stages, offering 
insights to prognosis and disease progression, and demonstrating 
target validation of experimental therapeutics. Dopamine and nor
adrenaline play significant roles in controlling brain states, vigi
lance, action, reward, learning and memory processes; therefore, 
biomarkers able to identify pathological changes to key structures 
in these networks are crucial, as they could have important implica
tions for patient management and delivery of clinical interventions. 
Dopamine producing neurons are mainly located in the substantia 
nigra pars compacta (SNc) (Fig. 1) and ventral tegmental area (VTA),1
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and dopaminergic signalling has been associated with modulation 
of behaviour and cognition, voluntary movement, motivation, pun
ishment and reward, sleep, dreaming, mood, attention, working 
memory and learning.2 The locus coeruleus (LC) (Fig. 1) contains 
the major proportion of noradrenergic cells, and it is involved in a 
variety of autonomic and cognitive functions, including working 
memory, learning and attention,3-5 memory consolidation and re
trieval,6,7 arousal, REM sleep behaviour, pain modulation and stress 
response.3,5,8 Given the critical role of the LC and SNc-VTA in neuro
degenerative and psychiatric diseases, there is a considerable in
centive to develop MRI techniques to assess the integrity of these 
structures in vivo with adequate sensitivity and specificity to guide 
differential diagnosis, quantify disease severity and offer insight 
into prognosis and treatment response.

Neuromelanin-sensitive magnetic resonance imaging (NM-MRI)9

has shown accurate visualization of the SNc-VTA and LC, providing 
insights into the alterations of these structures and offering a non- 
invasive and cost-efficient way to investigate the human catechol
amine function in vivo. NM-MRI allows the visualization of the 
SNc-VTA and LC due to the presence of neuromelanin (NM), a pigment 
that results from the oxidation of dopamine in the SNc-VTA, and nor
adrenaline in the LC, which serves as endogenous MRI contrast agent. 
NM normally accumulates with age, but it is relatively diminished in 
the SNc-VTA and LC of patients with neurodegenerative disorders.10,11

Several NM-MRI research studies have shown significant reductions 
in measures of NM-MRI contrast and volume of the SNc-VTA and LC 
in patients with different neurological diseases, leading to the sugges
tion that the NM-related contrast in MRI images reflects a loss of 
NM-containing neurons.12 In fact, direct comparisons between post- 
mortem NM-MRI and neuropathological findings13-15 have shown 
that NM-MRI signal intensity in the SNc-VTA and LC is closely asso
ciated with the quantity of NM-containing neurons, supporting the 
link between NM-MRI hyperintensity with the presence of NM. 
Moreover, recent studies suggest that NM-MRI can also be used in non- 
neurodegenerative conditions, such as schizophrenia and drug 
abuse,16 raising the prospect of NM-MRI being a potential biomarker 
for catecholamine function.15,17-20

While the number of studies using NM-MRI has grown substantial
ly in the past decade, there are several limitations that need to be ad
dressed before this technique is applied to clinical practice and can be 
used as a quantitative imaging biomarker. The main challenges are re
lated to the clinical interpretation of the NM contrast, how contrast 
change relates to underlying pathology, and the need for a standar
dized protocol to aid in acquisition and data processing (a critical 
gap that prevents large-scale multisite studies and translation into 
the clinic). In this review article, we discuss the various biological 
and physical contrast mechanisms associated with NM-MRI, which 
are essential for the interpretation of the NM-MRI measures. We focus 
on the technical and practical aspects of the acquisition and image 
processing, providing valuable information for researchers aiming to 
optimize and standardize these methods. We review the potential 
clinical applications, and finally, we discuss some of the challenges 
and limitations and provide recommendations for future studies.

Contrast mechanisms associated with 
NM-MRI
Biological basis

Understanding the underlying biological correlates is crucial for the 
interpretation of NM-MRI measures and for the development of 
quantitative MRI-based in vivo biomarkers for LC and SNc-VTA in
tegrity. The first publication proposing ‘NM-sensitive MRI’ found 
that the signal hyperintensities observed in a T1-weighted turbo 
spin echo sequence at 3 T corresponded well with the location of 
the LC and SNc-VTA in gross specimens.9 They also observed that 
in patients with Parkinson’s disease, the signal intensity in the LC 
and SNc-VTA was greatly reduced and concluded that reduced con
trast in NM-MRI images reflects a loss of NM-containing neurons 
and/or decreased intracellular NM content. Since then, the number 
of studies using NM-MRI have grown exponentially and most of the 
studies associate the MR contrast to the presence of the NM pig
ment. NM is a polymeric pigment present in the human CNS pro
duced from the catecholamine oxidation from the dopamine 

Figure 1 Anatomical localization of the substantia nigra and the locus coeruleus. (A) The dopamine producing neurons of the substantia nigra pars 
compacta (SNc) and ventral tegmental area (VTA) are located in the midbrain. The noradrenergic neurons of the locus coeruleus (LC) are localized 
in the upper dorsolateral pontine tegmentum bilateral to the fourth ventricle. The SNc-VTA and LC accumulate neuromelanin (NM), a dark pigment 
produced from catecholamine metabolism via iron-dependent oxidation. NM-MRI localizes in the SNc-VTA and LC as hyperintense regions (B–E). 
NM-MRI images at the levels of the SNc-VTA and LC for a healthy adult (65-year-old male) (B and C) and a patient with Parkinson’s disease (71-year-old 
male) (D and E). Figure created with BioRender.com.
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precursor L-DOPA. NM normally accumulates with age in the 
SNc-VTA and LC, but it is relatively diminished in patients with 
known LC and SNc-VTA neurodegeneration. Several studies have 
uncovered a dual nature of NM that could be protective or toxic.10,21

Intraneuronal NM can protect neurons in a couple of ways: during 
its biosynthesis, reactive catecholamines not accumulated in syn
aptic vesicles are removed from the cytosol22 and it can bind toxins 
and redox active metals.23 In contrast, NM released by dying neu
rons can contribute to the activation of microglia increasing neu
roinflammation and neurodegeneration.24 The NM pigment is 
composed of melanin, proteins, lipids and metal ions including 
iron, copper and zinc.25 NM has two iron binding sites with different 
structure and affinity for the metal that result in unusual paramag
netic properties; it is measurable by electron spin resonance26 and 
can also be detected using MRI.10

