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A B S T R A C T   

The dopamine system in the brain is involved in a variety of neurologic and psychiatric disorders, such as 
Parkinson’s disease, attention-deficit/hyperactivity disorder and psychosis. Different aspects of the dopamine 
system can be visualized and measured with positron emission tomography (PET) and single photon emission 
computed tomography (SPECT), including dopamine receptors, dopamine transporters, and dopamine release. 
New developments in MR imaging also provide proxy measures of the dopamine system in the brain, offering 
alternatives with the advantages MR imaging, i.e. no radiation, lower costs, usually less invasive and time 
consuming. This review will give an overview of these developments with a focus on the most developed 
techniques: pharmacological MRI (phMRI) and neuromelanin sensitive MRI (NM-MRI). PhMRI is a collective 
term for functional MRI techniques that administer a pharmacological challenge to assess its effects on brain 
hemodynamics. By doing so, it indirectly assesses brain neurotransmitter function such as dopamine function. 
NM-MRI is an upcoming MRI technique that enables in vivo visualization and semi-quantification of neuro-
melanin in the substantia nigra. Neuromelanin is located in the cell bodies of dopaminergic neurons of the 
nigrostriatal pathway and can be used as a proxy measure for long term dopamine function or degeneration of 
dopaminergic neurons. Both techniques are still primarily used in clinical research, but there is promise for 
clinical application, in particular for NM-MRI in dopaminergic neurodegenerative diseases like Parkinson’s 
disease.   

1. Introduction 

Visualization of the dopamine system in the brain is of interest due to 
its role in a variety of neurologic and psychiatric disorders, such as 
Parkinson’s disease (PD), attention-deficit/hyperactivity disorder 
(ADHD) and psychosis. Apart from its role in pathology, dopamine is 
crucial for physiologic brain functions, e.g. motor control, reward and 
cognitive functions such as working memory. There is a wide variety of 
radioligands available to image different aspects of the dopamine system 
using positron emission tomography (PET) and single photon emission 
computed tomography (SPECT). It is possible to obtain measurements of 
dopamine production, storage, and reuptake capacity and of different 
types of dopamine receptors (D1, D2 and D3). These imaging techniques 
are frequently used in research setting and have provided great insight 

in brain function. It is clear now that an optimal balance between 
dopamine levels and dopamine receptors is necessary in different re-
gions and that either too much (such as during stress or after amphet-
amine stimulation) or too little (such as in aging and neurodegeneration) 
leads to impaired cognitive function [1]. For example, we now know 
that the hallucinations and delusions in psychosis are related to 
increased dopamine production in the striatum [2]. This explains why 
blocking dopamine D2 receptors and decreasing dopamine signal 
transduction with antipsychotics reduces these symptoms. 

In the clinical setting, imaging of the dopamine system is primarily 
applied in diseases with dopaminergic neurodegeneration, such as PD, 
progressive supranuclear palsy, multiple system atrophy and Lewy body 
dementia. The most common clinical indications are (1) to distinguish 
neurodegenerative parkinsonian disorders (usually PD) from non- 
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neurodegenerative parkinsonian disorders (e.g. essential tremor, 
vascular parkinsonism or medication induced parkinsonism) and (2) to 
distinguish Lewy body disease dementia from Alzheimer’s disease. In 
the case of PD, more than 30 percent of the dopaminergic neurons in the 
nigrostriatal pathway have been lost at onset of symptoms [3] and this 
can be visualized. The most commonly used radioligands are [123I] 
FP-CIT (also known as DaTscan) for SPECT and [18F]FDOPA for PET, 
although other radioligands may also be applied. [123I]FP-CIT binds to 
the dopamine transporter and [18F]FDOPA is taken up by dopa decar-
boxylase, an enzyme involved in the production of dopamine. Both 
techniques visualize the presynaptic dopaminergic neurons in the 
striatum and provide a sensitive measure of dopaminergic cell loss in 
neurodegeneration. 

