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Abstract (<250 words)
Hybridization of positron emission tomography (PET) with other functional
neuroimaging techniques such as functional magnetic resonance imaging (fMRI) or
functional ultrasound (fUS) still raises technical and methodological challenges.
Beyond the co-registration of anatomical images with functional data, development of
hybrid imaging systems has paved the way for a large field of research based on the
concept of bimodal functional neuroimaging such as PET/fMRI. In this framework,
comparison of respective performances of brain PET and fUS suggests
complementarity and great potential of hybrid PET/fUS for preclinical neuroimaging.
Hybridization of functional neuroimaging techniques first offers opportunities to
validate or improve measurement made by each modality. Future research may
propose and validate hybrid parameters that quantitatively connect the brain molecular
environment and the neuro-vascular coupling, which may improve our understanding
of brain function in health and disease, with perspectives in neuroscience and
neuropharmacology. In the coming years, cross-fertilization of neuroimaging
communities and training of young researchers on multiple imaging modalities may
foster the development of hybrid neuroimaging protocols that will take the full potential
and the limitations of each modality into account.
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Hybridization of PET with fMRI or fUS raises technical/methodological
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Hybrid parameters that connect molecular and functional brain data can be
obtained
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fUS has a great potential to be hybridized with PET for preclinical neuroimaging
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Introduction
The etymology of the term “hybrid” has received for a long time a negative connotation,
conveying the meanings of strangeness, bastardy, even monstrosity. The term
probably derived from the latin ibrida used for animal crosses. However, current
orthograph, introduced in the 19th century, seems to derive from the ancient Greek
ὕβρις (hubris, "outrage"). The process of “hybridization” has spread into a much
positive connotation, when it was understood that controlled and science-driven
crossing or inter-breeding of plants and animals may improve our life. The term
hybridization is therefore used to qualify the parallel association of imaging techniques
in a single device. This clearly shows the expectations of the deep and intimate
association of imaging techniques in terms of outcome and synergy (Chen et al.,
2018).
It is striking that the hybridization of positron emission tomography (PET) with X-ray
computed tomography (PET/CT) has prompted the rise of PET as a major imaging
technique in the clinical practice (Beyer et al., 2000). The proposal to combine PET
with CT was made in the early 1990s for intrinsic alignment of functional (PET) and
anatomical (CT) images, while using the CT images to derive the PET attenuation
correction factors (Beyer et al., 2011). For neuroimaging, co-registration (fusion) of
brain PET and Magnetic Resonance (MR) images obtained from different scanners is
the standard method to localize PET-derived functional data in brain structures
identified on anatomical MRI. Co-registration of brain PET and MR images mainly
relies on rigid matching which is not considered a major issue in most situations.
Simultaneous acquisition was therefore not a critical need (Chen et al., 2018). Things
are different when considering MRI has a functional neuroimaging technique (fMRI),
which became a standard imaging technique for translational neuroscience. Data
obtained from fMRI substantially differ from that of brain PET. Hybridization of PET
with MR in a single scanner was therefore proposed to foster the synergy between
these two major functional neuroimaging techniques (Chen et al., 2018). Technical
feasibility of combining PET and MR in a single hybrid system has been envisioned in
early 2000’s (Marsden et al., 2002). It has been a decade between early views and
expectations on in vivo imaging of brain function using hybrid PET/MR systems and
the concrete availability of such scanners in several imaging centers worldwide (Heiss,
2009; Sander et al., 2020).
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In the past 10 years, functional ultrasound (fUS) appeared as a new in vivo modality
for preclinical neuroimaging (Tiran et al., 2017; Deffieux et al., 2018; Ferrier et al., 2020).
This technique previously developed on rodents (Macé et al., 2011; Demené et al., 2016)
is based on ultrasensitive Doppler imaging that catches in real-time the small change
in cerebral blood volume (CBV) assumed to reflect local brain function.
The present review aims at providing an overview on the current knowledge in the
hybridization of functional neuroimaging techniques, starting from the experience
gained by hybrid PET/MR research protocols. Here we present the challenges
encountered, the solutions proposed and the perspectives of the hybridization of
functional neuroimaging techniques including PET, fMRI or fUS.
1. Functional neuroimaging techniques
Beyond the anatomical characterization that medical imaging can bring, three main
non-invasive modalities are being developed to map brain function in vivo. PET is a
molecular imaging technique which allows in vivo estimates of biological processes at
the molecular and cellular level. It is based on the injection of a molecular probe
labeled with a positron emitter radionuclide, followed by the detection of photons by a
ring of detectors. From the detected signals, a quantitative map of the probe
concentration within the body is reconstructed with a spatial resolution of the order of
3 to 4 mm in humans and 1 mm in rodents, and a temporal resolution of a few tens of
seconds. Compared to other molecular imaging modalities, PET is characterized by a
very high molecular sensitivity: it can detect between 10-11 mol/L and 10-12 mol/L
concentrations (Fig. 1).
Functional MRI often refers to the estimation of brain activity by using the endogenous
blood-oxygen–level dependent (BOLD) contrast to detect hemodynamic changes. It is
characterized by a spatial resolution of ~2 mm in humans and ~0.5 mm in rodents,
and a delay of a few seconds between the start of the neuronal activation and the
maximum of the BOLD signal. Hence, it cannot capture faster changes. Perfusion MRI
can also be considered as a functional modality, with the estimation of quantitative
CBV and cerebral blood flow (CBF) maps, unlike for the BOLD contrast. Arterial spin
labelling (ASL) is a perfusion technique that does not require the injection of a contrast
agent. However, ASL is less advanced than BOLD imaging, the latter being the
modality of choice to measure brain activity. Other perfusion techniques like dynamic
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susceptibility contrast (DSC) and dynamic contrast enhanced (DCE) are based on the
use of suitable contrast agent (McGehee et al., 2012) (Fig. 1).
Functional ultrasound is the fastest imaging modality to detect small hemodynamics
changes in the brain (Macé et al., 2011). For now, fUS is mainly used in preclinical
protocols to capture rapid change in CBV (~seconds) associated with changes in brain
function (Fig. 1) (Osmanski et al., 2014; Sieu et al., 2015). Compared with PET and
MRI, this technique is highly invasive, since it requires a craniotomy or reduction of
skull thickness to access the brain for animals bigger than mice, which have a very
thin skull bone, (Deffieux et al., 2018). Indeed, ultrasound are blocked by the skull
bone which distorts the propagating ultrasonic wave front. Methods based on
simulation of ultrasonic wave propagation are currently developed to try to solve this
issue, but they are animal dependent and time consuming, which limits their
applications for real time feedback (Pinton et al., 2012). It was however shown that
ultrasonic contrast agents such as inert gas microbubbles may improve ultrasonic
signal-to-noise ratio so that fUS without invasive craniotomy can be envisioned (Errico
et al., 2016).
Comparison of the technical performances of PET, fMRI and fUS for neuroimaging is
represented in figure 1. It is striking that PET and fMRI show great complementary in
their performances while sharing minimally invasiveness, allowing for clinical
neuroimaging and 3D acquisition of the whole brain, thanks to suitable imaging depth.
fUS excels where PET falls short. The limited clinical perspectives of fUS however
suggests the relevance of the PET/fUS combination for preclinical research, with
potentially better availability than hybrid PET/fMRI (Fig. 1). Functional US benefit from
exquisite spatial resolution (~100 µm). Functional sensitivity, which describes the
ability to detect moderate change in brain function, is higher for fUS than fMRI. It is
widely admitted that fUS can estimate small changes in cerebral blood flow (CBF) with
better accuracy that fMRI (Deffieux et al., 2018). The functional sensitivity of PET
critically depends on the pharmacokinetic and pharmacologic properties of
radiotracers used. The dynamic resolution refers to the time needed to explore one
state of brain function. Functional US benefits from excellent dynamic resolution, with
a framerate >10 000 frames/s, leading to a real-time feedback (~1 Hz). Compared with
fMRI and fUS, PET suffers from a low dynamic resolution, which is not related to the
time-resolution and framerate of PET acquisition but critically depends on radiotracer
properties: compounds with slower brain kinetics following a bolus injection, with slow
5