Direct comparisons between post-mortem NM-MRI and neuro
pathological findings have shown that NM-MRI signal intensities 
in the SNc-VTA13 and LC14 are closely associated with the quantity 
of NM-containing neurons, supporting the link between NM-MRI 
hyperintensity with the presence of NM. Recently, Cassidy and col
leagues15 validated that NM-MRI signal intensity in postmortem 
midbrain specimens correlated with regional NM concentration 
even in the absence of neurodegeneration. Moreover, using multi
modal imaging (i.e. PET and MRI), they showed that the NM-MRI sig
nal was related to both dopamine release in the dorsal striatum and 
resting blood flow within the SN. These recent studies suggest that 
in addition to the structural information provided by NM-MRI to lo
calize the NM-containing structures, NM-MRI can also provide 
quantitative information about the NM concentration, which can 
be used as an indirect proxy for catecholamine function. This evi
dence suggests that NM-MRI can be used to investigate dopamin
ergic and noradrenergic function, even in the absence of 
neurodegeneration. In psychiatric disorders without catechol
amine neuronal loss, NM-MRI may reflect catecholamine dysfunc
tion.16 In conditions such as psychosis and schizophrenia, 
augmented synthesis of dopamine in the SNc-VTA results in in
creased NM concentration27 which has been associated with in
creased NM-MRI signal.15,28,29

Conversely, recent studies focused on in vivo imaging of the nor
adrenergic neurons of the LC have challenged the concept that the 
contrast in NM-MRI is produced by the presence of NM. These stud
ies propose that the main source of the high signal intensity in 
NM-MRI is not the presence of T1-shortening paramagnetic mole
cules like NM, but the higher water content in the noradrenergic 
neurons.30-32 This hypothesis was supported by in vivo experiments 
with young and transgenic rodent models.31 They observed an ab
sence of a high MRI signal from the LC of Ear2−/− mice lacking nor
adrenergic neurons and suggested that cell bodies of noradrenergic 
neurons are the source of high MR signal intensity. Furthermore, 
they observed the high signal in the LC in Dbh−/− mice and in 
3-week-old mice, both of whom lack NM and concluded that the 
MR contrast is not due to NM, dopamine β-hydroxylase, or their 
binding to paramagnetic ions, blood inflow or haemoglobin, and in
stead suggested that the high density of water protons as the rele
vant source of the high MRI signal. This hypothesis has also been 
supported by a recent study aiming to unravel the contributions 
of the NM-MRI contrast which suggested that the NM-MRI contrast 
is associated with a lower macromolecular fraction in the LC (i.e. ra
tio between macromolecules and water protons).33 These findings 
have led to recent discussions on whether the neuroimaging com
munity should continue to use the term ‘Neuromelanin-sensitive 
MRI’, as the enhanced contrast in the SNc-VTA and LC is associated 

with the properties of the NM-containing neurons and not neces
sarily caused by the direct presence of NM.34,35

Lastly, given the long acquisition times, most of the studies 
using NM-MRI have used a reduced field-of-view covering just the 
brainstem. In this section, the structures containing high levels of 
NM (i.e. SNc-VTA and LC) show signal hyperintensities relative to 
other tissues. However, if the field-of-view is extended to cover 
other regions, it is possible that similar hyperintensities may be evi
dent in structures that do not contain high levels of NM (e.g. stri
atum), and future studies should investigate this aspect to assess 
the specificity of NM-MRI to NM concentration.

Physical basis

The first study describing the NM-MRI technique9 suggested that 
the source of the hyperintensity was paramagnetic T1-shortening 
effects associated with the presence of NM. This idea has been sup
ported by in vitro studies showing that the NM-iron complex pro
duces concentration-dependent T1 shortening effects.36-39

However, it has also been reported that T1 values alone cannot ac
count for the contrast seen in NM-MRI images,40,41 and therefore 
other mechanisms must contribute to the contrast.

Observations that magnetization transfer (MT) preparation of 
NM-MRI pulse sequences increases contrast between the 
SNc-VTA and surrounding brain tissue has led several authors to 
credit MT as the primary source of contrast.40,42,43 NM-MRI was ori
ginally based on a two-dimensional T1-weighted turbo spin-echo 
(TSE) pulse sequence,9 which is sensitive to intrinsic MT effects.44

Moreover, different studies have shown that explicit MT prepar
ation of different pulse sequences (including TSE, 2D and 3D gradi
ent echo (GRE) sequences) increases the contrast between the 
NM-containing structures and surrounding brain tissues, and 
therefore it is likely that MT is a primary source of NM-MRI con
trast.40,42 Furthermore, recent studies of the LC using 
MT-weighted images at 7 T showed that the LC contrast is en
hanced by applying MT preparation and suggested that 
MT-weighted sequences are the most appropriate method for visu
alizing the LC at 7 T.45,46

MT contrast is generated by the interaction between mobile 
water protons and the protons associated with tissue macromole
cules (i.e. protons bound to immobile proteins, large macromole
cules, or cellular membranes).47 Given substantial variation 
between macromolecular compositions of tissues, this interaction 
differs by tissue type and results in macromolecular-sensitive 
contrast in MT-weighted images. In NM-MRI, applying the MT prep
aration improves the observable contrast of the SNc-VTA and LC 
(Fig. 2), by providing higher saturation to adjacent tissues (due to 
higher macromolecular content) and leaving the SNc-VTA and LC 
relatively hyperintense.

The NM-MRI contrast may be the product of a combination of MT 
and T1 effects, similar to MT-based background suppression in MR 
angiography.48 This hypothesis has been supported by in vivo studies 
using quantitative MT (qMT) methods that provide quantitative 
indices of tissue structure, such as the macromolecular-to-free 
water pool size ratio (PSR). These studies showed that the SN49,50

and LC51 have lower PSR compared to surrounding tissues. Low 
PSR indicates low macromolecular content and/or high free water 
content, which is consistent with recent publications30,31,33 that 
suggest that the high signal intensities in the LC are related to the 
higher density of water protons. As described in the previous sec
tion ‘Biological basis’, Watanabe and colleagues30,31 performed 
in vivo experiments in humans and transgenic rodents that 
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provided evidence to support the hypothesis that source of the high 
MRI signal is not NM, but the higher density of water protons whose 
T1 is shortened by paramagnetic ions.

In conclusion, the SN and LC hyperintensities are the result of 
the combination of low PSR (i.e. lower macromolecular content/ 
higher free water content) and the shorter T1 relative to other 
grey matter structures (possibly due to the presence of NM and 
other metal ions). The combination of T1-weighted imaging (pre
sent in both TSE and GRE sequences) and MT-preparation results 
in saturation of white matter (due to higher PSR) and grey matter 
structures adjacent to the SN and LC (due to higher PSR and/or long
er T1) leaving these two structures relatively hyperintense.