Whereas PET and SPECT are very useful for these different measures 
of the dopamine system, their disadvantages are that they are costly, 
lead to radiation exposure and are usually more time consuming than 
magnetic resonance imaging (MRI). Over the last decade, new tech-
niques have been developed that provide both direct and indirect 
measures of the dopamine system. For example, invasive techniques like 
fast-scan cyclic voltammetry have been applied in the human brain to 
assess dopamine fluctuations in patients that underwent DBS surgery 
[4]. But also novel MRI techniques have emerged that enable us to 
visualize the dopamine system. One technique that is promising, but still 
in the stage of preclinical research, is the use of 
neurotransmitter-responsive nanosensors that can be imaged using 
T2-weighted MRI [5]. Other MRI methods have advanced to the clinical 
research stage and they provide a great opportunity for studying the 
dopamine system in different populations such as children and for per-
forming longitudinal studies with multiple measures, with great po-
tential for clinical applications. The most developed and promising 
techniques today are pharmacological MRI (phMRI) and neuromelanin 
sensitive MRI (NM-MRI). In this paper we will review the present state of 
these imaging techniques and newest developments after giving a short 
background of the dopamine system in the brain. 

2. Dopamine system 

The dopamine system in the brain consists of several pathways of 
which three are most prominent (Fig. 1). The first is the nigrostriatal 
pathway. This pathway consists of dopaminergic neurons in the sub-
stantia nigra in the midbrain, whose axons project to the striatum. It is 
involved in motor function and associative learning amongst others. The 
second pathway is the mesolimbic pathway, consisting of dopaminergic 
neurons projecting from the ventral tegmental area to the ventral 
striatum, including the nucleus accumbens. This pathway is essential in 

reward processing and aversion. As both the nigrostriatal and meso-
limbic pathways project to the striatum, this is the most dopamine rich 
region of the brain. Subsequently, it is the most common target of many 
dopaminergic imaging techniques. The third pathway is the meso-
cortical pathway. The dopaminergic neurons of this pathway also orig-
inate in the ventral tegmental area, but project to the cortex, mostly to 
the prefrontal cortex. This pathway is involved in executive and cogni-
tive functioning. 

These different pathways have a different constitution of the dopa-
mine system. Signal transduction in the dorsal striatum (nigrostriatal 
pathway) is largely conducted by dopamine D1 and D2 receptors, 
whereas in the ventral striatum (mesolimbic pathway) also D3 receptors 
are abundant. In the (pre)frontal cortex (mesocortical pathway) the 
primary receptor for signal transduction is the D1 receptor, although 
there is also a relatively low number of D2 receptors. Likewise, dopa-
mine reuptake is facilitated by dopamine transporters in the striatum, 
but by norepinephrine transporters in the cortex. Whereas dopamine 
degradation is performed by monoamine oxidase (MAO) in the striatum, 
but by catechol-O-methyltransferase (COMT) in the cortex. Knowledge 
of these regional differences can aid in the interpretation of imaging 
outcomes. Moreover, these differences are important for targeted 
treatment, e.g. with drugs targeting specific types of receptors or 
transporters. 

3. Pharmacological MRI (phMRI) 

PhMRI is a collective term for functional MRI techniques that 
administer a pharmacological challenge to assess its effects on brain 
hemodynamics, and by doing so indirectly assess brain neurotransmitter 
function [6]. A schematic example of the technique is shown in Fig. 2. 
The choice of the pharmacological challenge determines the neuro-
transmitter system that is visualized. For example, to obtain a readout of 
the function of the dopamine system, agonists or antagonists of dopa-
mine receptors and transporters are used, such as apomorphine, 
amphetamine or methylphenidate. The technique is based on the prin-
ciple that the pharmacological challenge binds to its targeted receptor 
subtype, whose activation evokes changes in neurovascular coupling 
that result in hemodynamic changes. This hemodynamic response con-
sists of an increase in local cerebral blood flow (CBF), blood volume 
(CBV) and oxygenation [7]. In this review we will focus specifically on 
challenge phMRI (during rest) rather than task phMRI (during the 
execution of a sensorimotor or cognitive task), as measuring the he-
modynamic response to the drug during rest reflects a more direct 
measure of the dopamine response. 

