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Abstract 
Positron emission tomography (PET) is the most sensitive technique for imaging of human 
physiology and molecular pathways in vivo. Here we provide an overview of PET instrumentation 
and modelling and illustrate how different PET techniques can be used for mapping the molecular 
basis of human emotion circuit. We first cover the principles of PET imaging and the most 
common imaging targets, modelling methods, and experimental designs in brain-PET. We then 
describe how metabolic studies and neuroreceptor mapping of the endogenous dopamine, opioid, 
serotonin, and cannabinoid systems have contributed to our understanding of the emotional brain. 
Finally, we review the recent state-of-the art developments in PET-fMRI, total-body PET and 
discuss how these techniques can transform the landscape of systems-level biological imaging of 
the emotion circuits across the brain and periphery.  
  
 
 
Outstanding questions 

- How different neuroreceptor systems interact when generating distinct emotional states? 
- What kind of brain-periphery networks coordinate different emotions? 
- What is the relationship between glucose utilization, cerebral perfusion, and 

haemodynamic responses during acute emotions? 
- How epigenetic regulation in the human brain contributes to the pathogenesis of 

neuropsychiatric disorders? 
 

  



1. Molecular imaging of the emotion circuits in vivo 
Positron emission tomography PET is the most sensitive technique for imaging physiology and 
molecular pathways in living humans. Compared with imaging modalities with high spatial (e.g., 
magnetic resonance imaging, MRI) and temporal (e.g., magnetoencephalography, MEG) 
resolution, PET provides unique insight into human brain anatomy and physiology through its 
unparalleled chemical resolution. The capability to image specific molecules in living human tissue 
provides unique opportunities from drug development to basic scientific research on higher mental 
functions. PET relies on complex instrumentation, particularly when short-lived radioisotopes are 
used, as this necessitates on-site radiochemistry laboratories with cyclotrons for isotope 
production. Although long-lived isotopes are available commercially for clinical use, these are not 
always suitable for the type of questions asked in affective neuroscience. Accordingly, PET has 
remained an underrepresented tool in the affective neuroscience community, particularly 
compared to cheaper methods with easier instrumentation, such as functional MRI. Despite this 
complexity, PET is a critical tool in affective neuroscience due to its unique radiochemical and 
contrast generation mechanism and resultant high chemical resolution.  Here we provide an 
overview of PET instrumentation and modeling and illustrate how different PET approaches can 
be used for mapping the molecular basis of human emotion circuits.   
 
1.1. Principles of PET 
PET allows in vivo molecular-level imaging of biological processes using positron-emitting 
radiotracers. Radiotracers are molecules with specific biological properties (vehicles) that are 
chemically combined or radiolabeled with positron-emitting radionuclides. The biological 
interaction between the molecular vehicle and the targeted tissue provides the basis for studying 
biological processes. The radiochemical properties of the unstable radionuclide allow the 
quantification of PET signal, which is generated by the annihilation of an emitted positron with 
an electron in the tissue (1). The most common radionuclides (Table 1) are [18F] (fluorine-eighteen), 
[11C] (carbon-eleven), and [15O] (oxygen-fifteen), but numerous others are also used. The unstable 
isotope decays through β+ decay resulting in a nuclide with one proton less and one neutron more, 
and a positron (e+) and a neutrino (ν) are emitted. When the positron travels through tissue (∼ 
1mm) it loses kinetic energy, ultimately colliding with an electron (e-). This results in an annihilation 
event where two 511 keV photons are emitted in opposite directions.  
 
PET imaging is based on the simultaneous detection of these photons in a small temporal window 
by scintillation detectors arranged in a circular shape around the gantry (Figure 1). The line 
between a pair of scintillators is called the line of response (LOR), and the scanner continuously 
records the confidence events for all possible LORs. Thus, the PET camera measures changes in 
regional radioactivity over time. The image is reconstructed based on the localization of the 
annihilation events for each detected coincidence. In older PET cameras, the annihilation event is 
calculated on the LOR based on the attenuation of the positron while it travels through the tissue. 
Although numerous photons are emitted almost simultaneously, modern PET cameras can also 
implement time-of-flight information (2): Picosecond-rate measurements of the time difference 
between detecting the photons released during coincident events allow even more accurate 
determination of the annihilation site.  
 
The spatial resolution of PET scans is technically limited by the size of the photon detectors, but 
also by the random positron scatter before the annihilation events. The theoretically maximal 
resolution for clinical studies is estimated to be slightly below ~3mm full width at half maximum 
(3). The temporal resolution varies depending on the kinetics of the radiotracer. Common fluorine-
based isotopes in clinical use, such as [18F]FDG, have a temporal resolution of tens of minutes to 
hours, whereas short-lived radiotracers with H2[15O] may allow sub-second temporal resolution 
with the ultra-sensitive total-body PET cameras (4). Chemical sensitivity for PET is approximately 



10-12 – 10-9 mol, and chemical resolution (specificity) is usually ~Ki 100x lower than for closest 
resembling molecules. High sensitivity is the property of the PET scanner instrumentation, mostly 
due to its ability to detect even minuscule amounts of radioactivity. This allows the measurement 
of targets even with low density in the tissue. In contrast, high specificity (chemical sensitivity) is 
the property of the radioligand and the target protein because the PET scanner only measures 
radioactivity over time, regardless of its origin. Therefore, it cannot separate specific (target) and 
non-specific (off-target) binding. Radiochemical and preclinical testing of the radioligand is needed 
to ensure that the radioactivity signal mostly represents specific binding to the intended protein 
target. To put the above-mentioned performance characteristic numbers into context, the spatial 
resolution is slightly lower than routine T2* EPI sequences used in functional imaging and 
significantly lower than modern T1-weighted structural MR sequences but substantially better than 
in MEG. Temporal resolution is well beyond real neuronal timescale and what can be achieved 
with T2* EPI, but for fastest tracers, it approaches the timing of slow-acting neuromodulatory 
effects (tens of seconds). Sensitivity greatly surpasses that of MRI. 
 