NM-MRI acquisition
MRI sequence

TSE sequences with explicit MT contrast preparation pulse have 
shown higher sensitivity in detecting NM containing structures in 
the brain than those relying on incidental MT effects.40,42,43,50

Other studies have extended this result by applying explicit 
MT preparation pulses to 2D and 3D GRE pulse sequences to 
establish contrast between NM-containing structures and their 
surroundings.43,50,52-54 Table 1 summarizes the ranges for the 
main acquisition parameters for the mostly used TSE, 2D GRE and 
3D GRE sequences. Typical acquisition times vary between 5 and 
10 min depending on the coverage (i.e. number of slices and thick
ness), number of averages (typically three to eight) and fast imaging 
options (e.g. SENSE, GRAPPA, TSE factor). Figure 3 shows an ex
ample of NM-MRI images acquired with typical TSE, 2D GRE and 
3D GRE sequences.

To date, most of the NM-MRI studies have used a TSE sequence 
at 3 T. Although TSE sequences are relatively easy to implement in 

clinical scanners from different manufactures, they have several 
limitations. In a multi-slice TSE sequence, the slice selective excita
tion and refocusing pulses of one slice act as off-resonance pulses 
for neighbouring slices, leading to increased MT effects on signal in
tensity. However, the combination of refocusing and explicit MT 
pre-pulses can cause specific absorption rate (SAR) to impose lim
itations on the scan. If the protocol delivers SAR values higher 
than the safety limit, the MRI scanner may force modifications in 
scan parameters to reduce the SAR (such as changes in 
field-of-view, number of slices, resolution, lengthening repetition 
time or reducing the echo train length). Changes in acquisition 
parameters may limit the reproducibility of NM-MRI by adding con
founding factors. Moreover, the signal intensity obtained from 2D 
TSE is not homogeneous across slices due to the sensitivity to the 
radiofrequency (B1) field, and 2D TSE acquisitions frequently re
quire a space gap between slices. Finally, individual high resolution 
in-plane NM-MRI acquired with TSE sequences have low signal to 
noise ratio (SNR) and low contrast-to-noise ratio (CNR), and there
fore a multiple number of signal averages/acquisitions (NSA) and/ 
or thicker slice thickness (2–3 mm) are needed to compensate for 
lower SNR in these sequences at the cost of partial-volume effects 
and increased scanning times.

GRE sequences can overcome some of the limitations of the TSE 
sequences and have advantages in terms of resolution and scan- 
time. Different studies have shown that GRE sequences with MT pre- 
pulse produce similar or even higher SN and LC contrast to those 
using the TSE with MT preparation.15,43,49-53,55 These sequences de
posit a lower level of SAR without compromising contrast sensitiv
ity.53 Given the lower SAR in GRE sequences compared to TSE, 
these sequences are also more feasible to implement at 7 T45,46 to 
take advantage of the greater SNR at higher field.

Sequence optimization

The contrast in NM-MRI images can be enhanced by the choosing 
the optimal combination of imaging parameters. Since the magni
tude of MT effect depends on the offset frequency and power (i.e. 
shape, amplitude and duration) of the MT preparation pulse, opti
mizing NM-MRI contrast should benefit from examining the MT ef
fect of relevant tissues and adjusting the MT pulse to provide the 
best SNc-VTA and LC contrast. It has been shown an MT pre-pulse 
at a frequency offset in the range 1000–2000Hz provides greatest SN 
and LC contrast.45,50 Other key variables in the MT-prepared GRE se
quences are the repetition time (TR), echo time (TE) and flip angle 
(FA). The minimum TR is generally limited by the power delivered 
by the MT pre-pulse. The FA can be optimized, and a recent study 
investigating the NM contrast in the SN and LC as a function of 
the FA using a 3D GRE approach found that the FA that provided 
the best NM contrast was 15°–20° for the SNc-VTA and 20°–25° for 
the LC.56

The choice of MRI pulse sequence may also affect sensitivity to 
motion artefacts, with 3D acquisitions being generally more prone 
to motion artefacts compared to 2D acquisitions. Regardless of the 
type of sequence used, it is recommended to use thin pillows on the 
base of the coil to ensure tight fixation and minimize motion. 
Moreover, to correct for possible head motion during long 
NM-MRI scans, the multiple acquisitions should be individually 
saved for offline motion correction before averaging (i.e. online 
averaging of the images should be avoided). Using this approach, 
the individual images with severe motion artefacts can be dis
carded and head motion across measurements can be partly 
corrected.53

Figure 2 Magnetization transfer effect. (A) The water pool has a narrow 
spectrum, while the macromolecular pool has a broadened line. When a 
radiofrequency (RF) pulse is applied off-resonance (1), it will selectively 
saturate the macromolecular protons without directly affecting the free 
water protons. This saturation is then transferred to the water protons 
(2), resulting in an observed signal attenuation (3). ω0 = water resonance 
frequency. (B) Example of a 3D gradient echo (GRE) image without (left) 
and with magnetization transfer (MT) preparation at the level of the lo
cus coeruleus (arrows).

340 | BRAIN 2024: 147; 337–351                                                                                                                                  P. Trujillo et al.



Image resolution

An important aspect of the NM-MRI acquisition is the image reso
lution. The small sizes of the SNc-VTA and, particularly the LC 
(∼15 mm in length and 1–3 mm in diameter), have motivated the 
use of high-resolution at the cost of relatively low SNR and low 
CNR and higher vulnerability to motion. High in-plane resolution 
(∼0.4 × 0.4 mm2) and thick slices (∼2–3 mm) (resulting in anisotropic 
voxels) have been used in 2D TSE and 2D GRE sequences to increase 
the SNR and reduce scan times. However, this strategy is prone to 
partial volume effects (i.e. inclusion of non SNc-VTA and LC tissue 
within a voxel), particularly at the most rostral and caudal aspects 
of the SNc-VTA and LC, leading to biases in segmentation.57

Alternatively, more isotropic voxels (e.g. 0.75 mm × 0.75 mm ×  
0.75 mm at 3 T58) obtained with 3D sequences45,51,52,58 can be used 
to capture the rostro-caudal distribution of SNc-VTA and LC signal 
intensity and allow for more accurate segmentation and volumetric 
measures.