Two main MRI methods that have been used to assess changes in 

Fig. 1. Schematic representation of the major dopaminergic pathways in the brain: the nigrostriatal pathway (blue), the mesolimbic pathway (red) and the mes-
ocortical pathway (purple). 

L. Reneman et al.                                                                                                                                                                                                                               



European Journal of Radiology 140 (2021) 109752

3

hemodynamic response in response to a pharmacological challenge in 
humans are Blood Oxygen Level-Dependent (BOLD) imaging and Arte-
rial Spin Labeling (ASL). BOLD MRI makes use of the difference in 
magnetic susceptibility between oxygenated and deoxygenated blood, 
detectable by T2*-weighted sequences [8]. Neuronal activation in-
creases local blood flow and thus the inflow of oxygenated blood, which 
far exceeds the consumed oxygen. As oxygenated blood has a higher T2* 
this results in a net increase in the BOLD signal. ASL on the other hand, 
utilizes blood as an endogenous contrast agent. Blood passing into the 
brain is labeled at the main feeding arteries by applying an inversion 
pulse, after which the labeled blood travels to the brain and creates 
small decreases in longitudinal magnetization. The perfusion contrast is 
then generated by subtracting two acquired images, one with label and 
one without. The advantage of ASL over BOLD is that it is quantitative 
and that it is a more direct technique because it measures CBF, whereas 
the BOLD signal is determined by changes in CBF, CBV and oxygen 
consumption. Moreover, as a result of the subtraction it is not sensitive 
to signal drift, which is a problem in BOLD imaging as the low fre-
quencies of the drift often coincide with the low frequency of the signal 
changes following the pharmacological challenge [9]. However, ASL 
suffers from a lower signal to noise ratio (SNR) and less spatial speci-
ficity (larger voxels) compared to BOLD imaging. A third MRI method 
that has been used is CBV imaging, but this uses an exogenous intra-
vascular contrast agent that sensitizes images to relative CBV and is 
therefore only used in animal phMRI. 

Initial phMRI studies in animals used pharmacological challenges 
that primarily targeted the dopamine system, and demonstrated that 
administration of e.g. amphetamine increased the BOLD signal in the 
striatum and cortex [10]. Many of these studies focused on the valida-
tion of phMRI compared to conventional techniques such as autoradi-
ography, microdialysis and PET and SPECT [10–12], and found that 
they were well correlated. For instance, phMRI faithfully reproduced DA 
denervation (-42 % with PET vs. -45% with phMRI) [10] and a strong 
correlation was found between the amplitude of the phMRI response in 
the SN and the number of dopaminergic neurons on the side ipsilateral 
to neurotoxic (MPTP) injection [12]. Subsequent studies in rodents and 
non-human primates used unilateral lesioning with dopamine 

neurotoxins (including MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine) a model for PD [13]) to demonstrate that the phMRI 
response to a dopamine challenge was restricted to the intact side, 
blunting the response on the lesioned side. Inducing remodeling of the 
dopamine system using repeated amphetamine exposure further 
demonstrated the sensitivity of phMRI to more subtle dopamine alter-
ations [14]. Together, these studies demonstrated the possibility of 
phMRI to detect damage or dysfunction of the dopamine system and 
opened up possibilities for use in humans. In subsequent validation 
studies in humans, phMRI with a dopamine challenge was able to 
demonstrate a blunted dopamine response in regular amphetamine 
users compared to controls, similar to [123I]IBZM SPECT [15,16]. 
Test-retest reliability has not been demonstrated for dopaminergic 
challenges, but was demonstrated for phMRI with a ketamine challenge. 
Reliable responses were observed at low doses, but the researchers stress 
the need for correct modeling of the data, including possible con-
founding effects, such as physiological variation and head motion, to 
increase reproducibility [17]. 

