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Positron emission tomography (PET) is a critical tool in the study of neurological 
diseases, providing non-invasive insights into the brainʹs complex molecular and func-
tional processes [1]. The Special Issue ʺNovel Imaging Biomarkers for Brain PET Imagingʺ 
in Biomolecules offers an overview of some of the latest advancements in PET imaging 
biomarkers, highlighting the possibilities and challenges of developing ligands for rele-
vant targets while underscoring their significance in understanding neurological condi-
tions. 

The noradrenaline system has garnered significant attention for its role in mood dis-
orders [2] and neurodegenerative diseases [3]. However, our understanding of its exact 
function and mechanism in disease pathogenesis and treatment has been limited, largely 
due to the absence of well-validated selective tracers to assess noradrenaline function and 
release in vivo in patients. Three original manuscripts in this Special Issue have employed 
the [11C]yohimbine tracer, which binds to α2-adrenergic receptors (α2-ARs) [4], offering 
insight into the noradrenaline system in vivo.  

Laurencin et al. used [11C]yohimbine PET to provide a detailed map of α2-AR bind-
ing in the brain of healthy human subjects, revealing the distribution of these receptors 
across various brain subregions and discussing their involvement in different neurologi-
cal functions [5]. Importantly, they report specific sex-related differences in α2-AR bind-
ing and provide an interesting discussion on the topic. By identifying specific binding 
patterns of [11C]yohimbine, their study provides a deeper understanding of the receptor’s 
role in brain disorders. Moving to a disease context, Kemp et al. examined the correlation 
between quantitative electroencephalography (EEG) frequency patterns and α2-AR den-
sity in patients with Parkinson’s disease (PD) using [11C]yohimbine PET [6]. Their re-
search suggests that EEG changes in PD patients reflect alterations in α2-AR density, 
which could serve as a non-invasive biomarker for tracking disease progression, includ-
ing non-motor symptoms such as cognitive impairment. This finding highlights the po-
tential of PET imaging with [11C]yohimbine in monitoring cognitive decline and person-
alizing treatment strategies, particularly in PD, where α2-ARs regulate neurotransmitter 
release, and their dysfunction may contribute to disease progression. The relationship be-
tween [11C]yohimbine binding and noradrenaline release was explored in a mechanistic 
study by Landau et al. [7]. They used a combined PET-microdialysis approach in a mini-
pig model exposed to pharmacological challenges with different temporal effects and re-
ported that reductions in [11C]yohimbine binding correlated with noradrenaline release, 
suggesting that [11C]yohimbine can be used as a surrogate marker of noradrenaline re-
lease [7]. This study reinforces the potential of [11C]yohimbine as a valuable tool for stud-
ying neurochemical dynamics in both psychiatric and neurodegenerative disorders. 
Taken together, these three contributions to the topic collectively underscore the potential 
[11C]yohimbine PET for in vivo monitoring of the noradrenaline system.  
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Another active area of radioligand development research is that of tau tracers, which 
are relevant to Alzheimerʹs disease (AD), other tauopathies, and research into brain inju-
ries. Considering the importance of tau-targeting therapies for AD [8], PET imaging bi-
omarkers of tau are of vital importance. The narrative review by Mohammadi et al. dis-
cusses the development and binding properties of tau PET tracers used for diagnosing 
AD [9]. They point out issues related to the different tracers, starting from the first suc-
cessful tau tracer, [18F]FDDNP, which was initially designed for detecting amyloid β but 
also binds to tau aggregates, highlighting both amyloid and tau pathologies in AD. They 
then described more selective tau tracers, such as [18F]flortaucipir, which are now used 
clinically despite having off-target binding to targets like monoamine oxidase (MAO). 
Other tracers, like [18F]THK-5351 and [18F]MK-6240, also bind to additional targets such 
as neuromelanin, and their lipophilicity may contribute to white matter binding. To ob-
jectively assess effect size in PET studies, the authors report Cohen’s d for the contrast in 
tracer binding between healthy controls and AD patients with the goal of providing a 
rationale for selecting among the different structural classes of tau tracers available. The 
thorough review also notes limitations in the current literature, such as small sample sizes, 
reliance on clinical diagnosis rather than post-mortem confirmation, and potential disease 
heterogeneity, emphasizing the need for improved study design.  

