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ABSTRACT

Positron emission tomography (PET) and single photon emission computed tomography (SPECT) are essential molec-
ular imaging tools for the in vivo investigation of neurotransmission. Traditionally, PET and SPECT images are analysed
in a univariate manner, testing for changes in radiotracer binding in regions or voxels of interest independently of each
other. Over the past decade, there has been an increasing interest in the so-called molecular connectivity approach
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that captures relationships of molecular imaging measures in different brain regions. Targeting these inter-regional
interactions within a neuroreceptor system may allow to better understand complex brain functions. In this article, we
provide a comprehensive review of molecular connectivity studies in the field of neurotransmission. We examine the
expanding use of molecular connectivity approaches, highlighting their applications, advantages over traditional meth-
ods, and contributions to advancing neuroscientific knowledge. A systematic search in three bibliographic databases
MEDLINE, EMBASE, and Scopus on July 14, 2023 was conducted. A second search was rerun on April 4, 2024.
Molecular imaging studies examining functional interactions across brain regions were included based on predefined
inclusion and exclusion criteria. Thirty-nine studies were included in the scoping review. Studies were categorised
based on the primary neurotransmitter system being targeted: dopamine, serotonin, opioid, muscarinic, glutamate,
and synaptic density. The most investigated system was the dopaminergic and the most investigated disease was
Parkinson’s disease (PD). This review highlighted the diverse applications and methodologies in molecular connectivity
research, particularly for neurodegenerative diseases and psychiatric disorders. Molecular connectivity research offers
significant advantages over traditional methods, providing deeper insights into brain function and disease mecha-
nisms. As the field continues to evolve, embracing these advanced methodologies will be essential to understand the
complexities of the human brain and improve the robustness and applicability of research findings in clinical settings.

Keywords: molecular connectivity, molecular imaging, neuroimaging, neurotransmission, positron emission tomography

1. INTRODUCTION
1.1. PET and SPECT to study neurotransmission

Neurotransmission is the primary process by which neu-
rons communicate and represents a biological pillar to all
functions of the central and peripheral nervous system,
including sensation, movement, cognition, and, ulti-
mately, individual behaviour (Jessell & Kandel, 1993).
Neural communication can occur through two main
modalities of synaptic transmission: chemical and elec-
trical. At chemical synapses, information is transferred
via the release of neurotransmitters from one cell, which
are detected by an adjacent cell (Sidhof & Malenka,
2008). In contrast, at electrical synapses, the cytoplasm
of adjacent cells is directly connected by clusters of inter-
cellular channels called gap junctions (Bennett & Zukin,
2004). Chemical synapses are more common in the
human brain (Pereda, 2014). Neurotransmission at these
synapses depends on the interaction between molecular
and electrical signals (Fig. 1), starting with the action
potential, an electrical signal generated in the neuron’s
cell body, which travels down the axon towards the syn-
apse. When the action potential reaches the axon termi-
nal or presynaptic terminal, it triggers the opening of
voltage-gated calcium channels. Calcium ions (Ca2)
enter the presynaptic terminal through these channels,
causing synaptic vesicles to fuse with the presynaptic
membrane. As a result, the neurotransmitters contained
in the vesicles are released into the synaptic cleft—the
space between the presynaptic and postsynaptic
neurons—where they transmit the signal by binding to
the receptors of the postsynaptic neuron. This binding
activates or inhibits the postsynaptic neuron, affecting
numerous other neurons within specific pathways that

are essential for maintaining the homeostatic balance of
neuronal activity and overall healthy brain function (Gunn
et al., 2015; Sudhof, 2012).

Dysregulation and alterations of neurotransmitter and
neuroreceptor levels and functions, whether due to defi-
ciency or excess, are implicated in the pathophysiology
of numerous neurodegenerative conditions such as Alz-
heimer’s disease (AD) and Parkinson’s disease (PD)
(Warren et al., 2017), as well as psychiatric disorders like
Schizophrenia and Major Depressive Disorder (MDD)
(Nimgampalle et al., 2023; Sonnenschein et al., 2020).
Therefore, elucidating the mechanisms of neurotransmis-
sion in vivo is paramount for advancing our understand-
ing of brain function in both health and disease states and
for the development of novel pharmacological treatment.

Neurotransmission can be studied in vivo using molec-
ular imaging tools, including Positron Emission Tomogra-
phy (PET) and Single Photon Emission Computed
Tomography (SPECT) (Kimura et al., 2020). These imag-
ing modalities are powerful tools for measuring the local
concentration of diverse molecular targets with remark-
able sensitivity and specificity in a non-invasive manner
(Ametamey et al., 2008). Molecular imaging can visualise
different aspects of neurotransmission (Fig. 2). According
to the type of radiotracer used, it is possible to quantify
neurotransmitter synthesis (e.g., dopamine synthesis
(Volkow et al., 1996)), the concentration of synaptic vesi-
cle density (e.g., SV2A (Toyonaga et al., 2019)), specific
neurotransmitter types (such as the vesicular monoamine
transporter 2 (VMAT,) (Carson et al., 2022)), the density
and distribution receptors (e.g., D,/D, receptors for the
dopamine system (Sokoloff & Le Foll, 2017; Xu et al.,
2013), or 5HT, ,/5HT,, receptors for the serotonin system
(Kumar & Mann, 2015)), or neurotransmission transporters
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Fig. 1.

Neurotransmission: 1) Neurotransmitters are synthesised. 2) Neurotransmitters are stored in vesicles. 3) Action

potential arrives at the presynaptic terminal. 4) The action potential causes the opening of voltage-gated Ca?* channels
allowing the influx of calcium ions. 5) Ca?* allows vesicles docking and neurotransmitters release in the synaptic cleft.

6) Neurotransmitter binds to receptor causing the opening or closing of channels. 7) Postsynaptic potential is generated.
8) Neurotransmitters are removed back to the presynaptic cleft. 9) Vesicular membranes are retrieved from the plasma

membrane (Figure created in https://www.biorender.com/).

(e.g., DAT for dopamine (Varrone & Halldin, 2010) and
SERT for the serotonin system (J. S. Kim et al., 2006).
Finally, molecular imaging can be used to measure
endogenous neurotransmitter levels and their release by
detecting the competitive binding between endogenous
neurotransmitters and radioligands to the same neurore-
ceptor sites (Giovacchini et al., 2005).

In medicine, molecular imaging has repeatedly
proved to be an invaluable tool for probing neurotrans-
mission alterations underlying many brain disorders and
describing the spatiotemporal evolution of neurotrans-
mission abnormalities throughout different stages of
these diseases (Zhu et al., 2014). Some of the neuro-

transmission imaging methods have also translated into
clinical work-up as diagnostic and monitoring biomark-
ers recommended by international clinical guidelines
(Bega et al., 2021; Politis, 2014; Stoessl, 2012). The
most well-known example is '2%-FP-CIT SPECT imag-
ing, used to identify and stage the degeneration of
dopaminergic neurons in PD (Darcourt et al., 2010;
Morbelli et al., 2020).

Finally, molecular imaging permits the temporal mod-
elling of disease-related neurotransmission alterations,
facilitating the evaluation of disease progression and
the assessment of therapeutic interventions (Strafella
et al., 2017).
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Fig. 2. Targets of neurotransmission measurable with PET and SPECT imaging (Figure created in https://www.biorender

.com/).

1.2. Univariate versus network and multivariate
approaches

Over the past two decades, the concept of the brain as a
network has become central to neuroscience. This
network-based perspective emphasises that brain func-
tions emerge from the interaction of distributed regions
within large-scale networks (Wig, 2017). While blood oxy-
genation level-dependent (BOLD) functional MRI (fMRI)
has become the most widely used tool to study functional
connectivity, due to its accessibility, cost-effectiveness,
and lack of ionising radiation, it relies heavily on hemody-
namic signals. Thus, this method alone cannot fully cap-
ture the complexity of brain activity, which involves both
biochemical and electrical processes. In contrast, molec-
ular imaging, which uses radiotracers to detect molecular

targets with high sensitivity and specificity (Hahn et al.,
2019), offers more accurate biological insights that com-
plement fMRI. Given the limitations of single-modality
approaches, there is a growing recognition of the need for
an integrative, multimodal framework to comprehensively
understand the brain’s connectome. Molecular imaging,
with its unique capability to probe biochemical pathways,
can play a crucial role in this integrative approach.
Nonetheless, traditional analysis methods in brain PET
and SPECT research mainly focus on quantifying absolute
tracer binding or uptake within specific brain regions (Gunn
et al., 2001). While these approaches provide valuable
insights into in vivo brain structure and activity, they pos-
sess limitations that warrant consideration. Region-wise
analyses rely on a priori definition of anatomical or
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functional areas of the brain, potentially overlooking subtle
or distributed effects across the brain (Gentili et al., 2021).
Parametric voxel-wise analyses, on the other hand, depend
on the image resolution of the scanner, reconstruction
methods, partial volume correction (PVC), and reference
regions used for normalisation. Moreover, regardless of the
spatial resolution of the analysis, each volume of interest is
typically treated as independent, ignoring brain spatial
covariance. This often necessitates strict multiple compar-
ison corrections to prevent inflated Type | error rates, which
can result in overcorrection and increased Type Il errors
(Scarpazza et al., 2015). These limitations, alongside the
spread of network science into neuroimaging field, moti-
vated the development and validation of complementary
multivariate and network methodologies in molecular neu-
roimaging, able to capture the complex interactions among
brain regions and provide a more comprehensive under-
standing of brain functioning and disease pathology.