One of the strengths of phMRI is that it can be used to study 
numerous aspects of the dopamine system, as different receptor subtypes 
can be visualized with different challenges. Indeed, a large number of 
pharmaceuticals are available, which means that phMRI, compared to 
PET which requires specific radiolabels, is ideally suited for drug dis-
covery. However, it is important to understand what aspects of the 
dopamine system the phMRI signal reflects [18]. Being a functional 
technique, the signal is likely more representative of mRNA levels [19], 
extrasynaptic dopamine concentration or cyclicAMP levels [11], than 
that it reflects measures such as receptor density for example. In that 
sense, it also does not have the same sensitivity as PET and SPECT to 
assess receptor densities, as it is a non-invasive proxy measure. The 
obtained response after a dopamine challenge is also not dopamine 
specific per se, because the activated receptors will initiate a cascade on 
neuronal events downstream from the initial drug-to-target binding, 
which can also elicit a neuronal response. Although a disadvantage 
when one’s goal is to identify receptor subtypes, it also implies that the 
phMRI response gives a more complete characterization the brain’s 
response to the drug, and provide potential leads for experienced side 

Fig. 2. Schematic of phMRI experiment. A) A baseline MRI scan (e.g. perfusion scan) is performed after which a pharmacological challenge is administered. Through 
its binding to target receptors, this challenge can elicit neuronal activation and, subsequently, through neurovascular coupling, also a hemodynamic response, which 
can be captured by a post-challenge MRI scan. B) Possible changes can be estimated using statistical analyses comparing the pre- and post-challenge MRI and the 
resulting parametric maps can be overlaid on the MRI image. 
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effects. Notably, most medications are not “clean”, i.e. they affect mul-
tiple neurotransmitter systems and multiple receptor subtypes, which 
precludes a neurotransmitter-specific phMRI response. 

PhMRI offers many opportunities for drug discovery and clinical 
research studies, but also comes with some unique challenges, particu-
larly in the field of data analysis and interpretation. For a more complete 
overview of these challenges and possible solutions, which is outside the 
scope of this review, see Jenkins et al. [6]. Most phMRI studies employ 
intravenous administration of the challenge, because this eliminates the 
issue of individual differences in absorption levels. However, the brain’s 
response to pharmaceuticals is mostly slow and does not always return 
to baseline within the scanning session. Therefore, it is difficult to 
separate the neuronal phMRI response from other slow-varying fre-
quency signals, including scanner drift. Modelling the phMRI response 
also requires prior knowledge on the expected waveform, e.g. obtained 
from pharmacokinetic and pharmacodynamic (PK/PD) modelling, or 
will have to rely on data driven approaches. This complicates the 
interpretation of the signal as there are numerous confounding variables 
that play a role. For example, the administered challenges could induce 
systemic or cerebral vascular effects that are not due to binding of the 
drug to the target receptor in the brain [20]. Vasoactive drugs can 
induce changes in blood pressure, pCO2, and vasodilation or constriction 
that are measured as hemodynamic responses in the brain. Possible 
solutions are to obtain baseline measures of such vascular characteristics 
(e.g. CBF from ASL), to monitor these during the scan (e.g. pCO2, heart 
rate, respiration) or to correct for them by sophisticated post-processing 
techniques. 

PhMRI has potential applications in the field of drug discovery and 
treatment prediction and monitoring. For drug discovery studies it is 
important to make use of standardized methods in order to define phMRI 
signatures for medications with proven clinical efficacy. In this way, 
phMRI responses to novel compounds can be compared to reference 
medications and as such be evaluated in terms of expected efficacy and 
side effects. Moreover, it could identify converging mechanisms of ac-
tion across drug classes. This has been effectively demonstrated in ro-
dent models for antipsychotics, antidepressants and anxiolytics, in 
which complex whole-brain phMRI responses were condensed into 
sensible multivariate metrics [21]. This approach has the potential to be 
translated to human clinical trials as well, but is partially hampered by 
issues of MR acquisition and post-processing standardization, as well as 
patient group heterogeneity. Currently, phMRI is also used in clinical 
research studies, with a focus on longitudinal designs and vulnerable 
patient populations. For example, we have used phMRI as a technique to 
assess persistent effects of the ADHD medication methylphenidate on 
brain development and dopamine function in children and adults with 
ADHD [22]. Using a slightly different approach, studies in PD have 
investigated hemodynamic responses in patients on and off their levo-
dopa medication [23,24]. And a recent study has demonstrated a 
method to evaluate the severity of dopamine denervation in PD [25]. 
PhMRI is not yet clinically used for diagnosis and progression of PD, or 
other neuropsychiatric diseases in which the DA system is involved; 
possibly because the underlying mechanisms of phMRI signals are not 
fully understood, and/or unfamiliarity with the technique. Advance-
ment in image acquisition and analysis techniques (e.g., AI for noise 
reduction) and the addition of pharmacokinetic-pharmacodynamic 
(PK-PD) modelling could further advance DA phMRI into the clinic. 
Indeed, a very recent phMRI study was able to stage PD disease using 
PK-PD modelling [25]. 