Positioning of the field-of-view

Another strategy to reduce scan times is to decrease the size of the 
field-of-view to comprise the brainstem only. However, template- 
based segmentation approaches (see the ‘Definition of the re
gions-of-interest’ section) are more challenging with reduced 
field-of-view acquisitions. Moreover, the reduced field-of-view in 
the inferior-superior direction covering just the midbrain and 

upper pons may result in the potential loss of data from the acci
dental exclusion of parts of the SNc-VTA and LC, and therefore 
the positioning of the field-of-view is critical. Most studies have 
placed the field-of-view perpendicular to the floor of the fourth ven
tricle (Fig. 4B), while others have placed the field-of-view along the 
anterior commissure-posterior commissure (AC-PC) line15,59

(Fig. 4C). While the volume placement perpendicular to the floor 
of the fourth ventricle may provide less partial volume effects 
than AC-PC alignment, the AC-PC line is a clearly defined landmark, 
and this alignment was shown to provide excellent reproducibility 
and test-retest reliability.55 Recently, Wengler and colleagues pro
posed a detailed NM-MRI volume placement procedure based on 
distinct anatomical landmarks to improve within-subject and 
across-subject repeatability and reproducibility, and recom
mended quality control checks to ensure usable data, providing a 
foundation for the optimization and standardization of 
NM-MRI.55,60

Left–right asymmetries

Finally, some studies have reported left/right asymmetries in the 
NM-MRI contrast. Studies using Philips scanners have observed 
higher LC contrast on the right side,51,61 while other studies using 
3 T Siemens scanners have shown opposite asymmetry,58,62 sug
gesting that the asymmetry is not related to biological left/right dif
ferences, and that there could be a bias introduced by the direction 

Figure 3 Representative neuromelanin (NM)-MRI images acquired with typical 3D gradient echo (GRE), 2D GRE and turbo spin-echo (TSE) sequences. 
(A and E) Sagittal, coronal and axial reconstructions of 3D GRE NM-MRI showing the location of the substantia nigra (SN) (top) and locus coeruleus (LC) 
(bottom). (B and F) 3D GRE sequence [repetition time (TR)/echo time (TE) = 25/2.9 ms, flip angle = 16, field of view (FOV) = 210 × 170, resolution = 0.6 × 0.6, 
slice thickness = 1, 45 slices, magnetization transfer (MT) pulse: single-lobed sinc-gauss pulse, duration = 11 ms, offset frequency = 2000 Hz, αMT =  
480°; four acquisitions, total scan duration = 6:58 min]. (C and G) 2D GRE sequence (TR/TE = 420/6.1 ms, flip angle = 60, FOV = 210 × 170, resolution =  
0.6 × 0.6, slice thickness = 3, 15 slices, MT pulse: single-lobed sinc-gauss pulse, duration = 11 ms, offset frequency = 2000 Hz, αMT = 480°; four acquisi
tions, total scan duration = 8:00 min). (D and H) TSE sequence (TR/TE = 670/12 ms, flip angle = 90, FOV = 210 × 170, resolution = 0.6 × 0.6, slice thickness = 3, 
15 slices, TSE factor = 8, MT pulse: single-lobed sinc-gauss pulse, duration = 23 ms, offset frequency = 2000 Hz, αMT = 600°; four acquisitions, total scan dur
ation = 6:10 min). All images were acquired from the same healthy participant (24-year-old male) as oblique slices covering the midbrain and pons oriented 
perpendicular to the floor of the fourth ventricle.

Table 1 Typical acquisition parameters for neuromelanin (NM)-MRI based on turbo spin echo (TSE), 2D gradient echo (GRE) and 3D 
GRE sequences

Sequence TR (ms) TE (ms) FA (degrees) In-plane resolution Slice thickness

TSE 500–1000 9–15 90 0.4 × 0.4–0.8 × 0.8 mm2 2–3 mm
2D GRE 260–500 2–6.5 40–60 0.4 × 0.4–0.7 × 0.7 mm2 1.5–3 mm
3D GRE 26–62 2–8 12–30 0.4 × 0.4–1.5 × 1.5 mm2 0.7–2 mm

FA = flip angle; TE = echo time; TR = repetition time.
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of the magnetic field. These asymmetries could also be related to B1 

field variations, and future NM-MRI imaging studies should investi
gate this issue further and incorporate field corrections.

In conclusion, NM-MRI is critically dependent on the acquisition 
sequence and parameters. Future studies should evaluate the opti
mal combination of imaging parameters (i.e. power and frequency 
offset of the MT-pulse, repetition time (TR), echo time (TE), flip an
gle, size and placement of the field-of-view, in-plane resolution, 
slice thickness and minimum number of signal averages). It is es
sential to reach expert consensus on technical guidelines for the 
image acquisition. This will allow multicenter data collection and 
lead to a better validation of NM-MRI as an effective biomarker.

NM-MRI image analysis
Definition of the regions-of-interest

Most of the studies using NM-MRI have performed the image ana
lyses in subject space. The first step in processing the NM-MRI 
images is the identification of the regions-of-interest (ROI) for the 
SNc-VTA and LC. In most studies, the SNc-VTA complex is segmen
ted together as it is difficult to define the border between SNc and 
VTA, and most authors refer to this region as simply SN or SNc. 
For the SNc-VTA segmentation, several studies have used a manual 
contour drawing of the SNc-VTA based on the observed signal hy
perintensity (Fig. 5A)63-69 which is thus subject to operator bias, 
low reproducibility and a significant amount of manual work. 
Other studies have defined ROIs in subregions of the SN using circu
lar cursors at locations of the lateral, central and medial parts of the 
SN (Fig. 5B).70-75 Others have proposed automatic/semi-automatic 
methods to delineate the SNc-VTA (Fig. 5C and D).52,54,76-81

Recently, atlas-based segmentation82,83 and deep learning 
methods84-86 have been proposed as promising approaches to ac
count for the inter-subject and inter-operator variability.

The small size of the LC and its position close to the fourth ven
tricle make segmentation more challenging. In some studies, the LC 
has been identified manually,9,54,70,71,74 while others employed 
semi-automated51,53,80,87-89 (Fig. 5E–J) and automated76 methods. 
Keren and colleagues90 proposed a probabilistic map of the LC in 
standard Montreal Neurological Institute (MNI) coordinate space 
and several studies have used these coordinates to identify the loca
tion of the LC.91 Semi-automated LC segmentation can also be 

performed through the creation of group-average NM-MRI templates 
where the LC can be easily identified.58,62 The resulting LC ROI can 
then be spatially transformed to subject space using accurate 
co-registration. Recently, a study using high-resolution (0.4 × 0.4 ×  
0.5 mm) MT-weighted images at ultrahigh field 7 T MRI proposed a 
probabilistic LC atlas for older adults.92 The contrast and variance 
along the LC atlas mirrored distinctive ex vivo spatial distributions 
of LC cells in its subregions. Using accurate co-registration, this atlas 
can be transformed to each subject’s native space to facilitate accur
ate LC localization in future studies.