peak radioactivity and slow washout from targeted brain regions, require longer
acquisition duration to generate quantitative outcome parameters (Pike, 2016).
Availability of imaging devices is more limited for PET, since it requires dedicated
radiotracers to be produced or purchased, along with dedicated facilities for
radioprotection. Clinical MRI is widely available in most radiology departments.
Although fUS is an emerging technique, it can be easily installed in most laboratories
with lower cost than preclinical PET or MRI. The translational perspectives MRI and
PET are evident, although PET procedures involve injection of radiopharmaceuticals
and may require arterial blood sampling which may limit its clinical use. fUS has
demonstrated its value for human application in peroperatory (Imbault et al., 2017) and
in newborns (Demene et al., 2017) but remains very difficult to be performed in most
situations due to skull aberrations. Imaging depth is consistently very limited for fUS
without craniotomy or natural windows on the brain. PET has supremacy on molecular
resolution since this method provides information regarding biochemical or
pharmacological events occurring in the brain rather than change in hemodynamics.
Quantitative imaging is also mastered by PET thanks to accurate and absolute
radioactivity counting. Recent data suggest that fUS can discriminate different levels
of brain function with suitable accuracy (Rabut et al., 2020).

6

Technical hybridization of neuroimaging techniques
There are many available software solutions for fusing PET data with separately
acquired MRI images satisfactorily. However, only hybrid PET/MRI system can
provide simultaneous functional information representing disease states (Zhu and
Zhu, 2019). The proposal to combine PET and MRI is not recent and goes back to the
late 1980s, when Bruce E. Hammer filed in 1989 a patent for a hybrid system where
a ring of PET detectors is inserted inside the bore of a MR. Since the beginning, the
objective was to realize simultaneous PET and MR acquisitions, which raised major
technological challenges to operate a PET detector inside a high magnetic field, in the
presence of radiofrequency pulses and gradient switching. The first prototypes were
developed for rodent imaging in the late 1990s and early 2000s, with the MR sensitive
parts of the PET detectors positioned 4 meters away from the magnet, resulting in
severe loss of sensitivity (Marsden et al., 2002). Thanks to major improvements in the
technology of solid-state photodetectors, insensitive to the magnetic field, the first
prototypes with fully MR compatible PET detectors were developed in the mid-2000s,
initially applied to rodent imaging (Judenhofer et al., 2007) and shortly after to human
brain imaging (Schlemmer et al., 2008). The first fully integrated whole-body PET/MR
system for clinical applications was marketed in 2011 (Delso et al., 2011). Since then,
a few hundred systems were installed worldwide from four different manufacturers,
both for clinical and research applications, mainly in oncology and neurology. Some
of them only permit sequential (non-simultaneous) PET/MR acquisitions.
The hybridization of PET with US is in its infancy although there is no major
technological challenge in simultaneously operating both modalities. Jean Provost and
colleagues reported on the first hybrid system, PETRUS, allowing for the simultaneous
acquisition of PET and ultrafast ultrasound (UUI) data for rodent imaging (Provost et
al., 2018). The instrument was assembled from an existing pre-clinical PET-CT system
and a clinical UUI device, with the addition of a motorized micro-positioner to operate
the US probe within the PET/CT field of view. They showed no significant degradation
of PET image quality due to the presence of the US probe (Perez-Liva et al., 2018)
and demonstrated the feasibility and interest of hybrid PET/CT/UUI for cancer and
cardiac multi-parametric 3D imaging in mice and rats (Facchin et al., 2020). They also
mentioned the interest of PET and UUI hybridization for functional brain imaging in
rodents. To the best of our knowledge, no simultaneous PET/US acquisition for
functional brain imaging has been reported so far in the literature.
7