Multivariate methods are specifically used to address
the complexities and interdependencies of neuroimaging
data by simultaneously considering the interrelationships
among multiple sources of information and possibly mul-
tiple volumes of interest (Chen et al., 2014). These meth-
ods facilitate the identification of intricate patterns of
brain activity and structure that remain undetectable
when analysing individual variables in isolation. For
example, rather than examining the activity of a single
brain region, multivariate methods allow for assessing
the combined activity of several regions to determine
their collective contribution to a specific task or condition
(Clark & Stoessl, 1986). These methods can also identify
combinations of brain activities that correspond to dis-
tinct cognitive states or differentiate between healthy and
diseased brains, and between different diseases and
stages. Furthermore, multivariate techniques can be
employed to reduce the dimensionality of the data,
extract a smaller set of key features, or integrate data
from diverse sources (Habeck, 2010).

Parallel with multivariate approaches, network-based
approaches, usually constructed using pair-wise correla-
tion between regions or voxels, have been largely
employed to study brain connectivity. A common feature
of these network methods is the ability to construct a
mathematical representation of the brain in the form of an
adjacency matrix (Fornito et al., 2016). In this representa-
tion, brain regions are modelled as nodes, while the
edges between them represent the biological or statisti-
cal interactions between these regions (Bullmore &
Sporns, 2009; Fornito & Bullmore, 2015).

Although most of the recent multivariate and network
approach findings in neuroimaging are derived from
structural and fMRI studies, in recent years these meth-
odological advances have increasingly been applied to

PET/SPECT data (Yakushev et al., 2017). This paradigm
shift follows a decade of evidence suggesting that neuro-
transmission and molecular pathological alterations
underlying brain diseases invariably pass through large-
scale brain networks (Goulas et al., 2021; Seeley et al.,
2009). In this context, molecular connectivity refers to an
approach that leverages molecular imaging to explore
brain connectivity. This umbrella term is commonly used
in the literature to describe the statistical interdependen-
cies between regional measurements obtained from
molecular imaging techniques (Sala et al., 2023). In the
past few years, the term ‘molecular connectivity’ has
been used to describe various methodologies aimed at
constructing maps or matrices that reflect the statistical
relationships between brain regions based on their molec-
ular properties (as derived from PET or SPECT). These
maps are generated through different statistical analyses,
depending on the type of modality, tracer used, and the
computational method chosen. Consequently, the biolog-
ical interpretation and insights derived from the results
can vary (Sala et al., 2022). One example is the computa-
tion of covariance matrices of regional PET signals across
subjects. Up to today, this represents the most common
approach used as a proxy for molecular connectivity. This
method is favoured for its simplicity and the fact that it
can be applied to static PET data, offering a broader per-
spective on shared connectivity patterns across popula-
tions (Sala & Perani, 2019). However, the limitation of
estimating connectivity at the group level, rather than at
the individual level, poses challenges for biological inter-
pretation (Sala et al., 2022; Volpi et al., 2023). An alterna-
tive approach involves using dynamic data to construct
molecular connectivity maps at the individual level. This
method leverages temporal information from the radio-
tracer kinetics to compute connectivity through various
computational techniques (Jamadar et al., 2021).

Other approaches to study brain connectivity that do
not rely on the construction of an adjacency matrix are
the scaled subprofile model (SSM), a multivariate princi-
pal component analysis (PCA)-based algorithm applied
directly to voxel-by-voxel covariance data. In this case,
an entire group image set can be reduced to a few signif-
icant linearly independent covariance patterns and corre-
sponding subject scores (Spetsieris et al.,, 2013).
Ultimately, another source-based multivariate method is
independent component analysis (ICA), a data-driven
computational procedure that decomposes or ‘un-mixes’
a measured signal into its maximal spatially independent
‘sources’ (Calhoun et al., 2009).

These approaches allow researchers to simultane-
ously explore variations in the relationships between
multiple brain regions or patterns of activation, offering
valuable insights into covarying patterns of tracer binding
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across the entire brain. From a physiological perspective,
the interpretation of molecular connectivity for tracers
targeting neurotransmission strictly depends on the spe-
cific neurotransmission system and target being studied.
As the literature still lacks a mechanistic understanding to
support signal changes in molecular-based networks,
multiple answers can be proposed. For example,
decreased connectivity might indicate selective denerva-
tion from neurotransmitter nuclei projecting to the target
regions under evaluation (Sala & Perani, 2019). Mean-
while, both increased and decreased connectivity may
reflect compensatory processes, as proposed by Caminiti
et al. (2023), DuBois et al. (2021), Luo et al. (2023), and
Mihaescu et al. (2021).

1.3. Purpose of the study

This paper provides a comprehensive, state-of-the-art
overview of brain connectivity analysis in the study of
neurotransmission using molecular neuroimaging, pre-
sented through a scoping review. We examine the
expanding use of molecular connectivity approaches,
highlighting their applications, advantages over tradi-
tional methods, and contributions to advancing neuro-
scientific knowledge. Through an in-depth review, we
provide researchers and clinicians with a clear under-
standing of the current landscape, highlighting key suc-
cesses while outlining challenges and potential strategies
to address them, with the goal of advancing future
research and translating these approaches into clinical
applications.

2. MATERIALS AND METHODS

The PRISMA statement (Preferred Reporting Items for
Systematic Reviews and Meta-analyses, guidelines
extension for scoping reviews (PRISMA-ScR) was
adhered to in conducting this scoping review (Tricco
et al., 2018). The PRISMA-ScR checklist was used to

perform the analysis. A study protocol was prepared in
OSF prior to the initiation of data collection to ensure
methodological rigour and transparency.

2.1. Search strategy

Original articles were searched for in three bibliographic
databases (MEDLINE (via Ovid), EMBASE (via Elsevier),
and Scopus (via Elsevier) on July 14, 2023. A second
search was rerun on April 4, 2024. The search strategy
consisted of two key concepts: (1) Positron Emission
Tomography (PET) and Single Photon Emission Com-
puted Tomography (SPECT) and (2) connectivity. The
complete search strategy is listed in Annex 1.

2.2. Eligibility criteria

Molecular imaging studies examining functional interac-
tions across brain regions were included based on pre-
defined inclusion and exclusion criteria. The eligibility
criteria (inclusion and exclusion criteria) were defined as
explained below. These criteria encompassed original
studies that: a) employed brain PET or SPECT as imaging
modalities, b) measured parameters such as blood flow,
metabolism, neuroreceptor systems, protein/molecule
synthesis, or protein/molecule density. Exclusion criteria
comprised preclinical investigations, studies focusing on
regions outside the brain, post-mortem analyses, animal
studies, and those utilising monoclonal antibody imaging
techniques. Finally, letters, commentaries, review papers,
and conference abstracts were also excluded. Table 1
summarises the inclusion and exclusion criteria used in
this study.