Quantitative measures

MRI studies with NM-MRI sequences have consistently demon
strated the presence of a significant reduction of NM-related signal 
in the SN (SNc-VTA) and LC in patients with neurodegenerative 
conditions compared to age-matched healthy controls. To quantify 
these signal reductions, different studies have used various out
come measures such as SN area, SN volume, SN width and SN 
(and LC) contrast ratio to a reference adjacent tissue (Fig. 6).

The area of the SN has been generally obtained from 2D TSE 
images and has been manually traced or defined by the number 
of voxels in the mesencephalic region with signal intensity values 
higher than a specified threshold in one or two slices.54,77,93-98

This measure, however, is critically dependent on the selected slice 
(or slices) which can vary between subjects and, given the slice 
thickness used in 2D TSE sequences (2–3 mm), is prone to partial 
volume effects. In addition to the SN area, some studies have also 
used manual width measurements to investigate pattern changes 
in the different segments of the SN.94,99-102

SN volume measures have been obtained from 2D and 3D 
images. The SN has been defined manually,63,65-67,69,103,104 semi- 
automatically,52,81,105 or automatically76 in multiple slices where 
the SN hyperintensity is observed, and the volume is calculated 
as the number of voxels multiplied by voxel size (i.e. in-plane reso
lution and slice thickness). SN volume measures have also several 
limitations since most of the reports used a 2D TSE sequence which 
is prone to partial volume effects and signal inhomogeneities 
across slices. Moreover, the volume measures from manually de
fined SN provide subjective measures. 3D sequences that use 
more isotropic voxels and automatic SN segmentation approaches 
should provide more accurate (and less subjective) volumetric 
measures.52

Figure 4 Typical placement of the field-of-view in neuromelanin (NM)-MRI acquisitions. (A) Sagittal T1-weighted image showing the anterior 
commissure-posterior commissure (AC-PC) line (blue line) and the floor of the fourth ventricle (red line). (B) Field of view (yellow box) positioned 
with the transverse slices oriented perpendicular to floor of the fourth ventricle. (C) Field of view (yellow box) positioned with the transverse slices 
were oriented along the AC-PC line. The field of view in B and C have the same size and cover both the substantia nigra (SN) and locus coeruleus 
(LC), but the orientation of the transverse slices is different.
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Most of the NM-MRI studies have normalized the SN (and LC) sig
nal intensity to that of a neighbouring reference region to calculate 
the contrast ratio (CR). The great majority use CR calculated as 
CR = (SSN – Sref) / Sref, where SSN represents the mean signal intensity 
of the SN and Sref the mean signal intensity of a reference region, 
generally in the cerebral crus (CC). The same formulation has also 
been referred to as magnetization transfer contrast (MTC)80 or 
contrast-to-noise ratio (CNR).106 Additionally, one study calculated 
CR as CR = SSN / Sref,

54 and other studies calculated CNR as follows: 
CNR = (SISN – SIref) / SDref, where SI represents mean signal intensity 
and SDref is the standard deviation of the signal in the reference re
gion.53,81 Similar measures have been used to calculate the CR of 
the LC relative to a reference region, generally located in the pontine 
tegmentum. Generally, the CR measures are obtained for each slice 
and each side separately and then averaged to obtain a global meas
ure. While the CR shows differences between patients and controls, 
this approach also has several limitations. In most cases, it does not 
examine the entire SN, but only one or few slices, and there is vari
ability for the location and orientation of these slices. There is also 
variability in the location and size of the reference regions. 
Moreover, as described in the previous section, the SN is generally 
segmented using manual, semi-automatic and automatic methods 
that depend on the SN signal hyperintensity. In patient populations, 
there is signal loss in the SNc-VTA and LC, and therefore the borders 
of these structures are difficult to define. This may bias the analysis 
by excluding impacted portions of the SNc-VTA and LC that have de
creased signal, and therefore valuable information about affected re
gions is lost. This results in an overestimation of the CR in patients 
that is the direct result of the CR reliance on ROI definition.

Voxel-wise analyses

Some studies have obtained the CR for subregions for the SN to 
investigate the progression of the neurodegenerative process 
within the SN70-75,102,107,108 which is not uniform throughout 

the structure. To obtain a more detailed assessment of the sub
regional variation on NM-MRI signal within the SNc-VTA, re
cent studies have proposed voxel-wise analyses to capture 
fine-grained anatomical information and identify the subre
gions most affected by pathology15,29,59 (Fig. 7). In these ap
proaches, the NM-MRI images are normalized to a standard 
space, and the ROIs are defined from a NM-MRI template ob
tained from the average of a large dataset avoiding the bias 
from defining the ROIs based on each-subject’s images. The 
CR is calculated for each voxel in the SNc-VTA ROI as 
CR = (ISN – Mode(Iref)) / Mode(Iref), where ISN represents the sig
nal intensity of each voxel in the SNc-VTA and Mode(Iref) is 
the mode of the signal intensity of the reference region in the 
CC, as the mode has been shown to be more robust to outlier 
voxels than the mean or median. The voxel-wise methods are 
fully automated and require only a few minutes to conduct, 
minimizing impediments to its wide-scale use as a routine clin
ical and screening tool.

Harmonization

The optimization of NM-MRI as a generalizable biomarker for 
catecholamine function requires large-scale samples demand
ing harmonization approaches to combine data collected from 
multiple sites. However, combining MRI data from multiple 
sites can introduce non-biological variability from differences 
in image acquisition related to hardware (e.g. MRI scanner 
vendor or head coil) or software (e.g. pulse sequence para
meters). Recently, Wengler and colleagues109 have proposed a 
method to harmonize NM-MRI data to effectively remove non- 
biological variability while maintaining biologically relevant 
variability (e.g. associated with age). This method has produced 
improvements in statistical power and reproducibility facilitat
ing large-scale multisite studies to develop NM-MRI-based 
biomarkers.