Methodological challenge
Practical consideration
The practice of hybrid, multimodal imaging protocols for the study of brain function is
still in progress. This situation does not only reflect the recent availability of hybrid
PET/MR scanners for clinical practice and research. It also shows that protocols used
in single modality imaging systems do directly translate into feasible and/or relevant
projects to be used on costlier and less available hybrid systems. Only few teams have
so far conceptualized their experience on the design of protocols for hybrid
neuroimaging for neuroscience research (Sander and Hesse, 2017; Sander et al.,
2020).
There is still a large majority of studies describing the use of hybrid PET/MR systems
for studies that could theoretically be performed using independent PET and MR
sessions performed in the same individuals. It is worth noting that neuroimaging clearly
benefits from recent technological improvement of the performances of PET and MR
systems. High-end PET/MR systems often include recent and high-performance PET
and/or MR systems that justify their choice over available systems in certain imaging
centers. It cannot however be neglected that the presence of the MR magnet
complicates the access to the scanner during acquisition. Pharmacokinetic modelling
is the gold standard for correct interpretation of brain PET data using many
radiotracers, which requires injection of the patients under the PET camera, at the
start of PET acquisition, and repeated arterial blood sampling to measure the kinetics
of parent (unmetabolized) radiotracer in the plasma (Innis et al., 2007). The staff may
need to use metal-containing shielding or systems for blood sampling that are not MRcompatible. Moreover, the staff usually goes in and out during PET acquisition to limit
radiation exposure after radiotracer injection which is usually prohibited during fMRI
acquisition because it may interfere with the measurement of fMRI parameters. PET
imaging is a silent environment, and the noise of most MR sequences may impact
brain function assessed using PET (Chonde et al., 2013). This noise requires
protection headphones which impact on photon attenuation has to be anticipated in
the absence of CT scanner or transmission source in available PET/MR systems
(Tellmann et al., 2018; Mackewn et al., 2020).
MRI is assumed to be less invasive than PET because it does not systematically
involve injection of pharmaceutical product. In animals however, contrast agents such
8

as ferumoxytol are often injected at pharmacological dose to improve the functional
sensitivity of fMRI to detect change in the BOLD signal. The impact of contrast agents
on PET radiotracer PK and binding, as well as the availability of the investigated target
has to be systematically investigated to avoid any bias in the estimation of PETderived parameters (Muehe et al., 2020).
Post-acquisition co-registration of functional PET images on anatomical MR images
still remains the standard method to compensate for the limited anatomical
performances of PET or PET/CT to delineate brain regions. However, there are
situations where PET radioligands show extremely low brain uptake and offer limited
anatomical landmarks, simultaneous PET/MR acquisition enables accurate contouring
of the regional kinetics of the brain PET signal (Marie et al., 2019). Moreover, some
patients with debilitating conditions are not likely to accept or even withstand several
imaging sessions, even during the same day.
PET/MR acquisitions are fully justified in many situations encountered during
neuroscience research, when the time between acquisitions in each modality becomes
a confounding parameter for the interpretation of imaging data. Acquisitions performed
several hours to months apart may account for significant difference in brain function
because many pathophysiological parameters (stress, motivation, fatigue, circadian
rhythm, etc.) may impact the outcome of imaging data so that comparison and
correlation between PET and fMRI data may be difficult or even misleading. Cognitive
paradigms involving memory or learning tasks cannot be repeated without learning
from the first imaging session to the next one. In these situations, sequential (nonsimultaneous) imaging systems offer the possibility to drastically reduce the time
between PET and MR acquisition which improves bimodal imaging protocols in most
situations (Chen et al., 2018).
Hybrid protocols for synchronized neuroimaging
Most current PET-fMRI studies in the literature compared the fMRI-derived “restingstate” brain connectivity with the PET-derived neuroreceptor binding or metabolism in
brain regions in the absence of any intervention in healthy and pathophysiological
conditions (Muzic et al., 1998; Riedl et al., 2014, 2016; Aiello et al., 2015; Marchitelli et al.,
2018; Scherr et al., 2019; Ripp et al., 2020). This paradigm offers the possibility to address

neuroreceptor or biochemical correlates underlying disease- or state-induced change
in functional connectivity in the same individual, at the same time (Cavaliere et al., 2018).
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This multimodal paradigm can theoretically be performed using separated or nonsimultaneous PET/MR systems (Karjalainen et al., 2017; Dubol et al., 2018) and does
not exploit the full potential of simultaneous hybrid imaging. However, simultaneous
acquisition allows to derive correlation maps that come from both modalities to
describe the dynamics of the coupling of PET- and MR-derived parameters (Aiello et
al., 2016).

Creative designs of PET/MR protocols have to be imagined to make the best with the
combination of simultaneously acquired functional data (Sander et al., 2020). The use
of simultaneous hybrid scanners is especially relevant to investigate time-dependent
change in brain function. Imaging protocols or paradigms have to be defined to study
the functional impact of events named “interventions”, hypothesized to precipitate
within-scan changes in brain function, to be simultaneously detected by both
modalities (Fig. 2). Behavioral intervention involves cognitive task or stimuli which
have driven the applicability of fMRI in translational neuroscience over the past 30
years (Bandettini, 2012). Pharmacological interventions involve CNS acting drugs with
impact of neurotransmission or expected change in brain physiology, which made the
philosophy of pharmacological neuroimaging. Pharmacological challenges are widely
used by the PET community to validate new radiotracers or study the impact of
investigated drugs on brain function (McCluskey et al., 2020). The use of fMRI to study
the effects of CNS-acting drugs, the so-called pharmaco-fMRI (phMRI) aims at
determining drug-induced changes on disease relevant networks, and non-invasively
prove pharmacological effects induced by acute or chronic administration of
investigated drugs at the CNS level (Wandschneider and Koepp, 2016). Although
limited molecular information can be gained compared with PET, regional analysis of
phMRI data provide a pragmatic mean for early assessment of treatment response
which does not depend on the availability of target-specific imaging probe.
Pharmacological MRI is therefore increasingly used in CNS drug development to
predict mechanisms of drug efficacy and safety in animals and humans, including
healthy volunteers and patients (Mandeville et al., 2014). Neuropharmacology is also
a highly promising application domain for fUS (pharmaco-fUS) to address the CNS
effects of drugs, at least in animals (Rabut et al., 2020; Vidal et al., 2020).
MR-derived BOLD signal measured using fMRI or CBV measured using fUS is very
transient and its estimation is only possible thanks to adequate dynamic resolution
(Fig. 1). Block intervention paradigm with repeated rest/task cycles can be performed
10

to improve the functional sensitivity of the technique to detect change in brain function
(Amaro and Barker, 2006). This strategy is difficult to be used for PET imaging protocols