2.3. Studies selection and data extraction

First, titles and abstracts were screened independently
by two authors (DEP and MS) to exclude irrelevant
records based on the eligibility criteria. A third author

Table 1. Eligibility criteria (inclusion and exclusion criteria) of references to be included in the scoping review.
Inclusion criteria Exclusion criteria
Population Humans Animals
Concept Connectivity, covariance, network
Context PET and SPECT Regions outside the brain
Measure: blood flow, metabolism, neuroreceptor systems, Post-mortem analyses
protein/molecule synthesis, or protein/molecule density Monoclonal antibody imaging techniques
Preclinical investigations
Sources Peer-reviewed original studies Short commentaries

Conference abstracts
Reviews
Letters to editors
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(MV) played the role of the third peer to arbitrate in case
of disagreements. Then, the full text of each selected
article was independently screened by 2 authors (DEP
and MS). Additional studies were included a posteriori at
the authors’ discretion. Notably, we included studies
published prior to 1993 (formal definition of brain func-
tional connectivity (Friston et al., 1993)), where the
terminology deviates from connectivity, networks, or
connectomics (term introduced in 2005 by Sporns et al.
(2005)). These studies were deemed relevant as they
shared the overarching objective of investigating struc-
tural and functional interactions across brain regions.
This inclusive approach ensured a comprehensive review
of relevant literature, capturing both contemporary stud-
ies and earlier works contributing to the understanding
of brain multi-scale architecture. Comprehensive infor-
mation was extracted and organised into a pre-defined
data sheet developed by the authors for each of these
final articles. This information encompassed various
aspects, including the names of the authors, year of
publication, characteristics of the study population (both
healthy control and patient groups), PET/SPECT tracer
utilised, putative marker type and specification, protocol
and analysis type, methods employed for connectivity
analysis, software utilised, main findings, validation type
(if applicable), multimodality type (if applicable), and any

reported measures of multimodality similarity and per-
formance. This systematic extraction process ensured
thorough documentation of relevant details from each
included study, facilitating comprehensive analysis and
synthesis of findings.

3. RESULTS

3.1. Search results

After removing duplicates, a total of 3,568 references
were retrieved from database searches (3,213 in July
2023 and 355 in April 2024). Following title and abstract
screening, 722 references were selected for full-text
review. Ultimately, 488 of these met the eligibility criteria
and underwent data extraction. Full texts were excluded
primarily due to incorrect study type or unsuitable analy-
sis (i.e., lacking molecular connectivity). From the eligible
studies, a subset of 32 articles specifically addressing
neurotransmission systems was included in this review.
Additionally, 7 more studies recommended by experts
were screened and added to the scoping review, result-
ing in a final total of 39 articles. The identification of these
articles was based mainly on the molecular probe used
and its main binding targets. Fig. 3 shows the PRISMA
flow chart describing the articles’ selection process.

[ Identification of studies via databases and registers [ Identification of studies via other methods J
—

Records retrieved through
c database research Records removed before . s i
S © bl Records identified via:
= (Scopus/Elsevier, screening:
2 MEDLINE/Cvid and > Expert recommendation
£ Embase/Elsevier): i Duplicate records removed P e
& = 3,582 Eni=7)
g (n=3,582)
= (n=7,150)

I
Records screened based on Records excluded
titles and abstracts > (n=2846)
(n=23568)
Full text articles assessed for i 4 i ) .
ity . REJECtE(dnf'i";gf)amdes Studies sought for retrieval ” Studies not retrieved:
2 (n=722) (n=7) (n=0)
e
<
: ! !
]
(7]
Studies tha: thfélgl;)lhty criteria Reports excluded: Studies assessleg for eligibility R Studi?z zxcc):)luded:
Do not targeted (n=7)
neurotransmission system
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v

3 Subset of studies included in the
3 review
E (n=39)

Fig. 3. PRISMA flowchart for studies ‘selection.
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3.2. Studies characteristics

Studies were categorised based on the primary neu-
rotransmitter system being targeted (Table 2). In instances
where a study investigated multiple neurotransmitters, it
was assigned to a single category based on the predom-
inant target. The resulting sample comprised 23 studies
targeting the dopamine system (radiotracers used: "'C-
FLB457, 8F-FDOPA, "'C-FeCIT, '®F-Fallypride, '"C-MP,
"C-FLB457, ""C-Raclopride, '®F-FEOBV, '®F-CFT, "'C-
CFT, "C-SCH23390, '8F-FPCIT, '%I-FP-CIT, ""C-DTBZ,
"C(+)-PHNO), 9 studies focusing on the serotonin sys-
tem (radiotracers used: "'C-SB217045, ""C-WAY-100635,
""C-DASB, ""C-MADAM), 2 studies examining p-opioid
receptors (radiotracer used: '"C-Carfentanil), 2 studies
assessing synaptic density (radiotracer used: ''C-UCB-J),
2 studies targeting muscarinic receptors (radiotracer
used: '|-QNB), and 1 study investigating glutamate
receptors (radiotracer used: '"C-ABP688). The most fre-
quently utilised outcome measure across these studies
was the tracer binding potential (BP,,) (Mintun et al.,
1984) employed by 20 studies. This metric represents the
equilibrium ratio of the concentration of specifically
bound radioligand to the combined concentration of free
and non-specifically bound radioligand. Other studies
looked at additional parameters as proxies for tracer-
specific activity, such as, Specific Binding Ratio (SBR),
used in 4 studies, Standardized Uptake Value ratio (SUV),
also used in 4 studies, the distribution volume ratio (DVR),
in 3 studies, and total distribution volume (V,), used in 2
studies.

In terms of study populations, 34 studies included
healthy control (HC) subjects, 15 focused on PD, 4 on
mild cognitive impairment (MCI), 3 on Schizophrenia, 3 on
Dementia with Lewy bodies (DLB), 3 on MDD, and 2 on
AD. Only 1 study investigated anxiety, epilepsy, cocaine-
use disorder (CUD), and attention-deficit/hyperactivity
disorder (ADHD). Pairwise correlation was the most fre-
quently applied methodology to investigate molecular
connectivity (14 studies), followed by inter-regional cor-
relation (10 studies), PCA-base approaches (6 studies),
and ICA (4 studies). Partial least squares (PLS) was
employed in 2 studies, while the remaining studies used
combinations of these approaches, or “non-conventional”
approaches usually not employed in this field.

Finally, in terms of the type of analysis conducted, 34
studies performed inter-subject analyses, where compar-
isons are made between different individuals or groups to
identify variations across subjects. 4 studies included
both inter-subject and intra-subject comparisons, the lat-
ter involving analyses within the same individual over
time or under different conditions. Only 1 study focused
solely on intra-subject analysis.

3.2.1. Dopamine system

Several studies employed PET imaging to investigate
imaging-derived dopamine-weighted networks across
various neurological conditions.

Yasuno et al. (2005) applied structural equation mod-
elling to "C-FLB457 brain PET imaging of HC and
Schizophrenia patients. Using this method, the inter-
regional correlations of D, receptor binding were decom-
posed to assign numerical weights (called path
coefficients) to the anatomical connections and to evalu-
ate the effective connectivity of regional D, receptor bind-
ing in Schizophrenia. The strength and signs of these
path coefficients were compared between groups and
used to identify disease-specific changes in the connec-
tivity of regional D, receptor binding within the same ana-
tomical networks.

Kaasinen et al. (2006) employed regional Pearson cor-
relation and PCA to investigate corticostriatal profiles of
glucose consumption and extrastriatal dopamine synthe-
sis capacity covariance patterns in PD. The examination
of striatal tracer binding revealed asymmetrical sex-
dependent uptake of '®F-FDOPA in the putamen, while
revealing negative correlations between striatal "8F-F-
DOPA uptake and PD clinical severity. None of these find-
ings were seen with ®F-FDG. Similarly, the network
analysis using PCA revealed a specific component
related to thalamus and cerebellum in F-FDG uptake
associated with both '8F-FDOPA uptake and disease
severity. On the contrary, univariate analysis showed
poor correlations between '"F-FDOPA and '"F-FDG
uptake in PD when using raw regional uptake.

Cervenka et al. (2010) examined the relationship
between dopamine D, receptors across all brain regions
in HC. ""C-FLB457 PET was used to measure binding in
extrastriatal regions, while '"C-raclopride was employed
for the measurements of D, distribution in the striatum.
Pairwise correlations were calculated between regional
BP,, values of ""C-raclopride, and a voxel-based correla-
tion analysis was performed using parametric images of
"C-FLB457 binding. Additionally, correlations between
regional-based BP, values and parametric values were
assessed for each region separately. The results showed
that striatal receptor availability did not exhibit statistically
significant correlations with any of the extrastriatal regions.
These findings suggested that striatal dopaminergic bio-
markers may not serve as a reliable index for global dopa-
mine function, and results do not support using the
striatum as an index for global D, receptor availability.