4. Neuromelanin sensitive MRI (NM-MRI) 

NM-MRI is an upcoming MRI technique that enables in vivo visual-
ization of the substantia nigra pars compacta (SN). It has gained 
increasing interest due to the role of the SN in a variety dopaminergic 
disorders, including schizophrenia, cocaine addiction, Huntington’s and 
Parkinson’s disease (PD) [26–28]. The SN in the mesencephalon is the 

location from where dopaminergic neurons project to the striatum 
forming the nigrostriatal pathway. Visualization of this relatively small 
brainstem area with use of MRI has been challenging for a long time. The 
structure is visible on T1, T2 and T2*/susceptibility weighted sequences, 
but usually with rather low contrast. Loss of hyperintensity of 
nigrosome-1, a substructure posterolateral in the SN, on susceptibility 
weighted imaging (swallow tail sign), has been indicated as a marker for 
PD and Lewy body disease, although it needs a targeted 3D susceptibility 
weighted imaging sequence and is not widely applied in clinical use. 
These conventional MRI techniques do not permit semi-quantitative 
measures, accurate delineation or volume measures of the SN. There-
fore, NM-MRI has been introduced as a promising and non-invasive 
method to indirectly assess dopaminergic functioning in the SN [29]. 

Neuromelanin is a black pigmented by-product of catecholamine 
synthesis. The most common catecholamines are dopamine, noradren-
aline and adrenaline. This black pigment is predominantly found in the 
SN pars compacta, hence its name, and in the smaller locus coeruleus, 
the major noradrenergic nucleus of the brain. Accumulation of neuro-
melanin in the SN pars compacta is mainly driven by excess cytosolic 
dopamine that has not been taken up into synaptic vesicles [30]. After 
iron dependent oxidation of the cytosolic dopamine and reaction with 
proteins and lipids in midbrain dopamine neurons neuromelanin-iron 
complexes are deposited inside autophagic organelles [31,32]. The 
accumulation of these neuromelanin complexes in the SN show a strong 
inverted U-shaped age effect [33]. Neuromelanin production is initiated 
at approximately three years of age, and its accumulation steeply in-
creases until the age of 20. Around the 3rd and 4th decade of age there is 
typically no significant change in neuromelanin levels, and after the age 
of 47 neuromelanin levels in the SN decline [33]. 

The paramagnetic neuromelanin-iron complexes lead to T1 reduc-
tion, which is thought to be the primary mechanism underlying image 
contrast in NM-MRI [34]. Indeed, the first proposed NM-MRI scan was 
an interleaved multi-slice turbo-spin echo (TSE) T1-weighted sequence 
[29]. Studies directly comparing post-mortem TSE NM-MRI with his-
tological findings have confirmed NM-MRI signal intensity to be closely 
related to the quantity and location of the neuromelanin-containing 
dopaminergic neurons in the SN [35,36]. Next to T1 reduction by the 
neuromelanin-iron complexes, the contrast in NM-MRI is due to 
magnetization transfer (MT) effect. This is probably partly related to 
higher macromolecular content in the adjacent white matter than in the 
grey matter of the substantia nigra [34,37–39] Therefore, an (off--
resonance) MT-pulse in often added to the TSE sequence, to suppress the 
contribution of macromolecules to the signal, therewith increasing 
contrast [34,40]. 