because it takes much more time for the radiotracer to reach pharmacokinetic
equilibrium and capture a functional state of the brain (Fig. 1). PET imaging is
predominantly performed after injection of a single bolus dose of radiotracer. As a
consequence, PET captures a functional or biochemical state of the brain that occurs
at the time of radiotracer injection, with the assumption that this state does not vary
too much while the radiotracer diffuses to the brain and interacts with the investigated
biomarker (~20 minutes to hours) (Fig. 1). In most situations, the dynamic resolution
of PET is much lower than that of fMRI (~minutes) or fUS (~seconds). Therefore, in
pharmacology studies, equilibrium of plasma concentrations is often required to
maintain constant drug exposure during the whole scan to estimate receptor
occupancy or changes in brain function associated with controlled and stable plasma
levels of the investigated drug. The release of endogenous neurotransmitters induced
by CNS-acting drugs or cognitive-task can also be captured by PET as it competes
with the binding of radiotracers at their specific target receptor. Repeated PET
experiments are therefore performed before (baseline) and after (challenge) drug
administration or task to compare their impact, which requires at least two consecutive
PET experiments (Fig. 2A) (Sander et al., 2020). This common PET design is not
optimal for fMRI or fUS, for which high variability in baseline estimate exists, so that
conditions have to be preferentially tested within a single imaging session (Jenkins,
2012; Mandeville et al., 2014).
Microdose radioligands used for PET experiments are specifically designed not to
exert any pharmacological effect. This property guarantees the toxicological safety of
PET experiments which fosters the acceptability of their translation to humans.
Microdose PET experiments are therefore not likely to induce change in brain function
to be detected by other functional imaging techniques such as fMRI or fUS. Ideal PET
radioligands have to freely diffuse across the blood-brain barrier (BBB) and bind to
investigated target with limited non-specific and/or off-target binding to the brain (Pike,
2009). Non-specific binding of the radiotracer is assumed to be not saturable and is
therefore

non-displaceable

by

pharmacologic

doses.

Radiopharmaceutical

preparations contain a certain amount of unlabeled analogue of the radioligand to be
determined to assess the molar activity, a.k.a specific activity, which is the ratio
between activity and mass of compound, expressed in MBq/µmol or MBq/µg. High
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molar activity is often required for radiotracers to freely bind and map available target
in the brain. Using low molar activity preparation, the binding of radiotracer may
compete with the binding of unlabeled ligand, leading to reduced uptake in the target
region (Fig. 2A). This situation is typically avoided in conventional PET studies
because it may induce unwanted but target related pharmacological effects.
Interestingly, the use of low specific activity preparation has been steered toward
pioneer pharmacological PET/MR protocols (Sander et al., 2013). For short-lived
isotopes such as carbon-11 (T1/2 = 20.4 min), controlled decrease in specific activity
can be obtained by waiting for radioactive decay, thus decreasing the proportion of
radiolabeled compound relative to its non-labelled analogue in the preparation.
Alternatively, the radiopharmaceutical preparation can be spiked by a selected amount
of unlabeled ligand. Many PET radioligands are chemical analogues of drugs which
tolerability at pharmacological dose is well described, so that this strategy can
theoretically be transferred to humans. Raclopride is a prototypical D2/D3 dopamine
receptor antagonist and [11C]raclopride is widely used as PET probe to these specific
receptors. In a seminal paper, Sander and colleagues tested repeated PET/fMRI
experiments in nonhuman primate using several preparations of [11C]raclopride with
decreasing molar activity (i.e with increasing mass dose of unlabeled raclopride).
Using this strategy, it was possible to correlate MR-derived change in CBV with the
PET signal as a function of injected dose, time and space. They showed that the
vascular response was tightly coupled to PET-derived changes in receptor occupancy,
which provided a minimally-invasive method to quantitatively explore the
neurovascular coupling associated with the inhibition of D2/D3 receptors in vivo
(Sander et al., 2013).
Several PET protocols have been developed to track change in brain function within
a single PET acquisition (Fig. 2). These protocols are theoretically suited for the
detection of events occurring during the scan, which enables within-subject studies
with lower variability than repeated experiments. This paradigm may better fit the
design of functional neuroimaging paradigm used for fMRI or fUS, making the best
with the simultaneous acquisition of different imaging modalities (Sander et al., 2020).
Displacements studies are widely performed as strategy for the validation of
radiotracers, especially those used for neuroreceptor imaging. Pharmacologic dose of
the investigated ligand or a reference and target-specific ligand can be injected during
the time-course PET acquisition, several minutes to hours after the injection of the
12

radiotracer (Fig. 2B). In some situations, competition of the pharmacologic levels of
exogenous or endogenous ligand with the binding of the PET radioligand leads to incourse change of the PET signal in target containing brain regions (Ceccarini et al.,
2012; Pike, 2016). The extent of displacement can be estimated as the relative change

in brain radioactivity after displacement relative to baseline (before intervention) or
control (experiments without intervention). For some radiotracers, regions with low
expression of the investigated target can serve as reference region to ensure the
target-specificity of the displacement (Matthews et al., 2012). However, optimal timing
for displacement is difficult to define: it should ideally be performed at the maximum of
radiotracer binding, which is hardly predictable. For reversible radioligands, level and
kinetics of displacement closely depends on the pharmacokinetics of both the tested
drug and the radiotracer, and their respective association-dissociation kinetics at the
target level (Pike, 2016). Drugs used for pharmacological challenges are therefore
preferentially injected IV to achieve controlled levels in plasma and the brain, for
improved control of the time-frame of interaction with the CNS target. For irreversible
radioligands, displacement has by definition negligible effect. Co-injection or pretreatment is the only option to highlight the specific binding of irreversible radioligands
using a pharmacological challenge.
The sensitivity of PET tracer to detect changes in the concentration of an endogenous
competitor via displacement of the tracer, i.e its vulnerability to competition, also
closely depends on its pharmacokinetic and receptor-binding properties (Morris and
Yoder, 2007). The possibility of within-scan determination of the release of endogenous