Figure 5 Definition of the regions of interest for the substantia nigra pars compacta-ventral tegmental area (SNc-VTA) and locus coeruleus (LC). 
(A) Manual definition of the SNc-VTA (red) and refence region in the cerebral crus (CC) (yellow) based on observed signal intensity. (B) Reference region 
(yellow) and subregions of the SN (red) using circular cursors at locations of the lateral, central and medial parts of the SN. (C–D) Semiautomatic def
inition SNc-VTA: (C) The CC region (yellow) is defined on each side on each slice where the SNc-VTA is visible; then for each slice, a binary map is de
fined as the voxels in the mesencephalic region with signal intensity greater than MNCC + 3×SDCC, where MNCC and SDCC are the mean and standard 
deviation for the background region of interest (ROI) located in the cerebral crus on the corresponding slice and side. (D) Finally, the ROIs for the SN are 
then defined on the binary map. (E–J) Semiautomatic definition of the region of interest for the LC: (E) Axial view of the pons; the dashed line indicates 
the level of the coronal view shown in F, and the arrows indicate the location of the LC. (F) Coronal view of the LC (arrows). (G) Initial ROIs around the LC 
and reference ROIs in the on the left (red) and right (yellow) sides; (H) Coronal view of the initial LC ROIs. (I–J) Final LC ROI consisting of the contiguous 
voxels (for each slice and side) with the highest signal intensity within the initial ROI.
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Potential clinical applications of NM-MRI 
in neurological and psychiatric disorders
Parkinson’s disease

NM-MRI shows that the volume and contrast ratio (CR) of the SNc-VTA 
and LC are decreased in Parkinson’s disease patients compared to 
healthy controls (Fig. 1) with good sensitivity and specificity.110,111

NM-MRI signal is decreased even in early and pre-symptomatic stages 
of Parkinson’s disease112-114 and diminishes with disease duration and 
severity.9,54,74,75,81,115 NM-MRI shows reductions in the SNc-VTA that 
progress from the lateral to central and medial regions.102,116

Longitudinal studies found reductions in the total volume and CR of 
the SNc of Parkinson’s disease patients over the course of 2–3 
years.68,75,117 Furthermore, NM-MRI measures have been associated 
with motor69,118-120 and non-motor symptoms.116,121-123

Parkinson’s ‘plus’ disorders

NM-MRI is also useful in detecting SNc and LC changes in other par
kinsonian disorders, including multiple system atrophy, progres
sive supranuclear palsy and corticobasal degeneration, for which 

early-stage discrimination can be difficult.66 NM-MRI has been 
shown to detect differences in signal intensity in both the lateral 
SNc and LC among multiple system atrophy, progressive supra
nuclear palsy and Parkinson’s disease in their early stages.75 The 
signal in the NM-sensitive area of the SNc has been shown to be 
lower in progressive supranuclear palsy than in Parkinson’s disease 
patients.98 The NM-MRI CR in the LC has also been shown to be sig
nificantly lower in progressive supranuclear palsy compared to 
Parkinson’s disease,124 and it has been suggested that NM-based 
SNc volume serves to differentiate progressive supranuclear palsy 
from Parkinson’s disease,125 indicating that NM-MRI could poten
tially be used as diagnostic tool to differentiate parkinsonisms.

REM sleep behaviour disorder

NM-MRI has also proven useful in mapping spatiotemporal 
changes in patients with REM sleep behaviour disorder 
(RBD).116,126,127 Patients with RBD have a highly increased risk of la
ter developing Parkinson’s disease, dementia with Lewy bodies, 
multiple system atrophy and mild cognitive impairment.128-130

NM-MRI studies investigating RBD patients showed a reduction in 

Figure 6 Neuromelanin (NM)-MRI outcome measures. (A) The area of the substantia nigra (SN) is defined by the number of voxels in the mesencephalic 
region with signal intensity values higher than a specified threshold in one or two slices. (B) The SN is defined manually, semi-automatically or auto
matically in multiple slices where the SN hyperintensity is observed, and the volume is calculated as the number of voxels multiplied by voxel size (i.e. 
in-plane resolution and slice thickness). (C) The length line is defined following the maximal longitudinal length of the SN area and is divided into three 
equal segments defining the lateral, central and medial parts of the SN. The maximal width of each part of the SN is measured perpendicular to the 
length line. (D) The contrast ratio (CR) is calculated as CR = (SSN – Sref) / Sref, where SSN represents the mean signal intensity of the SN and Sref the mean 
signal intensity of a reference region, generally in the cerebral crus; other studies calculate the contrast-to-noise ratio (CNR) as CNR = (SISN – SIref) / SDref, 
where SI represents mean signal intensity and SDref is the standard deviation of the signal in the reference region.

Figure 7 Example of voxel-wise analysis. (A) Template neuromelanin (NM)-MRI image created by averaging the spatially normalized NM-MRI images 
from 30 individuals in Montreal Neurological Institute (MNI) space (top: axial, bottom left: sagittal, bottom right: coronal). (B) Map of substantia nigra pars 
compacta-ventral tegmental area (SNc-VTA) voxels, where NM-MRI contrast ratio was different between Parkinson’s disease patients and age- 
matched healthy controls (thresholded at P < 0.05, voxel level) overlaid on the NM-MRI template.
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NM-sensitive volume and signal intensity in the SNc-VTA com
pared to controls,86,104 and SNc-VTA volume loss was equal to or 
lower than those with Parkinson’s disease.86,116 NM-sensitive sig
nal changes first appear along the posterolateral motor areas of 
the SNc and then progress to more medial areas.116 RBD is also as
sociated with LC dysfunction,88,89,131 and LC NM-imaging could po
tentially be used as a biomarker in patients at risk of developing 
neurogenerative conditions.

Alzheimer’s disease

The LC undergoes significant neuronal loss in patients with 
Alzheimer’s disease, which correlates with both disease severity and 
duration.132-135 Neuronal loss is most evident in the rostral and middle 
portions of the LC, and volume loss across the LC aligns with Braak 
staging.134,136-138 Updated Braak staging methods suggest that in 
Braak stage I, roughly 15% of LC neurons are tau positive,139 and those 
positive cells have significant reductions in synaptic connectiv
ity.140,141 NM-MRI CR in the LC is reduced in Alzheimer’s disease pa
tients compared to age-matched controls, and it is significantly 
correlated with cognitive decline and disease severity.142-144

Psychiatric disorders: depression, schizophrenia and 
drug addiction

NM-containing structures have also been implicated in a variety of 
psychiatric disorders. In schizophrenia, the CR of the SNc has been 
shown to be significantly elevated compared to controls.145,146 In 
patients with depression, the CR in the LC is significantly lower in 
the rostral and middle portions compared to controls.147,148

Compared with control subjects, cocaine users show significantly 
increased NM-MRI signal in ventrolateral regions of the SN.29

These findings suggest that in addition to its use as a marker of 
neuronal loss in neurodegenerative conditions, NM-MRI could pos
sibly also be used as a marker of catecholamine function in a variety 
of psychiatric research.16,29,59,149,150