Caminiti et al. (2017) characterised presynaptic dopa-
mine activity in early PD patients using '"C-FeCIT PET
and assessed connectivity within nigrostriatal and meso-
limbic systems using partial correlation. The aim of the
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study was to assess—by means of univariate and multi-
variate approaches—if the axons of the nigrostriatal
dopaminergic system are an early site for vulnerability in
PD. The findings indicated greater presynaptic degener-
ation in dorsal putamen than substantia nigra, and more
severe molecular connectivity alteration in the nigrostria-
tal than mesolimbic pathway.

Worhunsky et al. (2017) examined D, and D, receptors
alterations in the midbrain, striatum and other subcortical
structures in individuals with CUD and HC. The aim was
to apply ICA on "C(+)-PHNO PET BP,, data with the
objective of unmix the D, and D, components of BP,
and examine distinct sources of receptor availability. ICA
analysis identified three distinct source-based patterns of
BP,,, suggesting that cocaine-related alterations in D,
and D, may not be limited to the dorsal striatum and mid-
brain respectively but may extend into the pallidum and
ventral striatum. Furthermore, these alterations sources
were associated with duration of cocaine use and may
indicate reciprocal and compensatory mechanisms of
dopaminergic function in addiction.

Klyuzhin et al. (2018) applied PCA to identify voxel
covariance patterns, and LASSO to optimally combine
several patterns. These approaches were applied to anal-
yse dopaminergic PET tracers ('""C-DTBZ and "'C-raclo-
pride) binding in the striatum of PD subjects. The principal
component (PC) loadings obtained in different groups of
subjects revealed predominant voxel-level binding pat-
terns associated with the initial symptom onset and dis-
ease progression. The PC-LASSO estimators captured
information in a non-local manner, and hence enabled
data-driven visualisation and interpretation of spatial pat-
terns manifested in the images.

J. Kim et al. (2018) investigated interregional correla-
tions of D, and D, receptor availability in Schizophrenia
patients receiving antipsychotics using '®F-fallypride PET
and resting state-fMRI, revealing altered molecular and
functional connectivity between striatal and extrastriatal
regions in stable outpatients with schizophrenia on anti-
psychotics, which is mainly characterised by increased
interregional relationships. These results suggested that
the spatial organisation of D, and D, receptor availability
and related functional connectivity were significantly per-
turbed in these subjects.

Fu et al. (2019) introduced a joint pattern analysis
approach, canonical correlation analysis and orthogonal
signal correction to identify characteristic spatial and
temporal distribution patterns in PD using '"C-DTBZ
(VMAT, marker) and ""C-MP (DAT marker) PET data.
Results showed that the proposed approach was able to
capture the spatial and temporal disease patterns with
higher sensitivity compared to univariate analysis. The
approach provided information not only on localised

12

alterations but also on the spatial extent of such alter-
ations, emphasizing network behaviour of the molecular
targets under investigation. Moreover, the approach
decomposed the common information between data
sets into distinct orthogonal patterns of characteristic
dopaminergic changes that were more sensitive either to
disease discrimination or to disease progression.

Veronese et al. (2019) conducted a graph-based
analysis across different PET tracers ('®F-FDG, '8F-F-
DOPA, ""C-SB217045) both in controls and in diseased
groups (AD and MCI), revealing that these metrics can
complement standard PET analysis to understand how
biological functions are organised across brain regions
in healthy and pathological conditions. The study also
showcased the sensitivity of connectivity results to
experimental design and variables, including group
inhomogeneity and image resolution, and suggested
that further methodological work is required to validate
the use of more complex network metrics in the context
of PET covariance analysis and to understand their bio-
logical interpretability.

Verger et al. (2020) investigated the feasibility and
potential of molecular connectivity using neurotransmis-
sion tracers ('®F-FDOPA and '2I-FP-CIT) compared to
metabolic connectivity (*®F-FDG) in dopaminergic path-
ways of HC. Through interregional correlation analysis to
construct a brain connectivity network, the study demon-
strated that specific neurotransmission tracers provide
higher specificity in revealing the mesotelencephalic sys-
tem (nigro-striatal, mesolimbic, and mesocortical path-
ways) compared to metabolic connectivity. Notably,
8F-FDOPA was more effective than '2%|-FP-CIT in identify-
ing the mesotelencephalic system, indicating that these
dopaminergic targets are not equivalent. The findings
underscore the advantages of using '®F-FDOPA PET
imaging for molecular connectivity, highlighting its supe-
rior sensitivity and specificity relative to ®F-FDG meta-
bolic connectivity and emphasising that the choice of
imaging modality and neurotransmitter targeting is crucial.

Smart et al. (2020) assessed the utility of four-
dimensional ICA application to a competition binding
PET study using "'C(+)-PHNO PET tracer with the D,
antagonist ABT-728, for the estimation of subtype-
specific receptor occupancy. The results showed that
ICA identified two distinct components of change in
binding on the basis of spatiotemporally coherent vari-
ance across subjects and time points. The spatial sources
of these components were highly consistent with D, and
D, related "'C(+)-PHNO binding distributions in the brain,
suggesting that this analysis successfully separated each
receptor subtype without any a priori assumptions. This
interpretation was further supported by relative changes
in the intensity of each source during blockade with the
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D,-selective antagonist ABT-728, which were closely
matched to region-based occupancy estimates.

Mihaescu et al. (2021) performed a graph theory anal-
ysis of D, receptors measured with ""C-FLB-457 in two
brain networks: the meso-cortical dopamine network and
the meso-limbic dopamine network in PD patients with
cognitive decline. The findings suggested how connec-
tivity dysregulation in extrastriatal dopamine networks
may contribute to cognitive decline. Furthermore, this
study wanted to highlight that multivariate network anal-
ysis captured different aspects of the dopaminergic dys-
function compared to univariate regional comparisons of
localised receptor density differences.

Sala et al. (2021) examined the molecular connectivity
alterations in AD, MCI, and HC subjects’ data measured
with '23]-FP-CIT SPECT tracer using partial correlation
with gender, age, and reconstruction method included as
nuisance covariates. The study provided biological in
vivo evidence for a significant derangement of the meso-
limbic dopaminergic system in AD, already plateauing in
the prodromal stages. Both in vivo dopaminergic binding
density and molecular connectivity analysis pointed to
different degrees of vulnerability of the dopaminergic
afferents from specific dopaminergic nuclei.

Rebelo et al. (2021) used covariance statistics at
molecular and functional levels (measured through fMRI)
to explore striato-cortical links in PD in on/off medication
states using ""C-Raclopride PET tracer. The study showed
that functional and molecular forms of brain plasticity are
related. These authors found a tight link between func-
tional activation and synaptic changes at the molecular
level, reflecting network reorganisation of compensatory
molecular and functional mechanisms in PD.

Peng et al. (2021) found that PD-related pattern
expression levels, calculated using SSM-PCA, and mea-
sured in early-phase '®F-FPCIT PET scans, discriminated
patients with early-stage PD from age-matched HC sub-
jects with similar accuracy for the first 2, 5, and 10 min of
the dynamic "®F-FPCIT PET acquisitions. These results
suggested that dual-phase "F-FPCIT PET is a viable
methodology for quantitative assessment of PD-related
metabolic brain networks, as an alternative to '®F-FDG
PET, and presynaptic nigrostriatal dopaminergic func-
tioning in a single imaging session.

Sanchez-Catasus et al. (2022) examined the striatal
acetylcholine-dopamine imbalance hypothesis in early
PD patients using dual-tracer PET and dopaminergic
PET-informed correlational tractography. Firstly, the
authors estimated the integrity of the dopaminergic
nigrostriatal white matter tracts in PD subjects by incor-
porating molecular information from striatal '"C-DTBZ
into the fibre-tracking process using correlational trac-
tography (based on quantitative anisotropy (QA)). Subse-
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quently, they used voxel-based correlation to test the
association of the mean QA of the nigrostriatal tract of
each cerebral hemisphere with the striatal '®F-FEOBV
DVR in PD subjects. The same analysis was performed
for "C-DTBZ DVR in 12 striatal subregions. Taken
together, results provided in vivo evidence of the imbal-
ance between acetylcholine and dopamine signalling
systems in the striatum in early PD.

Boccalini et al. (2022) investigated gender differences
in the molecular connectivity of the dopaminergic sys-
tems using a large PPMI cohort of newly diagnosed and
drug-naive idiopathic PD patients measured with '23|-FP-
CIT SPECT. Partial correlation was used to assess
regional co-variation in tracer uptake across subjects,
and percentage of altered molecular connections in each
network was used to quantify the severity of connectivity
alterations between males and females. Results showed
that nigrostriatal bindings and connectivity were more
altered in males than females, providing unique evidence
of gender effects in molecular connectivity of both dopa-
minergic systems affected by the disease.