ligand also depends on the consistency of the phenomenon with the dynamic
resolution offered by the selected PET radioligand (Fig. 1). Despite some limitations,
within-scan intervention offers a pragmatic and semi-quantitative technique to localize
and rank the target-specific binding across different brain regions using PET. This
paradigm has however less quantitative properties than full kinetic modelling using two
consecutive PET scan (Honer et al., 2014) (Fig. 2A). In the perspective of the design
of simultaneous PET/MR studies, within-scan intervention appear to be a good
compromise to gain PET-derived information on targeted neuroreceptor while
enabling functional neuroimaging data before and after displacement, thus avoiding
the test-retest variability associated by repeated experiments (Baumgartner et al.,
2018). It is likely that full PET kinetic modelling, which is the gold standard in PET
experiments, will not be the standard for most PET/MR protocols. Simplified PET
13

methods have to be developed for each radioligand to provide spatially localized and
quantitative information on target engagement or endogenous neurotransmitter
release, to be compared with synchronized fMRI or fUS data (Irace et al., 2020).
Methodological efforts have recently been made to exploit the synchronicity of PET
and fMRI acquisition, thus fostering the use of simultaneous PET/MR systems to track
changes in brain function with improved dynamic resolution. Radiotracer infusion of
[150]H20 with kinetic modelling is the gold standard method for quantitative
measurement of the CBF. [150]H20 can measure the resting state CBF in various
disease states, and investigate the response to pharmacological or behavioral
intervention (Imaizumi et al., 2004). Continuous infusion of [150]H20 rather than bolus
injection is mainly justified by the very short radioactive decay of oxygen-15 (~2 min).
Today, fMRI has overtaken [150]H20 PET in most situations excepts contra-indication
of MR experiments or the need for silent conditions (Coez et al., 2009). Conventional
bolus injection of [18F]FDG provides an average glucose uptake into the brain over an
extended period of ~30 min. Villien et al. (2014) applied continuous infusion of
[18F]FDG PET to study the dynamics of glucose uptake in the brain (Villien et al., 2014).
These methods named functional PET (fPET) gained recent interest because they tent
to push PET imaging into fMRI-like paradigms, by isolating changes in glucose
metabolism induced by single or repeated intervention, with better dynamic resolution
(Hahn et al., 2018; Li et al., 2020). Carson and co-workers have initiated the use of

radiotracer infusion for neuroreceptor imaging (Carson, 2000). The basis of constant
infusion or bolus/infusion method is to ensure controlled and constant delivery of
radiotracer to the brain so that pharmacokinetic equilibrium (steady-state) is reached
and maintained during the scan (Fig. 2C). Time-dependent change in the PET signal
induced by intervention is therefore more specifically related to change occurring at
the molecular target level, which is intended to simplify the interpretation of PET data,
while improving dynamic resolution and functional sensitivity to track change in target
availability (Carson, 2000). This method requires specific development for each
radiotracer and is not as convenient as bolus injection for the clinical practice. In the
perspective of PET/MRI protocols, the bolus/infusion strategy was optimized for
quantitative determination of the serotonin transporter (SERT) binding in humans
using [11C]DASB (Gryglewski et al., 2017). Quantification of SERT occupancy
associated with a single IV dose of citalopram, injected during radiotracer infusion,
was then validated (Gryglewski et al., 2019; Silberbauer et al., 2019). Prolonged
14

steady-state enabled by infusion lets room for within-scan fMRI sequences before,
during and after intervention, which may theoretically allow for block studies of brain
function when studying transient phenomenon (Fig. 2C). In theory, this paradigm may
be better suited for task intervention rather than pharmacological imaging due to
cumulative levels of drugs associated with repeated administrations.

Scientific outcome of PET-fMRI studies
The availability of hybrid PET/MR systems have paved the way for a large field of
research based on the concept of bimodal functional neuroimaging. Hybridization of
PET and fMRI first offered many opportunities to validate or improve measurement
made by each modality. Dynamic brain PET studies can last more than 1 h. Within
scan voluntary and involuntary head motions are almost inevitable and have to be
monitored to avoid head-motion artifacts (Bloomfield et al., 2003). This is particularly
true in the elderly, children or in patients with dementia or movement disorders. Head
restraints can be used to reduce head motion but head movements still cannot be
completely eliminated (Bloomfield et al., 2003). The possibility for repeated anatomical
MR sequences with the development of MR-active markers has been proposed to
track head motion in real time during a simultaneous PET/MR brain scan, and directly
incorporate the motion measured by the markers in the reconstruction of dynamic
brain PET images (Huang et al., 2014).
PET offers quantitative imaging for many neurochemical and neurophysiological
events such as brain perfusion or glucose metabolism. Several studies astutely used
hybrid imaging to validate MR-derived protocols to estimate these parameters. PET
with