Along with the development of the TSE NM-MRI, a Gradient Recalled 
Echo (GRE) NM-MRI sequence has been introduced, which also includes 
an MT pulse [41] (Fig. 3A). The GRE NM-MRI is validated and compared 
with the TSE sequence and shows a higher sensitivity for imaging the SN 
[42]. In addition, reliability studies yield excellent reproducibility for 
the GRE NM-MRI [43–46] and most importantly the sequence correlates 
with regional NM concentration [47], even in the absence of neuro-
degeneration [44]. Through these promising results the GRE NM-MRI 
has gained more recognition. There is still quite some variation in 
sequence parameters between centers and further optimization of the 
sequence is ongoing, including optimizing slice thickness, resolution, 
repetition time, flip angle, and acceleration of scan duration, next to 
optimization of analysis methods [42,44,45,48,49]. Based on the most 
recent results approximately a 4− 7-minute scan duration is needed for a 
3D GRE NM-MRI acquisition [37] and 3− 6 min for reliable 2D GRE 
NM-MRI data [45]. However, this may need customization of the stan-
dard MT pulse provided by the major MRI system vendors. 

In order to evaluate which dopamine functions are best reflected in 
NM-MRI, there are several comparisons with different dopaminergic 
PET and SPECT imaging methods. NM-MRI signal in the SN correlates 
positively with the availability of dopamine D2 receptors in the SN as 
measured with PET [50], which may suggest a local feedback 
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mechanism of autoreceptors on the dopaminergic cells (i.e. in case of 
more dopamine, increased cytosolic dopamine leads to more neuro-
melanin deposit, and increased synaptic dopamine leads to higher 
expression of dopamine D2 autoreceptors providing feedback to reduce 
dopamine production). There is no association between NM-MRI signal 
and dopamine transporter availability or dopamine synthesis capacity in 
the SN in young adults though [50]. However, when comparing NM-MRI 
with dopaminergic functions in the synaptic terminals of the nigros-
triatal pathway, there is a positive correlation between NM-MRI signal 
in the SN and amphetamine induced dopamine release in the striatum 
[44]. This indicates that NM-MRI could be used as an indirect marker for 
dopamine synthesis in the nigrostriatal pathway. Furthermore, there are 
several positive positive correlations between SN NM-MRI measures and 
striatal dopamine transporter availability in PD [51–55], supporting its 
role as a marker for dopaminergic neurodegeneration. 

Considering its potential as noninvasive proxy for dopamine func-
tioning, NM-MRI has been applied in multiple patient studies. The ma-
jority of studies focused on PD and showed a reliable decrease of SN 
volume and NM-MRI signal in the SN of patients with PD [51,54–67], for 
an example see Fig. 3B. These results are in line with the reduction of 
neuromelanin concentration in the SN in PD, due to the degeneration of 
dopaminergic neurons [68]. Since clinical diagnosis of PD is challenging 
in a subset of patients (around 20 %), in particular at early disease stage 
[69], NM-MRI may contribute to diagnostics. A recent meta-analysis 

evaluated the diagnostic utility of NM-MRI to differentiate PD from 
healthy controls and yielded a high pooled sensitivity (82 %) and 
specificity (82 %) for distinguishing PD patients from healthy controls 
[70]. There was high heterogeneity between the 10 studies included in 
this meta-analysis though, both in sample characteristics (early and 
advanced PD patients), NM-MRI sequence and NM-MRI analysis 
methods (volume and contrast measurements). In clinical practice it 
would be more important to distinguish PD from non-neurodegenerative 
parkinsonism rather than from healthy controls. NM-MRI indeed shows 
high diagnostic performance for differentiating essential tremor from PD 
with sensitivity ranging between 67–91 % and specificity ranging be-
tween 80–93 % [60,70,71]. Combination of NM-MRI with quantitative 
susceptibility mapping (QSM) may even further improve diagnostic 
accuracy [51,72,73]. As mentioned previously, NM-MRI also shows 
moderate to strong correlations with dopamine transporter (DAT) 
SPECT and PET imaging, the current standard for diagnostic imaging in 
parkinsonism [51–55]. NM-MRI does not reach the high sensitivity and 
specificity of DAT SPECT though, which is up to 98 and 100 % respec-
tively [74]. Longitudinal imaging in PD demonstrates further signal and 
SN volume reductions over time, as expected due to progressive 
degeneration [75]. Despite these promising results, NM-MRI needs 
further development and standardization before it can be used as a 
diagnostic tool or for monitoring of disease progression in PD. 