Liu et al. (2023) conducted a dual-tracer PET study
employing both "'C-CFT DAT imaging and '®F-FDG imag-
ing to compare dopaminergic dysfunction and glucose
metabolism characteristics in early-onset PD caused by
different gene mutations (PRKN-EOPD and GU-EOPD)
using seed-based correlation analysis. Results demon-
strated differences in the symmetry and severity of dopa-
minergic dysfunction between the two gene mutations,
suggesting potential network reorganisation due to com-
pensatory mechanism in PRKN-EOPD which did not
occur in those with GU-EOPD.

Boccalini et al. (2023) aimed to investigate molecular
connectivity alterations in nigrostriatal and mesolimbic
dopaminergic pathways focusing on sex differences by
using '2I-FP-CIT binding in striatal and extrastriatal
regions in patients with probable DLB (pDLB). Assess-
ment of molecular connectivity between targets of each
dopaminergic pathway was performed via partial correla-
tion analysis, and percentage of altered molecular con-
nections in each network for males and females was
calculated to quantify the severity of connectivity alter-
ations. Results showed that connectivity of the nigrostri-
atal and mesolimbic systems was affected in both sex
groups but with different patterns, with pDLB females
showing more long-distance connectivity alterations
between subcortical and cortical regions of the dopami-
nergic systems.

Caminiti et al. (2023) using ?3I-FP-CIT SPECT imaging
adopted correlation analysis to assess the involvement of
the ventral and dorsal dopaminergic circuitries in prodro-
mal and clinical phases of DLB. Correlation analyses
assessed the significant differences in connectivity
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between each clinical group and a subgroup of control
subjects. This work provided the first evidence of wide-
spread adaptive reconfigurations of dopaminergic net-
works in the continuum of Lewy body disease. The
dopaminergic network showed an extensive increase of
connectivity in prodromal phases, both in dorsal and ven-
tral dopaminergic systems, supporting adaptive/com-
pensating mechanisms, whereas a widespread loss of
connectivity was prominent in overt DLB.

Luo et al. (2023) using ""C-CFT and "®F-FDG PET imag-
ing investigated the effects of Subthalamic nucleus (STN)
deep brain stimulation (DBS) on the distribution of presyn-
aptic DAT and the pattern of cerebral glucose metabolism
in PD patients before and after surgery. By applying SSM-
PCA, they found that STN-DBS could modify the cerebral
network without preventing striatal DAT decline. On the
other hand, UPDRS-IIl scores, particularly resting tremor
and rigidity, were significantly reduced after STN-DBS sur-
gery, confirming that STN-DBS is an effective therapeutic
approach in controlling symptoms in patients with PD.

Boccalini et al. (2024) investigated dopamine trans-
porter, using semiquantitative 23I-FP-CIT SPECT imag-
ing, in a large cohort of idiopathic PD patients, healthy
subjects and Scan Without Evidence of Dopaminergic
Deficit (SWEDD) cases. Their covariance statistics analy-
sis highlighted distinct clinical and molecular trajectories
of PD and SWEDD subjects. SWEDD subjects were char-
acterised by prominent non-motor symptoms, absence
of hyposmia, and generally preserved dopaminergic
binding, but prevalent mesocorticolimbic connectivity
impairment, suggesting other mechanisms contributing
to SWEDD pathophysiology.

Finally, by using the world’s largest combined ''C-
SCH23390 D, receptors PET and MRI dataset from the
DyNAMIC study, Pedersen et al. (2024) tested the
hypothesis that D, receptors organisation is aligned with
functional architecture and that inter-regional relation-
ships in D, receptors co-expression modulates functional
cross-talk in control subjects. They applied a nonlinear
embedding approach where functional and dopaminer-
gic organisations were characterised as a set of low-
dimensional manifolds and extended this analysis also to
individual participants. Results demonstrated that D,
receptors organisation followed a unimodal-transmodal
hierarchy, expressing a high spatial correspondence to
the principal gradient of functional connectivity. They
also demonstrated that individual differences in D, recep-
tors density between unimodal and transmodal regions
were associated with functional differentiation of the api-
ces in the cortical hierarchy. Finally, they showed that
spatial co-expression of D, receptors primarily modu-
lates couplings within, but not between, functional net-
works. Together, these results showed that D, receptors

14

co-expression provides a biomolecular layer to the func-
tional organisation of the brain.

3.2.2. Serotonin system

Several studies have also investigated the brain network
alterations in serotonin neurotransmission, mainly in neu-
ropsychiatric disorders.

Hahn et al. (2010) explored the association of sero-
tonin-1A receptor binding obtained with ""C-WAY-100635
PET imaging in the dorsal raphe nucleus and the entire
brain in anxiety disorder patients before and after escit-
alopram treatment using covariance statistics, revealing
enhanced autoreceptor-to-heteroreceptor binding cor-
relation after treatment. Results underlined the evaluation
of neurotransmitter systems on a network level poten-
tially provides important complementary information to
regional receptor levels.

Tuominen et al. (2014) applied a seed-based voxel-
wise correlation analysis method for studying internal neu-
rotransmitter network structure and intercorrelations of
different neurotransmitter systems in the human brain of
HC subjects. They evaluated serotonin transporter
(""C-MADAM) and p-opioid ("'C-Carfentanil) receptor BP,
intra- and intercorrelations. The analyses revealed nonuni-
formity in the serotonin transporter intracorrelations and
identified a highly connected local network. Regionally
specific intercorrelations between the opioid and sero-
tonin tracers were found in areas relevant to several neu-
ropsychiatric disorders, especially affective disorders.

Hahn et al. (2014) investigated serotonin transporter
associations using ""C-DASB PET tracer in major depres-
sion from a network perspective, revealing disturbances
in a major serotonin pathway. They identified the distur-
bance of a major 5-HT pathway in MDD through an inter-
regional correlation approach. Results suggested a
reduced serotonin transporter association between the
midbrain dorsal raphe and the ventral striatum/nucleus
accumbens complementing the biological mechanisms of
anhedonia in major depression and further underline the
importance of the serotonergic system in reward process-
ing. These results emphasised the importance of investi-
gating neurotransmitter systems on a network level.

Norgaard et al. (2017) employed a multivariate PLS
approach to identify a pattern of serotonin transporter (5-
HTT) levels, measured with ""C-DASB PET imaging, fluc-
tuating with group and season in seasonal affective
disorder (SAD) a subtype of MDD. The method was able
to identify and map a whole-brain pattern of 5-HTT levels
that distinguished the brains of females without SAD
from females suffering from SAD.

Vanicek et al. (2017) investigated the altered interre-
gional molecular associations of the serotonin trans-
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porter in ADHD using PET imaging. They utilised
"C-DASB PET to assess SERT binding potential in
regions rich in SERT and observed differences in SERT
availability between adult patients with ADHD and healthy
controls. Additionally, they conducted a correlational
analysis to examine the interregional association of SERT
binding, finding significant interregional differences in
SERT BP,, correlations.

Fu et al. (2018) applying SSM-PCA to ""C-DASB PET
data, identified a serotonergic spatial covariance pattern
characteristic of PD, strongly correlated with disease
duration and dopaminergic denervation measured with
"C-DTBZ PET imaging. The study highlighted that com-
pared to previously used univariate analysis approaches,
the spatial covariance method was found to be more
sensitive in identifying disease-related abnormalities
since no correlation between DTBZ and DASB BP, , val-
ues of individual regions was found, suggesting PD
affects the serotonergic system on a more global network
level rather than any particular region in isolation. These
findings suggested that disease-induced alterations of
the serotonergic system, rather than being purely local,
also affect interactions between separate regions in a
disease-specific fashion and are closely linked to abnor-
malities in the dopaminergic system.

Similarly, Pillai et al. (2019) investigated molecular
connectivity disruptions in MDD using covariance statis-
tics applied to '"C-WAY-100635 PET data. Results
showed compromised structural and compensatory
mechanisms of post-synaptic receptor regulation in MDD
men. Interestingly, the study suggested that these indi-
vidual differences in molecular connectivity between HC
and MDD were so large that they may serve as a bio-
marker for the disorder.