15

O-radiolabeled water ([150]H20), which requires technically demanding arterial

blood sampling, is considered the gold-standard method in quantification of CBF in
brain regions (Herscovitch et al., 1983). Different image-derived input function (IDIF)
methods have been proposed to limit the invasiveness of the procedure. Time-of-flight
(TOF) MRI is useful to localize brain feeding arteries and measure corresponding timeactivity curves on co-registered PET images. However, the quantitative value of kinetic
modelling using IDIF is limited given the low spatial resolution of PET relative to the
small diameter of carotid and vertebral arteries. Khaligi and coworkers (2018) took
advantage of the simultaneously acquired combination of MR-TOF-derived angiogram
and initial [150]H20 PET data to improve the robustness of CBF estimation in patients
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(Khalighi et al., 2018). Phase-contrast MRI (PC-MRI) can measure blood flow velocity
and vessel area quickly and noninvasively, which was previously investigated as an
index of the global brain perfusion (Vestergaard et al., 2017). Ssali and coworkers
combined PC-MRI with simultaneous [150]H20-PET data to create quantitative
perfusion maps on a PET/MRI scanner. In pigs, they validated a minimally-invasive
PET/MRI approach using global CBF determined by phase-contrast MRI as a
normalization factor (Ssali et al., 2018). The clinical relevance of this strategy was
recently demonstrated in healthy volunteers and patients with Moyamoya disease as
a model of chronic ischemic disease (Ishii et al., 2020).
Estimation of CBF is also possible by Doppler ultrasound (Oktar et al., 2006; Han et
al., 2007; Purkayastha and Sorond, 2012) or the clinically feasible MR-derived ASL
(Jezzard et al., 2018). However, many factors may impair the quantitative value and
reproducibility of ASL (Mutsaerts et al., 2020). Availability of hybrid PET/MR scanner
has made it possible to directly compare quantitative regional CBF estimated using
ASL-MRI and absolute quantitative [150]H20-PET (bolus injection), simultaneously
obtained in the same subjects in rest, during hyperventilation, and after acetazolamide
challenge, a pharmacological intervention aiming at increasing CBF (Vorstrup et al.,
1984; Puig et al., 2019). The authors showed that ASL-MRI and [150]H20-PET
measurements of regional CBF were highly correlated across different perfusion
states. However, they showed poorer correlation within individual states, in particular
in resting state measurements, and only moderate correlation in hemodynamic
reactivity (Puig et al., 2019).
Brain [18F]FDG PET with kinetic modelling provides a biochemically relevant
estimation of brain function because glucose metabolism is tightly linked to neuronal
activity (Varrone et al., 2009; Mergenthaler et al., 2013). However, radiation exposure
and the relatively low spatial resolution of PET have made fMRI the current standard
for functional neuroimaging experiments. fMRI-BOLD provides an indirect and poorly
quantitative estimation of neuronal activity. Indeed, the BOLD signal depends on the
complex interplay of hemodynamic parameters including the cerebral metabolic rate
of oxygen, CBF and CBV changes (Gauthier and Fan, 2019). Interestingly,
comparison of simultaneously acquired [18F]FDG and BOLD-fMRI have been used to
untangle the metabolic correlate for fMRI signal in rats in resting and activated state
(whisker pad stimulation) (Wehrl et al., 2013). The authors observed a regional
mismatch, which was explained by the different biochemical basis of each technique,
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suggesting complementarity rather than competition of both modalities to explore brain
function in vivo. More recently, human studies confirmed this observation and revealed
the potential of the hybridization of [18F]FDG-fPET (infusion protocol) with fMRI to
provide insights into dynamics of hemodynamic and metabolic interactions during
visual stimulus in a block design paradigm (Jamadar et al., 2019).
Full pharmacokinetic modelling requires dynamic PET acquisition from injection to
binding equilibrium, which is difficult for clinical routine in patient, especially for
radioligands with slow kinetics such as the β-amyloid binding radioligand
[18F]florbetapir (Auvity et al., 2020). In these situations, binding can be estimated from
late static PET images acquired several minutes or hours after radiotracer injection. In
the absence of early PET data, it is not possible to estimate the extent of initial delivery
of the radiotracer, which is highly dependent on CBF and may confound the estimation
of [18F]florbetapir binding. Scott et al. therefore incorporated CBF information from
ASL-MRI into the PET pharmacokinetic modelling of [18F]florbetapir. They showed that
ASL-corrected PET data acquired from 20 to 50 min post injection were strongly
correlated with [18F]florbetapir binding estimated using the standard 60 min
acquisition, thus allowing for reduced length of PET acquisition in patients (Scott et
al., 2019).
Translational molecular imaging is so far dominated by PET. However, magnetic
resonance spectroscopy (MRS) can estimate brain concentration of metabolites in
vivo. PET/MRS therefore offers perspectives for the hybridization of molecular
information simultaneously acquired in the same subjects. This strategy can be used
to demonstrate associations between PET-derived marker of neuroinflammation and
MRS-derived markers for neuronal integrity, levels of neurotransmitters or the redox
status in patients with various neuropsychiatric diseases (Hafizi et al., 2018; Ratai et
al., 2018; Da Silva et al., 2019). O'Gorman Tuura and colleagues ingeniously used
this approach to test the sensitivity (or vulnerability) of the glutamatergic radioligand
[18F]PSS232 to detect shifts in cerebral glutamate levels precipitated by IV injection of
N-acetyl-cystein (O’Gorman Tuura et al., 2019).
Seminal [11C]raclopride PET/MR work performed by Sander and colleagues in
anesthetized nonhuman primates revealed the synchronicity of levels of receptor
blocking by dopamine antagonist and consequent decrease in CBV (Sander et al.,
2013). More recently, they used a bolus-infusion strategy for [11C]raclopride to track