A novel approach with potential in AD research is immuno-positron emission to-
mography (immunoPET), a non-invasive imaging technique that combines immunologi-
cal targeting and PET to track radiolabeled monoclonal antibodies (mAbs) and related 
molecules [10]. Antibody imaging offers a precise and sensitive method for non-invasively 
analysing the cell surface phenotype in vivo, potentially providing more specific PET 
probes. The review by de Lucas et al. outlines the contributions of immunoPET to preclin-
ical and clinical neurosciences [11]. They discuss that immunoPET in neuroimaging has 
been limited by the inability of intact antibodies to cross the blood-brain barrier (BBB) and 
mention strategies to enhance antibody and protein delivery to the brain, such as antibody 
engineering or modifying BBB permeability, including the use of focused ultrasound, 
which is being explored in preclinical studies. The authors highlight advances in im-
munoPET in neuro-oncology and neurological diseases, such as AD, where mechanisms 
such as neurotransmission, neuroinflammation and protein aggregation can be targeted. 
The review ends with an inspirational section on the perspectives for immunoPET, for 
example, in schizophrenia, where specific ligands are lacking and immunoPET can play a 
significant role in identifying biomarkers with subunit specificity, and in PD, where the 
search for a fully validated clinical alpha-synuclein PET tracer has been elusive. 

The influence of obesity and metabolic factors on neurodegeneration has attracted 
increasing attention, with research proposing that chronic metabolic conditions can exac-
erbate the progression of neurodegenerative diseases. Obesity is associated with chronic 
low-grade inflammation and alterations in brain metabolism, both of which may contrib-
ute to the onset and progression of AD [12, 13]. By visualizing the effects of obesity on 
brain function and metabolism, researchers can better understand how metabolic dys-
functions influence AD pathology. Müller et al. investigated the effects of diet-induced 
obesity in a long-term high-fat diet model in female mice on brain in vivo PET imaging 
with [18F]FDG and [18F]GE-180, tracers of glucose metabolism and inflammation, respec-
tively [14]. Postmortem histological and biochemical analyses of specific neuroinflamma-
tory markers were also performed. The main finding was that despite alterations in glu-
cose metabolism and a significant increase in pro-inflammatory IL-1β mRNA expression, 
no significant changes in [18F]GE-180 uptake or histological evidence of glial activation 
or proliferation were observed. The authors suggest the lack of an effect on [18F]GE-180 
may be due to differences in high-fat diet protocols compared to previous studies, or the 
use of only female subjects. Further studies are warranted to address the role of metabolic 
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risk factors, such as obesity, in the prevention and management of neurodegenerative dis-
eases. 

A recurring theme is the role of sex in pathological mechanisms and the interpreta-
tion of neuroimaging data. Sex hormones like estrogen play a significant role in neuropro-
tection, cognition, and the prevention of neurodegenerative diseases [15]. Despite the 
widespread use of PET tracers for estrogen receptors in oncology, there are still significant 
gaps in developing effective PET tracers for the estrogen receptor family in the brain. The 
final contribution to this Special Issue is a perspective by Arjmand et al., which highlights 
the importance of estrogen signaling in the brain and discusses the challenges involved in 
developing PET tracers for identifying estrogen receptors within the brain [16]. This per-
spective emphasises the significance of exploring different subtypes of estrogen receptors 
in the brain, highlighting the distinct mechanisms of action of each. Unfortunately, there 
is a lack of specific, sensitive radiolabeled ligands for brain estrogen receptors and strug-
gles in distinguishing between different subtypes, limiting our understanding of how es-
trogen affects the brain. Furthermore, hormonal fluctuations, particularly in women of 
reproductive age or those on hormone replacement therapy, can also complicate estrogen 
receptor imaging by altering receptor binding, making it difficult to distinguish between 
normal physiological changes and pathological alterations. The interpretation of PET data 
is further challenged by confounding factors like age, gender, genetics, and the presence 
of neurodegenerative diseases. As a result, there is still active research to establish reliable 
biomarkers for estrogen receptor activity to make PET imaging a more effective clinical 
tool. This perspective then presents several promising candidates based on computational 
simulations and emphasizes the gaps and areas that require further exploration to fully 
realize the potential of PET tracers for estrogen receptor imaging, particularly for the 
brain’s estrogen receptors. The ability to monitor estrogen receptor activity in vivo could 
open new avenues for therapeutic strategies, particularly for women at higher risk of neu-
rodegeneration following menopause. For example, a recent study using labeled estradiol 
reported an increased binding ratio as a measure of estrogen receptor density during the 
transition toward menopause, irrespective of chronological age, and correlation with cog-
nitive symptoms, which has high clinical relevance [17]. Targeting estrogen receptors with 
PET imaging can reveal important insights into how hormonal changes may influence the 
progression of diseases such as AD and PD. 