Fazio et al. (2020) examined the impairment of sero-
tonin transporter availability measured with ""C-MADAM
PET in early non-depressed PD patients using covari-
ance statistics and graph metrics, detecting network
changes preceding overt depletion in the serotoninergic
system. The findings indicated that the serotoninergic
system might become involved in PD patients as the dis-
ease progresses and importantly this finding was only
captured by network measures, but not by direct regional
binding.

Smith et al. (2023) studied the association between
serotonin degeneration measured with ''C -DASB and
beta-amyloid deposition in mild cognitive impairment
measured with "'"C-PIB using a multi-modal PLS algo-
rithm. This approach identified a spatial covariance pat-
tern that distinguished MCI from healthy controls
characterised by lower serotonin transporter availability
and greater cortical amyloid deposition. The pattern was
expressed to a significantly greater extent in the MCl rel-
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ative to the control group and was correlated with
impairment in memory and executive function in the MCI

group.

3.2.3. Opioid system

Only two studies employed covariance analysis to inves-
tigate the modulation of p-opioid receptor activity and its
implications in disease conditions. Wager et al. (2007)
investigated the placebo effects on p-opioid receptor
binding potential using ''C-carfentanil PET imaging in
HC. Through interregional correlations, the authors found
that placebo treatment increased functional connectivity
between p-opioid-rich limbic and paralimbic regions,
suggesting a mechanism for placebo-induced pain relief
mediated by the endogenous opioid system.

In contrast, Ashok et al. (2019) utilised "'C-carfentanil
PET imaging to examine p-opioid receptor availability in
Schizophrenia patients. Their findings revealed reduced
p-opioid receptor availability in the striatum and brain
regions associated with hedonic responses compared to
healthy controls. Furthermore, correlation analysis indi-
cated a significant global increase in p-opioid receptor
connection strength in Schizophrenia patients relative to
controls, highlighting aberrant p-opioid system activity in
the context of Schizophrenia pathology.

3.2.4. Muscarinic receptor system

Colloby et al. (2020) conducted two studies investigating
cholinergic muscarinic M1/M4 receptor networks in DLB
and PD, respectively. In the study on DLB, they utilised
spatial covariance analysis on '23|-QNB SPECT scans to
explore muscarinic M1/M4 connectivity in Cholinesterase
Inhibitor (ChEIl) naive patients. They identified baseline
spatial covariance patterns of M1/M4 receptors that dis-
tinguished DLB from healthy individuals and were associ-
ated with positive changes in global cognition and
neuropsychiatric symptoms after ChEl treatment. These
findings suggested that specific brain regions play a cru-
cial role in the neuropsychiatric profile of DLB. In the PD
study (Colloby et al., 2021), they employed a similar
approach using '2°I-QNB SPECT scans to derive patterns
distinguishing PD from healthy individuals and correlating
with global cognition, motor severity, and cognitive
decline in PD patients. They identified multiple choliner-
gic muscarinic receptor networks in PD, with cognition
and motor severity showing similar topography, suggest-
ing related cholinergic mechanisms underlying both phe-
notypes. The relative decrease in M1/M4 receptor
expression within default mode network and frontal exec-
utive hubs could potentially serve as an indicator of future
cognitive decline in PD.
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3.2.5. Glutamate receptor system

DuBois et al. (2021) conducted a study aiming to charac-
terise the mGIuR5 network in patients with focal cortical
dysplasia (FCD) using ""C-ABP688 PET imaging. Through
graph theoretical analysis based on the comparison of
probability density function of each regional BP,,, at the
individual subject level, calculated by Jensen-Shannon
divergence, they revealed abnormalities in large-scale
mGIluR5 networks linked to the duration of epilepsy in
FCD patients. Their findings indicated decreased resil-
ience and global efficiency, suggesting a less integrated
network in FCD patients. These results support the notion
that FCD may be better understood as a system-wide
disorder rather than a focal abnormality from a glutama-
tergic neuroreceptor perspective. The graph approach
employed in this study allows for the comparison of neu-
roreceptor systems imaged with PET to other measures
of functional and structural connectivity, offering insights
into the broader neurological implications of FCD.

3.2.6. Synaptic density

The studies by Fang et al. (2021) delve into the explora-
tion of synaptic density networks. In the first study, the
authors employed ICA on ""C-UCB-J PET data to identify
coherent patterns of synaptic density variability in healthy
individuals. The analysis revealed sample-independent
networks consistently extracted across different model
orders, suggesting that these networks contain both
complementary and unique information compared to 8F-
FDG PET and resting state-fMRI. In their second study,
Fang et al. (2023) expanded on this by using ICA to
examine associations between resting-state network
(RSN) fluctuations and synaptic density using multimodal
fMRI and ""C-UCB-J PET in healthy controls. They found
potential links between RSN activity and "'C-UCB-J
source networks, indicating that synaptic density net-
works may be intricately connected to the functioning of
large-scale intrinsic brain networks. These findings shed
light on the relationship between synaptic physiology and
brain network organisation that can be captured through
the application of connectivity/multivariate approaches,
providing valuable insights into the underlying mecha-
nisms of brain function.

4. DISCUSSION

In this paper, we explored the use of molecular imaging
to study neurotransmission through a connectivity lens.
We reviewed studies involving healthy volunteers, neuro-
logical diseases, psychiatric disorders, and other condi-
tions, aiming to encompass all relevant applications
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discussed in the literature. We examined studies employ-
ing various methods, such as covariance statistics and
network analyses, which complement traditional univari-
ate approaches. Collectively, these findings reveal pat-
terns of molecular connectivity that are essential for
understanding disease mechanisms.

4.1. The value of molecular connectivity
for studying neurotransmission

The reviewed studies highlight how molecular connectiv-
ity is frequently employed alongside traditional univariate
analyses to strengthen research findings. Often, multivar-
iate and network-based methods are used to comple-
ment and validate results from conventional univariate
approaches, enhancing the robustness and reproducibil-
ity of conclusions by offering a broader contextual per-
spective and reinforcing initial insights approaches
(Ashok et al., 2019; Boccalini et al., 2024; Caminiti et al.,
2017; Hahn et al., 2010; Sala et al., 2021; Vanicek et al.,
2017; Wager et al., 2007). Beyond simply confirming
results, molecular connectivity has also provided novel
insights and uncovered patterns otherwise undetectable
through univariate methods alone (Boccalini et al., 2024;
Colloby et al., 2020; Kaasinen et al., 2006; Liu et al., 2023;
Smart et al., 2020; Worhunsky et al., 2017). This inte-
grated approach is capable of merging localised insights
with broader network-level relationships, increasing the
robustness of findings and opening avenues for further
applications.

Notably, several studies have positioned molecular
connectivity as the primary analytical method (DuBois
et al., 2021; Fazio et al., 2020; Fu et al., 2019; Mihaescu
et al.,, 2021; Pedersen et al., 2024; Sanchez-Catasus
et al., 2022; Veronese et al., 2019). Although this is less
common, it highlights a growing focus on network-level
hypotheses in PET research, where molecular connectiv-
ity serves as the main investigative tool rather than sec-
ondary support. This shift underscores the view that the
understanding of brain physiology and disease mecha-
nisms requires a global, interconnected perspective
beyond isolated regional analyses (Fazio et al., 2020;
Hahn et al., 2010; Sporns et al., 2005).

The literature reviewed highlights that the primary
advantage of multivariate and network-based approaches
is their capacity to assess molecular interactions at a
systemic level. A particularly notable observation was the
involvement of the dopaminergic system at a broader
level, extending beyond the dopaminergic regions typi-
cally targeted by radiotracers (e.g., extrastriatal regions).

These methods reveal coordinated, disease-related
changes across multiple regions and modular network
alterations that affect overall system function, underscoring
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the necessity of a comprehensive approach to detect
such patterns. Through these methodologies, researchers
have identified spatial patterns of alterations and pathway
disruptions linked to disease origins, reinforcing the value
of network-level analysis in understanding disease aetiol-
ogy (Fu et al., 2018; Kaasinen et al., 2006; J. Kim et al.,
2018; Liu et al., 2023; Yasuno et al., 2005).

Similarly, “disease-specific brain networks” have been
associated with stage-dependent disease changes and
compensatory processes (Fu et al., 2019; Klyuzhin et al.,
2018; Rebelo et al., 2021; Worhunsky et al., 2017). Such
approaches effectively distinguish healthy from diseased
individuals and differentiate among disease subtypes
(Boccalini et al., 2022; Caminiti et al., 2023; Liu et al.,
2023). Furthermore, they reveal statistically significant
correlations with disease duration and cognitive mea-
sures, underscoring their clinical relevance (Colloby et al.,
2020, 2021; Smith et al., 2023).