change in receptor occupancy and CBV induced by increasing or repeated doses of
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dopamine agonists in monkeys (Sander et al., 2016). They showed that selective
D2/D3 agonists elicited dose-dependent increases in receptor occupancy, together
with change in CBV, in caudate and putamen (Fig. 3). Using this strategy, it was
moreover possible to perform a longitudinal monitoring of the pharmacological
response to repeated pharmacological challenges performed within a single imaging
session (Sander et al., 2016). Birn and coworkers used [18F]fallypride, another D2/D3specific radioligand, to track change in the synaptic content of endogenous dopamine
induced by increasing doses of methylphenidate (Birn et al., 2019). Interestingly, it was
shown that dramatic changes in CBF induced by hypercapnic challenges, assessed
using MR-derived ASL, did not affect the brain PET kinetics of [11C]raclopride or
[18F]fallypride. Change in CBF, that often occurs due to behavioral tasks or
pharmacological challenges, was therefore not likely to affect the outcome or PET data
using these specific radiotracers (Sander et al., 2019). Altogether, pioneer work
performed around dopamine receptors as model CNS target illustrates the invaluable
potential of pharmacological PET/MRI to study the neurovascular-coupling
mechanism during receptor-specific modulation by endogenous and exogenous
ligands (Sander et al., 2020).
Perspectives
The relevance of brain PET/MR systems for diagnostic is mainly justified by the coacquisition of multiple parameters derived from both modalities. In a pragmatic way,
multiparametric imaging enhances the chance to detect change in brain function
relevant to the investigated phenomenon since functional sensitivity of each modality
is difficult to predict (Fig. 1). This is a competitive advantage to explore multiple
hypothesis in a limited number of individuals. In the clinical practice, it is likely that the
combination of multimodal parameters may improve the accuracy of diagnostic
compared with each individual modalities (Tahmasian et al., 2016; Chen et al., 2018).
So far, the literature on hybrid PET/MR in neuroscience research is still dominated by
methodological and proof-of-concept studies. This suggests that the philosophy of
PET/MR protocol design is maturating. Developments are therefore needed to make
the best with the hybridization of functional neuroimaging techniques (Sander et al.,
2020).
Simultaneous PET/MR was shown a relevant tool to validate or improve the
performance of each other modality. PET-derived outcome parameters theoretically
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benefit from absolute quantification, although experimental variability is a daily
undertaking (Fig. 1) (Baumgartner et al., 2018). Cross-calibration studies may thus
enable validation of MRI-based functional estimates (Zhu and Zhu, 2019).
Normalization of fMRI remains a challenge. Today, it is still difficult to quantify the
magnitude of the BOLD fMRI signal between MR scanner, between individuals and
even between sessions in the same individual. Normalization methods for fMRI have
been proposed to allow for large multicentric studies using different scanners and/or
repeated scans in the same individual in a longitudinal way, thus matching the design
of most PET protocols (Cohen et al., 2004; Driver et al., 2017). ASL becomes more
widely adopted in research and clinical settings, efforts have sought to standardize the
method and validate its CBF estimates against the PET-based gold-standard. The
importance of such differences relies upon the specific context and experimental
setting, and whether expected error is acceptable or systematic. Future studies could
take advantage of PET/MRI cross-comparison to validate standardized ASL protocols
or at least, to more clearly identify the populations or situations were ASL-MRI can be
faulted to correctly estimate CBF. Once ASL is validated, clinicians will gain a
noninvasive, radiation-free, available, robust and repeatable imaging method with to
investigate quantitative perfusion in the brain (Fan et al., 2016).
It is also likely that hybrid PET/MRI systems could be used to reduce the invasiveness
of PET or improve its quantitative performances. IDIF is an attractive but challenging
noninvasive alternative to arterial blood sampling, it is also a very challenging field
associated with diverse problems that impede its broader use in PET-alone studies
(Zanotti-Fregonara et al., 2011). Precise brain co-registration MRI, with improved
contrast in brain vessels and perfusion data may be used as an alternative or a
complement to arterial input function to derive hybrid PET/MR kinetic models that
would take information from both modalities to elucidate the brain kinetics of
radiotracers (Sari et al., 2014; Zhu and Zhu, 2019). This strategy may be particularly
suited for PET radioligand which initial brain uptake closely depends on brain
perfusion. For such radioligands, preliminary [150]H20-PET imaging can be performed
for quantitative determination of CBF and implementation in kinetics models (Deo et
al., 2014). It is much likely that MRI-guided estimation of IDIF and CBF may be
increasingly employed as methods to improve the accuracy of PET kinetic modelling,
or for normalization purpose (Sander et al., 2019; Zhu and Zhu, 2019).
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The design and validation of fMRI paradigms is a complex research field. Once
validated, fMRI paradigms can apply to various pathophysiological states to test
corresponding hypotheses on brain circuitry and function (Bandettini, 2012). The PET
equivalent is the validation of radioligands for which valid and feasible kinetic models
are needed to study corresponding brain function in multiple situations (Honer et al.,
2014). Task-related or pharmacological interventions are shared by both modalities as
mean to precipitate change in brain function (Fig. 2). Intuitively, it is likely that future
PET/MR protocols for neurosciences will have to meet the expectations of both
modalities, which may dangerously narrow the diversity of investigated parameters.
Today, the most advanced dynamic PET/MR paradigms, including intervention, are
designed to investigate the neurovascular coupling associated with the dopaminergic
receptors (Sander et al., 2020). This probably reflects the reliability of dopaminergic
radioligands for which simplified models exist, and can be customized for
simultaneous PET/MR acquisition. It should be kept in mind when developing new
radiotracers for PET that their applicability for PET/fMRI studies should be considered
for in-depth and multimodal exploration of brain function associated with the
investigated target.
Molecular fMRI is a new concept based on the development of MRI-detectable
molecular probes to study brain function in vivo (Sinharay and Pagel, 2016; Ghosh et
al., 2018). Dual-modality imaging probes, that can be simultaneously detected by
several modalities, may therefore provide a multiparametric and multiscale mapping
of brain function, making the best with the performances of each modality (Yang et al.,
2018a). However, noninvasive brain delivery of MRI contrast agents requires a
strategy for getting them across the BBB, which is a major limitation compared with
small-molecule radiotracers used for PET. For this reason, the most advanced MRdedicated contrast agents for molecular neuroimaging aim at studying the integrity and
function of the blood-brain barrier. Physical integrity of the BBB can be studied in vivo
using contrast-enhanced MRI using gadolinium-chelates that do not cross the intact
BBB (Magnin et al., 2015). MRI provided many information regarding the functional
impact of transient disruption of the BBB induced by focused ultrasound with
microbubbles. MR and PET have successfully monitored the dynamics of BBB
disruption (Conti et al., 2019), its impact for brain delivery of therapeutics (Goutal et
al., 2018), as well as the consequences on brain metabolism (Arif et al., 2020) or glial
activation (Sinharay et al., 2019). MR-molecular imaging of endothelial cell activation
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is also highly relevant, at least in a preclinical setting, since molecular targets
expressed by the brain vasculature facing the blood are easily accessible by large
contrast-carrying particles (Gauberti et al., 2018). The increasing diversity of MRdedicated molecular imaging probes can be combined with MRS and PET to provide