In conclusion, the studies featured in this Special Issue present multiple approaches 
to PET brain imaging, reinforcing its growing potential in neuroscience in enhancing our 
understanding of brain health and disease. As technology advances and new biomarkers 
are identified for specific targets, PET imaging is poised to provide valuable insights into 
the pathophysiology of neurodegenerative diseases and psychiatric disorders. The ability 
to visualise key molecular processes in vivo offers a transformative opportunity to shape 
the future of clinical neuroscience, enabling earlier disease detection, more precise moni-
toring of progression, and more effective, individualised treatment approaches.  

Conflicts of Interest: The author has no conflict of interest to disclose. 

References 
1. Politis, M.; Piccini, P. Positron emission tomography imaging in neurological disorders. J. Neurol. 2012, 259, 1769–1780. 

https://doi.org/10.1007/s00415-012-6428-3. 
2. Maletic, V.; Eramo, A.; Gwin, K.; Offord, S.J.; Duffy, R.A. The Role of Norepinephrine and Its alpha-Adrenergic Receptors in 

the Pathophysiology and Treatment of Major Depressive Disorder and Schizophrenia: A Systematic Review. Front. Psychiatry 
2017, 8, 42. https://doi.org/10.3389/fpsyt.2017.00042. 

3. Delaville, C.; De Deurwaerdère, P.; Benazzouz, A. Noradrenaline and Parkinson’s disease. Front. Syst. Neurosci. 2011, 5, 31. 
https://doi.org/10.3389/fnsys.2011.00031. 



Biomolecules 2025, 15, 517 4 of 4 
 

4. Jakobsen, S.; Pedersen, K.; Smith, D.F.; Jensen, S.B.; Munk, O.L.; Cumming, P. Detection of alpha2-adrenergic receptors in brain 
of living pig with 11C-yohimbine. J. Nucl. Med. 2006, 47, 2008–2015. Available: https://www.ncbi.nlm.nih.gov/pubmed/17138744 
(accessed on 19 March 2025 ). 

5. Laurencin, C.; Lancelot, S.; Merida, I.; Costes, N.; Redouté, J.; Le Bars, D.; Boulinguez, P.; Ballanger, B. Distribution of α2-Ad-
renergic Receptors in the Living Human Brain Using [11C]yohimbine PET. Biomolecules 2023, 13, 843. 
https://doi.org/10.3390/biom13050843. 

6. Kemp, A.F.; Kinnerup, M.; Johnsen, B.; Jakobsen, S.; Nahimi, A.; Gjedde, A. EEG Frequency Correlates with α2-Receptor Density 
in Parkinson’s Disease. Biomolecules 2024, 14, 209. https://doi.org/10.3390/biom14020209. 