Ageing

In healthy subjects, the NM signal in the LC shows an inverted 
U-shape, in which the signal increases until approximately age 60 
and then slowly decreases as subjects continue to age.9,62,151 The 
same inverted U-shape was found for NM signal in the SNc-VTA, al
though the peak tends to be closer to 50 years of age and declines slow
ly after.152 NM-MRI has also recently been used to associate LC integrity 
and cognition, showing that in a large cohort of older males (aged 62– 
71), lower LC integrity is associated with poorer episodic memory, gen
eral verbal fluency and processing speed, as well as increased odds of 
amnestic mild cognitive impairment (aMCI) daytime dysfunction.153

NM-MRI as a quantitative imaging 
biomarker
A biomarker has been defined as ‘a characteristic that is objectively 
measured and evaluated as an indicator of normal biological pro
cesses, pathogenic processes or pharmacologic responses to a 
therapeutic intervention’.154 A biomarker can be used for diagnosis, 
prognosis, staging or prediction and monitoring of the clinical re
sponse of a disease to a therapeutic intervention. Extending this 
concept, a quantitative imaging biomarker is an objective charac
teristic derived from an in vivo image measured on a ratio or interval 
scale as an indicator of normal biological processes, pathogenic 

processes or a response to a therapeutic intervention. 
Quantitative imaging biomarkers are sensitive, specific, accurate 
and reproducible imaging measures of biological processes that 
can be used in disease diagnosis, treatment planning and new 
therapeutic development, should provide clinically relevant infor
mation, and be validated by demonstrating the association be
tween the measured biomarker value and a physiologic, 
pathophysiologic or therapeutic response. While there is a growing 
body of evidence that NM-MRI can be useful in the detection and 
monitoring of different neurodegenerative and psychiatric dis
eases, NM-MRI does not yet have the validation necessary to be 
considered a quantitative imaging biomarker, and it is not ready 
to be incorporated into routine clinical practice or therapeutic 
trials. It is insufficiently supported by histological correlation stud
ies, and only a few studies have evaluated the sensitivity, specifi
city, accuracy and reproducibility of this technique.

Systematic reviews and meta-analyses have shown good diag
nostic performance of NM-MRI for differentiating patients with 
Parkinson’s disease from healthy controls. The first meta-analysis 
showed a pooled sensitivity of 0.82% [95% confidence interval (CI), 
0.74–0.87] and a pooled specificity of 0.82 (95% CI, 0.73–0.89),111

while a second more recent meta-analysis that included newer 
studies and increased the number of individuals showed a pooled 
sensitivity of 0.89 (95% CI, 0.86–0.92) and a similar pooled specificity 
of 0.83 (95% CI, 0.76–0.88). The authors concluded that NM-MRI pro
vides a valuable tool for the diagnosis of Parkinson’s disease, but gi
ven the large variability in the methods used by the different 
studies in terms of image acquisition and measurements, they re
commended NM-MRI protocol standardization and large-scale 
multi-site validation. Another recent meta-analysis performed a 
quantitative synthesis of studies investigating NM-MRI in schizo
phrenia,145 and the results showed that the NM-MRI CR in the SN 
were significantly higher in patients with schizophrenia compared 
to controls, but the study did not present data regarding sensitivity, 
specificity and accuracy. The authors concluded that NM-MRI is a 
candidate biomarker for dopamine dysfunction in schizophrenia, 
but further studies are needed to assess this marker in large, longi
tudinal cohorts and address potential effects of disease state, medi
cation and correlations with symptoms.

A common conclusion from most of the studies using NM-MRI is 
that this method is a promising tool but requires further validation 
and development of harmonization protocols to facilitate 
large-scale multisite studies necessary for biomarker development. 
The search for imaging biomarkers is an active and promising field 
of research, and the interest in NM-MRI continues to increase, 
which is evident by the number of publications using NM-MRI. 
Given the promising results from the growing number of studies, 
we consider that NM-MRI has the potential to become a biomarker 
of dopaminergic and noradrenergic function in neurodegenerative 
and psychiatric disorders, but further efforts are necessary to es
tablish NM-MRI as a biomarker. Much remains to be done to valid
ate NM-MRI against histopathological data, assess the correlation 
with clinical status and disease progression, and determine the 
sensitivity, specificity and reproducibility of this method. In the 
last section, we describe some of the current limitations and pro
vide some recommendations for future directions.

Limitations and recommendations
NM-MRI is a promising diagnostic tool and could have the potential 
to become a component of a precision medicine approach to neuro
degenerative and psychiatric diseases. NM-MRI could provide a 
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stratification tool for predicting treatment success of pharmaco
logical intervention studies targeting the dopaminergic and nora
drenergic systems. To date, however, the studies using NM-MRI 
have only shown group differences, and it is not readily available 
to evaluate disease status in individuals. Currently, the sensitivity 
and specificity of NM-MRI measurements are not sufficient for clin
ical differential diagnosis, and before this technique is incorporated 
into clinical practice, there are some limitations that need to be 
addressed.

One of the main limitations of NM-MRI is that it is lacking a stan
dardized protocol for the acquisition and processing of data, a crit
ical step in facilitating large-scale multisite studies and translation 
into the clinic. The results from studies using NM-MRI are heteroge
neous, with inconsistencies between studies, particularly regard
ing the relationship between changes in NM-MRI signal and 
disease progression. These differences could be explained by rela
tively small sample sizes, heterogenous patient sample (e.g. pa
tients at different stages) and differences in image acquisition 
and processing. NM-MRI is critically dependent on the acquisition 
sequence and scan parameters. Multiple acquisition protocols, in
cluding 2D TSE, and 2D GRE and 3D GRE sequences, have been 
used, but to date no study has systematically compared the acqui
sition approaches, and future studies should evaluate the optimal 
combination of imaging parameters (i.e. power and frequency off
set of the MT-pulse, TR, TE, flip angle, size and placement of the 
field-of-view, in-plane resolution, slice thickness and minimum 
number of signal averages). Moreover, it is essential to reach expert 
consensus on technical guidelines for the image acquisition that 
will allow multicentre data collection and lead to a better validation 
of NM-MRI as an effective biomarker. Assessments for reproducibil
ity, repeatability, sensitivity, specificity and inter-vendor compari
sons still need to be rigorously pursued before clinical adoption.