a larger and multiparametric landscape of the molecular environment in certain brain
regions, which may be useful to untangle complex signaling processes, in a
longitudinal way. In this framework, magnetic particle imaging (MPI) is increasingly
regarded as an alternative imaging technique to selectively track and quantify
magnetic nanoparticles in the brain (Wu et al., 2019). Human-sized MPI has been
recently proposed as mean to explore the neurovascular system, with great potential
for hybridization with complimentary neuroimaging techniques (Graeser et al., 2019) .
The clinical pharmacodynamics of many CNS-acting drugs is difficult to predict
(Srinivas et al., 2018). PET and phMRI have played an unevaluable role to elucidate
the mechanism of action of drugs at the CNS level, with rapid clinical perspectives
(Suridjan et al., 2019). In neuropharmacology, a large variability in response exist,
which mechanisms remains misunderstood. This variability may involve the
downstream processes of pharmacokinetics (i.e ability of the drug to reach the target
tissue), interaction with the CNS target, or transduction of the neuroreceptor signaling
(Srinivas et al., 2018). Conventional PET studies using target-specific radioligands are
useful to estimate baseline target availability and drug induced target engagement.
This strategy offers an indirect but target-restricted insight into the effects of drugs to
the brain. Isotopic radiolabeling of drugs is sometime possible, which enables direct
consideration of the brain kinetics, including transport across the BBB, as factor of
variability for pharmacodynamics (Tournier et al., 2018; Bauer et al., 2019). In this
framework, hybridization of PET imaging with other functional neuroimaging
techniques has a great potential to unveil neurovascular coupling in complex situations
such the desensitization of neuroreceptor (Sander et al., 2016) or the action of biased
agonists (Vidal et al., 2018), during which a disconnection between regional target
engagement and signal transduction may exist.
The novelty and the poor translational perspectives of fUS compared with PET and
MRI probably justify the absence of hybrid systems for neuroimaging. To the best of
our knowledge, hybridization of UUI with MR has not been performed and requires
technological development. MRI has been associated with ultrasound to monitor
focused ultrasound therapy (Larrat et al., 2010; Ozenne et al., 2020) of
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neurostimulation (Yang et al., 2018b). However, association of fUS imaging with fMRI
has not been reported to our knowledge. Functional MRI and fUS offer relatively
similar outcome parameters describing neurovascular coupling, with limited molecular
information (Fig. 1). fUS may nonetheless be used to validate new fMRI sequences in
a translational perspective. Comparison of the performances of fUS with PET strikingly
shows the complementarity of these functional neuroimaging techniques (Fig. 1).
Recent work on fUS suggest that it is less labor intensive and has great potential to
overtake fMRI for preclinical neuroscience (Deffieux et al., 2018). Technical feasibility
of hybrid PET/fUS systems has been demonstrated for cardiac and oncologic
applications and may gain popularity in the near future (Perez-Liva et al., 2018;
Provost et al., 2018). The technical feasibility to perform brain PET/fUS it still
complicated by skull aberrations. It can however be hypothesized that PET/fUS may
become a new player in hybrid functional neuroimaging in the coming years.
Once hybridization of PET with fUS will be possible, the combination of the three
modalities should be envisioned to monitor and interpret the same physiological
phenomenon with complimentary biomarkers at multiple temporal scale. As an
example, the classical brain activation paradigm, which consists in stimulating
whiskers in rodent has been explored using BOLD-fMRI, [18F]FDG-PET and fUS (Fig.
4). Such theoretical trimodal PET/fMRI/fUS study may provide simultaneous
information on the brain function in response to intervention, and track change in brain
metabolism relative to fMRI-derived blood oxygenation and fUS-derived CBV (Macé
et al., 2011; Wehrl et al., 2013).
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Conclusion
There are still technical, methodological and cultural challenges to be addressed to
accelerate the use of hybrid functional neuroimaging protocols (Table 1). Efforts are
being made to develop hybrid imaging systems that enable multiparametric
exploration of brain function in a single imaging session in animals and humans.
Improving the availability of such systems in preclinical and clinical research centers
is a prerequisite. PET/MRI has proven its relevance for translational neuroimaging and
PET/fUS has great potential, at least for preclinical application. We think that original
acquisition paradigms, that take the full potential and the limitations of each modality
into account, remain to be developed to make the best with hybrid neuroimaging
systems. Simultaneous acquisition of PET with other neuroimaging techniques may
generate hybrid parameters that quantitatively connect the brain structural properties,
molecular environment and the neuro-vascular coupling, which may better describe
the contexture and synchronicity of brain function than each individual modality. Crossfertilization of neuroimaging communities and training of young researchers on
multiple imaging modalities is therefore essential. This may foster the development of
hybrid neuroimaging protocols with synergistic rather than additional outcomes to
investigate brain function in health and disease.
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Figure legend
Fig. 1: Comparative performance of PET, fMRI and fUS as functional
neuroimaging techniques. Quantitative values for spatial and dynamic resolution are
reported in the body text. Values of other parameters have been set for illustrative and
comparative purpose.
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Fig. 2 Schematic representation of paradigms for hybrid PET/fMRI or PET/fUS
protocols. The figure displays the impact of intervention (task or pharmacological) on
the kinetics of a model neuroreceptor PET radioligand (blue lines). Possible timing for
simultaneous fMRI or fUS acquisition are shown as red dashed lines for
baseline/resting-state (white) and intervention (grey). The paradigm in A uses bolus
injection of the radiotracer allowing for full PET kinetic modelling, but requires repeated
experiments to assess the impact of intervention. The displacement paradigm shown
in B provides less quantitative PET data but allows for within-scan intervention which
is better suited for fMRI or fUS. The bolus/infusion paradigm show in C allows for both
quantitative PET data and within-session fMRI or fUS acquisition.
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Fig. 3 Parametric maps showing the results from increasing doses of the
dopamine D3-receptor agonist quinpirole. Upper row shows the PET-derived doserelated displacement of the D2/D3-specific radiotracer [11C]raclopride in caudate and
putamen decreases with increasing quinpirole. Lower row shows voxel-wise mapping
of

fMRI-derived

%CBV

changes.

Images

obtained

from

Sander

et

al.,

Neuropsychopharmacology, 2016 (Sander et al., 2016).
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Fig. 4 Simultaneous PET/MRI reveals brain function in activated state on metabolic,
hemodynamic at multiple temporal scales is shown in A (Wehrl et al., 2013). In B,
functional ultrasound allows to watch S1 barrel activation in quasi-real time (Macé et
al., 2011).
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Table 1 Challenges to be addressed to foster the development hybrid functional
neuroimaging
•

Improve the availability of hybrid neuroimaging systems such as PET/MRI or
PET/fUS

•

Develop

dedicated

acquisition

protocols

to

make

the

best

with

hybrid/simultaneous neuroimaging systems
•

Focus on time-dependent processes or within-scan intervention

•

Propose and evaluate hybrid imaging parameters derived from the combination
of complimentary functional neuroimaging data

•

Improve the molecular imaging performances of MRI and US to be combined
with PET for multiparametric molecular imaging

•

Promote the cross-fertilization of neuroimaging communities

•

Training of young researchers on multiple/hybrid neuroimaging modalities
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