Molecular connectivity has proven particularly insight-
ful in studying neurodegenerative diseases, where wide-
spread and progressive pathology is better characterised
by group-level molecular covariance, as opposed to focal
pathologies where individual-level analysis is required
(Vallini et al., 2024). PD is the most extensively studied
condition, with researchers systematically uncovering
multivariate and network-level dysregulation patterns
within dopaminergic pathways (Boccalini et al., 2024;
Caminiti et al., 2017) and their associations with symp-
tom onset and disease progression (Fu et al., 2019;
Klyuzhin et al., 2018). Further research suggested that as
PD advances, the serotonergic system may become
involved, likely exhibiting a broader impact compared to
the localised effects typically observed within the dopa-
minergic system (Fazio et al., 2020). This finding implies
that the long-recognised association between dopamine
and PD may not be as robust as that between serotonin
and PD. Supporting this, Fu et al. (2018) reported that
disease-induced alterations in the serotonergic system
affect interactions between distinct brain regions in a
manner specific to PD, closely tied to abnormalities
within dopaminergic pathways. Ultimately, cognitive
decline in PD has been linked to changes in extrastriatal
dopaminergic patterns (Mihaescu et al., 2021).

Several studies have also investigated DLB, revealing
notable findings. Boccalini et al. (2023) observed
affected connectivity within both the nigrostriatal and
mesolimbic systems in DLB, with notable sex-based
connectivity variations. Caminiti et al. (2023) identified a
marked increase in dopaminergic connectivity during
DLB’s prodromal stages, suggesting adaptive mecha-
nisms at work. Additionally, Colloby et al. (2020) found
spatial covariance patterns in M1/M4 receptors that dis-
tinguish DLB from healthy individuals and are associ-
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ated with cognitive and neuropsychiatric improvements
following ChElI.

A portion of reviewed studies have explored network
patterns across different radiotracers, offering insights
into complementary and regulatory neurotransmitter
dynamics that may contribute to specific disorders. For
example, Sanchez-Catasus et al. (2022) demonstrated
an imbalance between acetylcholine and dopamine sig-
nalling in the striatum during early PD. Tuominen et al.
(2014) noted significant opioid-serotonin tracer intercor-
relations in regions linked to neuropsychiatric conditions,
especially affective disorders, while Smith et al. (2023)
distinguished MCI from healthy controls through a sero-
tonin and amyloid covariance pattern.

Notable findings have also emerged from studies com-
paring or integrating molecular connectivity with other
imaging modalities. J. Kim et al. (2018) noted spatial alter-
ations in D, and D, receptor availability post-antipsychotic
treatment, aligning with functional connectivity changes,
while Rebelo et al. (2021) demonstrated connections
between functional activation and molecular-level synap-
tic changes in PD, suggesting compensatory reorganisa-
tion mechanisms. Pedersen et al. (2024) mapped D,
receptor organisation along a unimodal-transmodal gra-
dient closely aligned with the brain’s primary functional
gradient. Fang et al. (2023) reported potential ties between
resting-state network activity and synaptic density, sug-
gesting that synaptic density may significantly influence
large-scale brain network function.

Major neurotransmitter systems—including dopaminer-
gic, serotonergic, and opioidergic systems—demonstrate
strong alignment with structural and functional connectiv-
ity patterns in the brain (Hansen et al., 2022). Consequently,
mapping the brain-wide distribution of radiotracers pro-
vides valuable insights into the connectivity dynamics of
specific neurotransmitter systems (Hahn et al., 2019), pav-
ing the way for future multi-tracer and multi-modality stud-
ies in molecular connectivity research.

4.2. Methodological advances and considerations

The reviewed papers highlight several innovative method-
ologies for studying neurotransmission through molecular
connectivity, extending beyond conventional intercorrela-
tion techniques and covariance statistics. For instance,
the method proposed by Fu et al. (2019) employed joint
pattern analysis canonical correlation to integrate infor-
mation from multiple PET tracers allowing the evaluation
of the interplay between two different receptor systems.
This method demonstrated the potential of such
approaches to integrate different tracers and go beyond
the investigation of one receptor system at a time, which
is often challenging with traditional correlation analyses.
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Furthermore, Sanchez-Catasus et al. (2022) proposed a
dopaminergic PET-Informed Correlational Tractography
which integrated the information of striatal dopamine into
the white matter fibre reconstruction process to optimally
guide tract reconstruction with dopaminergic specificity.
The resulting metrics were then correlated to striatal
dopamine and cholinergic signals, showing stronger and
more robust associations with respect to non-informed
tractography. Through this approach, this study showed
that merging information from multiple modalities allows
obtaining results with higher biological specificity.

Similarly, Worhunsky et al. (2017) applied ICA to "'C(+)-
PHNO PET BP,, data to separate D, and D, receptors
distribution, effectively isolating distinct sources of radio-
tracer signal. This approach enabled a nuanced analysis
of receptor subtypes, previously unattainable through
conventional D,/D, radioligand analyses, underscoring
the advantage of '"C(+)-PHNO PET in investigating con-
current changes in D, and D, receptors.

Finally, Pedersen et al. (2024) utilised a nonlinear
embedding approach to decompose group representa-
tive covariance maps into low-dimensional manifolds,
elucidating transitions in covariance patterns of D, recep-
tors across the cortical surface and linking dopamine
expression to functional brain organisation. The pro-
posed approach could be a valuable tool to decompose
and integrate the information provided by different imag-
ing modalities or different molecular targets, allowing to
uncover possible interactions that would be difficult to
establish with “common” connectivity approaches.

These methodological advancements deepen the
understanding of regional relationships and facilitate the
integration of molecular data among different tracers and
complementary imaging modalities. This integration pro-
vides a holistic understanding of connectivity across mul-
tiple hierarchical levels and paves the way for numerous
future applications.

Overall, these findings underscore the advantages of
network-level approaches over traditional quantitative
analyses. They offer novel insights not discernible through
conventional methods, frequently extending the results
obtained with univariate approaches, and provide a robust
framework for integrating multiple sources of information,
thereby broadening the potential scope of future applica-
tions. Nonetheless, the adoption of such techniques
should be contingent upon rigorous statistical and mecha-
nistic validation, ensuring that analyses are as complex as
necessary to achieve reliable outcomes, but not unduly so.

4.3. Limitations and future prospectives

Despite the promise of molecular connectivity, the field
faces several challenges. There is a lack of standard ter-
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minology and consistent methods, making it difficult to
compare results across studies. For instance, not all
studies used the terms “connectivity,” “network,” or
“covariance” consistently when employing these
approaches. This variability in nomenclature is also influ-
enced by the studies’ year of publication, since through-
out the years the definition of brain connectivity has
changed. Only recently, the terminology used in func-
tional connectivity with fMRI has become aligned to the
PET field (Seeley et al., 2009; Volpi et al., 2023).

Another limitation is the methodological fragmentation
across studies, which hinders direct comparisons
between methodologies and complicates the replication
and validation of results. There is a notable lack of best
practices for data processing, network construction, and
network statistics, as well as inadequate validation of key
factors such as statistical thresholds, appropriate sample
sizes, and the inclusion of normal control groups for com-
parison. As a result, variations in methodological
approaches, including the radiotracer/target chosen, the
construction of the connectivity matrix, data acquisition,
scanner type and resolution, radiotracer specificity to
neurotransmitter systems, off-target binding/kinetic
parameter outcome of interest, processing techniques,
and standardisation protocols, can lead to discrepancies
in results across studies (Veronese et al., 2019).

Furthermore, the absence of robust validation mecha-
nisms for the obtained results exacerbates these chal-
lenges. While statistical validation is common, the lack of
validation through pharmacological agents or ex vivo
data undermines the credibility and interpretability of the
findings. One example is represented by the use of sev-
eral dopamine-based PET imaging to explore cortical
connections. While it is possible to investigate dopamine
extrastriatal signals (see, e.g., Olsson et al., 1999), there
are brain regions where the PET signal for dopamine-
target tracers is driven by perfusion and non-specific
binding rather than dopamine. Therefore, even if a strong
statistical effect can be found for these regions, the inter-
pretation via dopamine-mediated mechanisms remains
questionable and warrants further investigations. Addi-
tionally, the scarcity of longitudinal studies prevents the
assessment of these molecular connectivity approaches
in tracking network alterations and changes over time
throughout the course of a disease.