7. Landau, A.M.; Jakobsen, S.; Thomsen, M.B.; Alstrup, A.K.O.; Orlowski, D.; Jacobsen, J.; Wegener, G.; Mørk, A.; Sørensen, J.C.H.; 
Doudet, D.J. Combined In Vivo Microdialysis and PET Studies to Validate [11C]Yohimbine Binding as a Marker of 
Noradrenaline Release. Biomolecules 2023, 13, 674. https://doi.org/10.3390/biom13040674. 

8. Congdon, E.E.; Ji, C.; Tetlow, A.M.; Jiang, Y.; Sigurdsson, E.M. Tau-targeting therapies for Alzheimer disease: Current status 
and future directions. Nat. Rev. Neurol. 2023, 19, 715–736. https://doi.org/10.1038/s41582-023-00883-2. 

9. Mohammadi, Z.; Alizadeh, H.; Marton, J.; Cumming, P. The Sensitivity of Tau Tracers for the Discrimination of Alzheimerʹs 
Disease Patients and Healthy Controls by PET. Biomolecules 2023, 13, 290. https://doi.org/10.3390/biom13020290. 

10. Fu, R.; Carroll, L.; Yahioglu, G.; Aboagye, E.O.; Miller, P.W. Antibody Fragment and Affibody ImmunoPET Imaging Agents: 
Radiolabelling Strategies and Applications. ChemMedChem 2018, 13, 2466–2478. https://doi.org/10.1002/cmdc.201800624. 

11. de Lucas, Á.G.; Lamminmäki, U.; López-Picón, F.R. ImmunoPET Directed to the Brain: A New Tool for Preclinical and Clinical 
Neuroscience. Biomolecules 2023, 13, 164. https://doi.org/10.3390/biom13010164. 

12. Weijie, Z.; Meng, Z.; Chunxiao, W.; Lingjie, M.; Anguo, Z.; Yan, Z.; Xinran, C.; Yanjiao, X.; Li, S. Obesity-induced chronic low-
grade inflammation in adipose tissue: A pathway to Alzheimerʹs disease. Ageing Res. Rev. 2024, 99, 102402. 
https://doi.org/10.1016/j.arr.2024.102402. 

13. Pegueroles, J.; Pané, A.; Vilaplana, E.; Montal, V.; Bejanin, A.; Videla, L.; Carmona-Iragui, M.; Barroeta, I.; Ibarzabal, A.; 
Casajoana, A.; et al. Obesity impacts brain metabolism and structure independently of amyloid and tau pathology in healthy 
elderly. Alzheimers Dement. 2020, 12, e12052. https://doi.org/10.1002/dad2.12052. 

14. Müller, L.; Guerra, N.P.; Schildt, A.; Lindner, T.; Stenzel, J.; Behrangi, N.; Bergner, C.; Alberts, T.; Bühler, D.; Kurth, J.; et al. 
[18F]GE-180-PET and Post Mortem Marker Characteristics of Long-Term High-Fat-Diet-Induced Chronic Neuroinflammation 
in Mice. Biomolecules 2023, 13, 769. https://doi.org/10.3390/biom13050769. 

15. Arevalo, M.-A.; Azcoitia, I.; Garcia-Segura, L.M. The neuroprotective actions of oestradiol and oestrogen receptors. Nat. Rev. 
Neurosci. 2015, 16, 17–29. https://doi.org/10.1038/nrn3856. 

16. Arjmand, S.; Bender, D.; Jakobsen, S.; Wegener, G.; Landau, A.M. Peering into the Brainʹs Estrogen Receptors: PET Tracers for 
Visualization of Nuclear and Extranuclear Estrogen Receptors in Brain Disorders. Biomolecules 2023, 13, 1405. 
https://doi.org/10.3390/biom13091405. 

17. Mosconi, L.; Nerattini, M.; Matthews, D.C.; Jett, S.; Andy, C.; Williams, S.; Yepez, C.B.; Zarate, C.; Carlton, C.; Fauci, F.; et al. In 
vivo brain estrogen receptor density by neuroendocrine aging and relationships with cognition and symptomatology. Sci. Rep. 
2024, 14, 12680. https://doi.org/10.1038/s41598-024-62820-7. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