Other disorders with dopaminergic neurodegeneration also show 

Fig. 3. A. Example of NM-MRI GRE sequence with off resonance MT pulse. The substantia nigra is visible as hyperintense area (right side marked with 1). The crus 
cerebri (right side marked with 2) is often used as reference region to calculate a contrast ratio for semiquantification. B. Example of NM-MRI in a healthy control 
(HC) and a patient with Parkinson’s disease (PD). 
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decreased NM-MRI signal in the SN. The decrease in NM-MRI contrast in 
atypical parkinsonisms (multiple system atrophy, progressive supra-
nuclear palsy and corticobasal degeneration) and in idiopathic rapid eye 
movement sleep behaviour disorder is similar as in PD [51,76–79]. 
Moreover, in Huntington’s Disease a decrease in NM-MRI signal 
compared to healthy controls has also been observed [80]. Discrimi-
nating PD from atypical parkinsonism is difficult although advanced 
analysis shows potential [81]. 

Apart from the potential of NM-MRI in neurodegenerative disorders, 
NM-MRI could be an interesting tool to assess underlying dopaminergic 
pathology in psychiatric disorders such as ADHD, schizophrenia and 
addiction. The first study using NM-MRI in a psychiatric patient popu-
lation showed increased NM-MRI signal in schizophrenia patients 
compared to depressive patients and healthy controls [27]. This finding 
of increased NM-MRI signal in schizophrenia compared to controls has 
been replicated [82], although one study only reports an increase in the 
VTA and not SN [83]. Moreover increased NM-MRI signal in the SN 
correlates positively with positive symptoms, i.e. hallucinations and 
delusions [44]. This all fits previous findings with PET imaging that 
dopamine synthesis in the nigrostriatal pathway is increased in schizo-
phrenia and related to positive symptoms [2]. A recent study also pro-
vides a first indication NM-MRI signal is increased in the SN in cocaine 
addiction [28]. Hence, NM-MRI appears to be a potential biomarker for 
dopamine dysfunction in psychiatric disorders. It should be taken into 
account that NM-MRI is not able to measure short-term dynamic 
changes in dopamine function (as can be assessed with SPECT/PET 
imaging and phMRI), but is rather a reflection of long-term dopamine 
function due to the nature of neuromelanin as a deposit in the dopa-
minergic cells. 

Taken together, NM-MRI of the SN appears to be a promising tool as a 
proxy for dopaminergic functioning in the SN. Considering its nonin-
vasive quality and short scan duration it may develop as a relatively 
easily accessible research tool for neuropsychiatric disorders and has the 
potential to aid diagnostics of dopaminergic neurodegeneration. 