Finally, most molecular connectivity results are based
on group-level analyses due to the inherently “static”
nature of PET images (Yakushev et al., 2017), which con-
tain either tracer uptake values averaged over a certain
time window or parametric values derived from the trac-
er's dynamics. This limitation makes within-subject
“fMRI-like” analysis of PET images challenging, resulting
in molecular connectivity analysis typically being
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performed at the group level. Recently, new studies have
conducted single-subject level analyses using static PET
data through specific methodologies like Jensen-
Shannon entropy (W. Li et al., 2023), Kullback-Liebler
divergence (Wang et al.,, 2020), and perturbation
approaches (Sun et al., 2022). However, these applica-
tions are still limited and not validated. The SSM-PCA
method (Spetsieris et al., 2013) represents a validated
candidate methodology for the identification of specific
disease-related patterns and prospective quantification
at the single-subject level. This approach assigns a score
to quantify the extent to which a given patient expresses
a certain disease pattern. The technique has been pri-
marily applied to ®F-FDG PET scans for differential diag-
nosis, prognosis, and tracking disease progression
(Perovnik et al., 2023). However, incorporating neu-
rotransmitter radiotracer imaging could provide deeper
insights into the pathophysiology of specific diseases as
demonstrated by Fu et al. (2018), Luo et al. (2023), and
Peng et al. (2021). Another line of research applies
network-based approaches to dynamic bolus injection
and infusion data, often called functional PET (fPET),
attempting to mimic the approaches used for functional
connectivity in fMRI, opening new possibilities for assess-
ing molecular connectivity at the individual level. Until
now, this has only been applied to '®F-FDG PET data
(Hahn et al., 2024; Jamadar et al., 2021). The only study
in the literature using fPET data with a neurotransmitter
tracer ('®F-DOPA) is the one by Hahn et al. (2021),
although it employed only univariate analysis methods.
Future studies could extend these results by applying
connectivity-based approaches.

The existing literature predominantly focuses on the
dopamine and serotonin systems, as these neurotrans-
mitters are among the most frequently studied and uti-
lised tracers. Consequently, there is a notable gap in
research concerning other tracers. Further investigation
into these less-explored tracers is necessary to enhance
our understanding of their complementary roles in neural
connectivity and to elucidate how their inclusion may
advance the field’s comprehension of behaviour and dis-
ease states. Overall, molecular connectivity metrics of
neurotransmission have demonstrated significant poten-
tial as biomarkers for diagnostic (e.g., Peng et al., 2021)
and prognostic (e.g., Fu et al., 2018) purposes, and for
evaluation of the effects of candidate treatments on brain
function (e.g., Colloby et al., 2020; Luo et al., 2023). To
capitalise on this potential, future research should priori-
tise the development and application of methodologies
tailored to single-subject-level analyses. Such approaches
will enable more precise inferences across various mea-
sures by uncovering associations with other imaging
parameters, clinical symptoms, neuropsychological defi-
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cits, and the outcomes of emerging treatments. This will
foster a more personalised and accurate understanding
of individual variability, enhancing the granularity of find-
ings and their applicability to diverse populations.

Ensuring replicability and robustness of results is
equally essential and can be achieved by leveraging
large, diverse cohorts that include both healthy individu-
als and patient groups. Moreover, research should focus
on evaluating changes in molecular connectivity induced
by treatments and therapeutic drugs, assessing their
impact across different populations.

Future longitudinal studies are particularly critical for
tracking specific diseases over time. These studies will
provide deeper insights into how molecular connectivity
evolves and how it is influenced by disease progression or
treatment outcomes. Robust biological validation should
also remain a priority, with a focus on preclinical models
that enable controlled experimentation. These models,
including those replicating disease-specific conditions or
pharmacological interventions, provide a valuable frame-
work for testing causal relationships between biological
mechanisms, molecular connectivity, and network metrics.

This integrated approach will not only advance the
field of molecular connectivity but also aid in the develop-
ment of personalised, effective interventions that address
the unique needs of individual patients.

Ultimately, the technological advancements currently
occurring in the field of molecular imaging may offer inno-
vative solutions for validating molecular connectivity
methodologies. For example, the higher sensitivity and
unique spatial and temporal resolution of the new genera-
tion digital PET/CT systems, such as NeuroEXPLORER (H.
Li et al., 2024), allow for imaging neurotransmitter release
and small brain structures in ways that were never possi-
ble before. This enables mechanistic experiments capable
of proving causality for what are now merely statistical
associations. Similarly, the use of total-body long-axial-
field of view scanners, such as UEXPLORER (Spencer
et al., 2021), has introduced exciting possibilities to inves-
tigate the brain-body interactions (Nummenmaa, 2022). In
this regard, molecular connectivity frameworks are partic-
ularly appealing statistical tools to investigate human
physiology with a holistic approach. This applies not only
to metabolism and inflammatory targets but also to synap-
tic transmission, as many body organs (i.e., gut and pan-
creas) contain receptor systems similar to those expressed
in the brain (Bini et al., 2020).

5. CONCLUSIONS

In summary, this review has explored how connectivity-
based methods are changing the way we study neuro-
transmission using molecular imaging. Our comprehensive
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search highlighted the diverse applications and methodol-
ogies employed in this field, with a strong emphasis on
their utility in studying neurodegenerative diseases and
psychiatric disorders. The integration of approaches like
covariance statistics and network analyses, alongside tra-
ditional methods, has helped us gain a better understand-
ing of how neurotransmission systems work. These
methods not only reinforce results from conventional anal-
yses but also reveal new patterns of molecular activity that
are critical for understanding disease mechanisms. How-
ever, despite the promising potential of these molecular
connectivity methodologies, the field still faces several
challenges. The lack of consistent nomenclature, varied
methods, and a lack of strong validation highlight the need
to establish best practices, robust validation protocols,
and validation through application in drug studies, to push
this research forward and bring it into clinical use.

In conclusion, molecular connectivity research offers
significant advantages over traditional methods, provid-
ing deeper insights into brain function and disease mech-
anisms. As the field continues to evolve, embracing these
advanced methodologies will be essential to understand
the complexities of the human brain and improve the
robustness and applicability of research findings in clini-
cal settings.
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ANNEX 1
Search Strategy for MEDLINE/Ovid

1. Exp Positron Emission Tomography/
2. (PET adj1 (imaging* OR scan* OR CT)).ti,ab,kf.
3. (positron adj1 emission adj1 tomograph®).ti,ab,kf.
4. Tomography, Emission-Computed, Single-Photon/
5. Single Photon Emission Computed Tomography/
6. (single-photon adj1 emission adj3 (tomograph* OR
scan* OR imaging®)).ti,ab,kf.
7. SPECT.ti,ab,kf.
8. TOR20OR30OR40R50R60R7
9. Connectome/
10. connectivity OR connectome* OR connectomic*
OR intercorrelation* OR covariance*.ti, ab,kf.
11. 90OR10
12. 8 AND 11
13. exp “Animals”/ not “Humans”/
14. 12 not 13
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Search Strategy for EMBASE

positron emission tomography’/de

(PET NEAR/1 (imaging* OR scan* OR CT)):ti,ab,kw
(positron NEAR/1 emission NEAR/1 tomograph®):
ti,ab,kw

‘positron emission tomography-computed tomog-
raphy’/exp

‘single photon emission computed tomography’/
exp

(single-photon NEAR/1 emission NEAR/3 (tomo-
graph* OR scan* OR imaging®)):ti,ab,kw
SPECT:ti,ab,kw

#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7
connectome/de

connectivity OR connectome* OR connectomic*
OR intercorrelation® OR covariance*:ti, ab,kf.

#9 OR #10

#8 AND #11

‘animal model’/exp OR ‘animal’/exp OR ‘animal
experiment’/exp not Human/exp

#12 NOT #13

© © x N

11.
12.
13.

14.

Search Strategy for Scopus

TITLE-ABS-KEY(PET W/1 (imaging OR scan OR
)

TITLE-ABS-KEY (positron W/1 emission W/1 tomo-
graph”)

TITLE-ABS-KEY(single-photon W/1 emission W/3
(tomograph* OR scan OR imaging))
TITLE-ABS-KEY(SPECT)

#1 OR #2 OR #3 OR #4

TITLE-ABS-KEY (connectivity OR connectome OR
connectomic OR intercorrelation OR covariance)
#5 AND #6

INDEXTERMS (animals OR animal) AND NOT
INDEXTERMS (human OR humans)

#7 NOT #8
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