An important aspect that deserves further investigation is the 
age-related patterns in NM-MRI signal intensity across the lifespan. 
Initial studies have suggested an inverted U-shaped cross-sectional 
relationship with age,62 replicating the U-shaped cross-sectional 
development of NM deposits observed in post-mortem tissue.11

The inverted U-shape has been suggested to reflect increasing 
NM content due to continuous dopamine and noradrenaline pro
ductions during adulthood prior to the advent of age-related neuro
degeneration and onset of disease. Future studies should 
investigate whether higher signal intensities in older adults re
present more intact neurons in the SN and LC, and whether other 
mediating factors for interpreting NM-MRI signal must be consid
ered in different age groups or clinical populations. To date, the 
sample size of most of the NM-MRI studies are too small to investi
gate cross-sectional age effects, and studies with larger cohorts62

are necessary to investigate such relationships.
Understanding the contrast mechanisms associated with 

NM-MRI should facilitate the clinical interpretation of the mea
sures derived from these images. In neurodegenerative conditions, 
it has been generally assumed that the decreased contrast in 
NM-MRI reflects the loss of pigmented dopaminergic neurons in 
the SNc-VTA and noradrenergic neurons in the LC. However, the 
mechanism by which the presence of NM might give rise to signal 
hyperintensities on MRI, and the nature of the relationship be
tween a loss of hyperintensity and cellular integrity of SNc-VTA 
and LC tissues are still unclear. Moreover, neurodegenerative dis
eases are also characterized by concurrent pathological processes 
such as an overall increase of iron content throughout the 
SN,155-158 protein aggregation (i.e. Lewy bodies, tau) and neuroin
flammation that may confound the observed signal. NM-MRI, like 

other MRI contrast mechanisms, is determined by processes occur
ring on molecular and atomic scales and, as a result, it is not specific 
to any single cellular mechanism. The contrast within a voxel re
presents a combination of cell types, cellular compartments or 
even different tissues, and thus, interpretation of NM-MRI results 
should benefit from supporting data from in vivo, post-mortem, in 
vitro and clinical studies159 requiring the multidisciplinary collabor
ation of experts in neurodegenerative diseases, imaging, neuro
pathology and cognition. For example, combining post-mortem 
multimodal MRI and histological labelling160 could provide new in
sights into the underlying biological processes driving in vivo 
NM-MRI results. Recent studies combining quantitative histology 
and quantitative MRI on post-mortem human brain tissue159,161,162

showed dominant contributions from the effective transverse re
laxation rate (R2*) in the NM of dopaminergic neurons and sug
gested that the R2* contribution from dopaminergic neurons 
reflects the product of cell density and cellular iron concentration. 
These multidisciplinary efforts can provide a deeper understanding 
into how NM-MRI contrast relates to biological processes and the 
pathophysiology of different neurodegenerative diseases. 
Moreover, integrating in vivo imaging with other multiparametric 
assessments such as fluid biomarkers (e.g. alpha-synuclein seed 
aggregation assay163) can provide further validation and could like
ly replace traditional and more simplistic approaches to decision- 
support systems that are currently used in clinical practice.

NM-MRI has the potential to provide insights into the mechan
isms underlying catecholamine dysfunction, but currently fails to 
completely characterize specific biological and pathological 
changes such as NM content, neuronal loss, protein aggregation 
and neuroinflammation, limiting its scalability and use in deter
mining the effect of disease-modifying therapies. The last decade 
has seen new advances in other quantitative MRI techniques, in
cluding quantitative magnetization transfer (qMT), quantitative 
susceptibility mapping (QSM) and multi-compartmental diffusion 
MRI that may allow detection and quantification of different patho
logical changes in vivo. Future studies should integrate multiple ad
vanced neuroimaging modalities sensitive to different metrics to 
disassociate the contributions from different cellular compart
ments (e.g. myelin, intra- and extra-cellular free water) and to in
crease our ability to interrogate specific mechanisms of neuronal 
and glial dysfunction.114

Future studies should also combine MRI with other imaging mo
dalities such as PET to investigate the relationship between 
NM-MRI signal and dopamine function along the nigrostriatal net
work. A couple of studies have investigated the relationship be
tween neuromelanin-sensitive MRI findings and striatal 
dopamine terminal loss as measured by I-FP-CIT SPECT123 and 
have shown a positive correlation with the corresponding striatal 
I-FP-CIT binding.65,81,123 A recent study has assessed NM-MRI signal 
in the SN and dopamine-release in the dorsal striatum in healthy 
adults (as measured with 11C-raclopride) and inferred a relation
ship between greater D2-like receptor displacement and NM-MRI 
contrast.15 Additionally, Depierreaux and colleagues164 linked 
NM-contrast to increased putaminal dopamine synthesis capacity. 
A more recent study found correlations between CR values and the 
standardized uptake value ratio (SUVR) of the posterior putamen 
using 18F-FP-CIT PET in early-stage Parkinson’s disease.165 These 
findings suggest that loss of SN signal in NM-MRI is associated 
with loss of striatal dopamine function and that it can potentially 
be used as a biomarker of nigrostriatal dysfunction.

One of the main goals of future research is to set up carefully de
signed longitudinal and multi-site studies in large cohorts of 
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healthy subjects and patients appropriately phenotyped to assess 
how the NM-MRI signal is related to brain changes resulting from 
neurodegeneration or catecholamine dysfunction. Previous studies 
have revealed moderate to high reproducibility of NM-MRI mea
sures.58,61,80 Recently, Wengler et al.55,60 proposed a detailed guide
line for the image acquisition and analysis and provided 
recommendations for performing NM-MRI experiments with high 
quality and reproducibility, providing a foundation for the opti
mization and standardization of NM-MRI and facilitating 
large-scale multi-site studies and translation into the clinic. 
Moreover, harmonization methods that effectively remove non- 
biological variability, while maintaining biologically relevant vari
ability, should be used when combining NM-MRI data across sites 
and scanners.109 Lastly, in an era of artificial intelligence and 
deep learning techniques, advancements in this field could be 
exploited for NM-MRI optimization.84,86,166,167

In conclusion, NM-MRI is a promising non-invasive and 
cost-effective tool to investigate human dopaminergic and nora
drenergic function in vivo, with a wide range of potential clinical 
applications in neurodegenerative and psychiatric disorders. It 
has the potential to become a clinically useful biomarker if further 
evaluated for performance (accuracy, sensitivity, specificity), repro
ducibility, biological and clinical interpretation. The technical val
idation should establish if NM-MRI can be obtained reliably at 
different sites using different scanners, and efforts should be 
made to harmonize data acquisition and processing. The biological 
validation should provide evidence that the NM-MRI measures are 
associated with dopaminergic and noradrenergic function, and the 
clinical validation should determine the relationship between the 
imaging measures and the clinical status and progression of pa
tients with neurodegenerative and psychiatric disorders.
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