5. Conclusion 

New developments in MR imaging provide highly promising proxy 
measures of the dopamine system in the brain. These measures will not 
replace dopaminergic PET and SPECT imaging, which are more direct 
measures of the different components of the dopamine system (e.g. re-
ceptors, transporters, dopamine release). However, they offer alterna-
tives with the advantages of MR imaging, i.e. no radiation, lower costs, 
usually less invasive and time consuming and higher spatial resolution. 
The most developed MRI techniques are phMRI and NM-MRI. They both 
have specific characteristics which make them feasible for different 
purposes (see Fig. 4). PhMRI requires a pharmacological challenge and 
is a dynamic measure of dopamine function. NM-MRI on the other hand 
is rather a reflection of long-term dopamine function. Whereas phMRI 
visualizes the whole brain, NM-MRI visualizes the SN and only provides 
information about the nigrostriatal pathway. These characteristics make 
phMRI a useful technique to study reactivity of the dopamine system, 
which is important for drug development and for understanding the 
pathophysiology of dopamine related disorders related. phMRI opens up 
new possibilities to do so in a longitudinal setting with multiple mea-
sures and in specific patient populations like children. Applications in 
clinical practice are not expected in short term though. NM-MRI on the 
other hand has promise as marker for (chronic) dopamine function of 
the nigrostriatal pathway and as marker of dopaminergic neuro-
degeneration. The first application is primarily useful in research on 
dopamine related disorders. The latter has the potential for clinical 
application in the diagnostic process of Parkinson’s disease and neuro-
degenerative parkinsonisms. Optimization and standardization of im-
aging and analysis methods is still necessary though. NM-MRI will not 
reach the high accuracy of clinically applied DAT SPECT. However, it is 
a more accessible and lower cost imaging method that due to its short 

scan duration (3− 10 min) could be added to conventional MRI scan 
protocols. Further development of these MR techniques for the dopa-
minergic system will prove what their value will be for research and 
clinical practice. 

CRediT authorship contribution statement 

Liesbeth Reneman: Conceptualization, Funding acquisition, Su-
pervision, Writing - review & editing. Marieke van der Pluijm: Visu-
alization, Writing - original draft, Writing - review & editing. Anouk 
Schrantee: Funding acquisition, Visualization, Writing - original draft, 
Writing - review & editing. Elsmarieke van de Giessen: Conceptuali-
zation, Funding acquisition, Supervision, Visualization, Writing - orig-
inal draft, Writing - review & editing. 

Declaration of Competing Interest 

All authors declare that they have no conflict of interest related to 
this submission or otherwise. 

Acknowledgements 

Author AS was funded by Veni grant016196153 and author EG was 
funded by Veni grant 91618075 from the Netherlands Organisation for 
Health Research and Development (ZonMw). 

References 

[1] P.S. Goldman-Rakic, E.C. Muly, G.V. Williams, D1 receptors in prefrontal cells and 
circuits, Brain Res. Rev. 31 (2000) 295–301, https://doi.org/10.1016/S0165-0173 
(99)00045-4. 

[2] J.J. Weinstein, M.O. Chohan, M. Slifstein, L.S. Kegeles, H. Moore, A. Abi-Dargham, 
Pathway-specific dopamine abnormalities in Schizophrenia, Biol. Psychiatry 81 
(2017) 31–42, https://doi.org/10.1016/j.biopsych.2016.03.2104. 

Fig. 4. Schematic scale of dopamine imaging techniques. Non-invasive tech-
niques like phMRI and NM-MRI have lower spatial and temporal resolution, as 
well as specificity for DA, than invasive in-vivo and ex-vivo methods (e.g. 
microdialysis, voltammetry, autoradiography), which can only be applied in 
animal research though. Although phMRI and NM-MRI are less specific for DA 
(receptors) than certain PET and SPECT tracers, they do not use ionizing ra-
diation and have comparable or better spatial resolution. The temporal reso-
lution of NM-MRI is lower due to the nature of neuromelanin as a deposit that 
accumulates over time, however, advantages of NM-MRI over the other tech-
niques are short scan duration and lower costs. 

L. Reneman et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/S0165-0173(99)00045-4
https://doi.org/10.1016/S0165-0173(99)00045-4
https://doi.org/10.1016/j.biopsych.2016.03.2104


European Journal of Radiology 140 (2021) 109752

7

[3] H.C. Cheng, C.M. Ulane, R.E. Burke, Clinical progression in Parkinson disease and 
the neurobiology of axons, Ann. Neurol. 67 (2010) 715–725, https://doi.org/ 
10.1002/ana.21995. 

[4] K.T. Kishida, S.G. Sandberg, T. Lohrenz, Y.G. Comair, I. Sáez, P.E.M. Phillips, P. 
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