 
 
Figure 1. Principle of PET imaging. In β+ decay a positron and a neutrino are emitted. Positron travelling 
through the tissue loses energy and is annihilated upon colliding with an electron. Two 511 keV photons are emitted 
in opposite directions and picked up by the detectors on the line of response. Image courtesy of Dr Tatu Kantonen.  
 
1.2. Modelling the PET data 
The PET signal generated by the photon coincidences indexes simply raw radioactivity at a given 
place and time. The goal of pharmacokinetic modelling is to use time-activity information for 
estimating physiological parameters such as perfusion, metabolic rate, or receptor density. 
Radiotracer accumulation is influenced by multiple factors ranging from radiotracer metabolism 
and urine extraction. These can be accounted for in the kinetic modelling, where physical 
parameters are estimated based on the raw radioactivity and thus transformed into biologically 
meaningful information. For example, activity from glucose metabolism tracers such as [18F]FDG 
can be modelled to yield estimates of glucose metabolism per second, H2[15]O activity can be 
modelled to estimate blood flow and so forth. The modelling varies greatly across radiotracers and 
imaging protocols, but the following five main approaches (ordered from least to most accurate) 
can be considered: 
 

1. Analyzing raw radioactivity counts. This allows visualization of the image, but the data 
are not comparable across subjects and tissues because the number of counts varies 
depending on the injected activity and subjects’ mass, because fixed activity will be 
distributed more widely in larger subjects. Furthermore, this kind of unstandardized rank 
order measure is not biologically informative. 

2. Standardized uptake value (SUV) modelling. This approach accounts for uptake 
differences by controlling image-derived radioactivity concentration for injection and 



subject weight and can thus be considered as a semi-quantitative method. It makes 
comparisons between subjects (from calibrated scanners) possible with minimal modelling, 
yet it does not represent data in specific physiological or biological units (5). Both raw 
radioactivity count and SUV measurements only consider total radioactivity, regardless of 
the signal source (specific or non-specific). 

3. Tissue ratio methods. By calculating the ratio of tissue radioactivity concentrations over 
time, the uptake of a region of interest can be related to that in a reference region. This is 
a crude estimate of specific binding and, unlike full kinetic modeling, does not consider 
the time course of radioactivity concentrations.  

4. Simplified reference tissue modelling. If ex vivo studies have established that the 
radiotracer has high binding in target of interest and minimal binding in some other region, 
these low-binding regions can be used as a reference for quantifying tracer uptake, as all 
the tracer in the reference region can be considered as unspecific due to lacking tracer 
targets. Consequently, regional uptake can be quantified as the ratio between specific 
regional uptake and the unspecific uptake in the reference tissue (6, 7).  

5. Full kinetic modelling. If absolute quantification of PET images is desired, dynamic (i.e., 
4D) scan and input function describing the non-metabolized radiotracer needs to be 
acquired, ideally from arterial plasma or blood, and potentially the analysis of radiotracer 
metabolites from blood. When combined with knowledge of the biological mechanisms 
of the tracer interaction with the tissue, this approach allows the most accurate biological 
modelling.   

 
Radiotracer Stable molecule Isotope  Half-life Target 
[18F]FDG Fluorine [F] [18F] 118 min Glucose metabolism 
[11C]flumazenil Carbon [] [11C] 20 min GABA receptors 
[13N]ammonia Nitrogen [N] [13N] 10 min Perfusion 
[15O]H2O Oxygen [O] [O15] 2 min Perfusion 
[11C]raclopride Carbon [C] [11C] 20 min Dopamine D2 receptors 
[18F]fallypride Fluorine [F] [18F] 118 min Dopamine D2 / D3 receptors 
[11C]diprenorphine Carbon [C] [11C] 20 min μ, δ, and κ opioid receptors 
[11C]carfentanil Carbon [C] [11C] 20 min μ-opioid receptors 
[carbonyl-
11C]WAY-100635 

Carbon [C] [11C] 20 min Serotonin 5HT1A receptors 

[11C]MADAM Carbon [C] [11C] 20 min Serotonin 5HTT transporters 
[18F]FMPEP-d2 Fluorine [F] [18F] 118 min CB1 endocannabinoid 

receptors 
 
Table 1 Properties of some common PET radiotracers.  
 
1.3. Imaging targets for brain-PET 
Whereas in MRI the image contrast is generated by the pulse sequence, in PET the contrast is 
dependent on the interaction of the vehicle and the tissue. Thus, radiochemistry is the limiting 
factor in developing new imaging targets. Radiotracer development is, however, difficult as a 
desirable tracer must fulfill numerous criteria: it has to be safe, have high uptake in the target tissue, 
can pass the brain-blood barrier (in the case of brain imaging), metabolites not interfering with 
kinetic modelling, and fast enough kinetics to allow quantification in a reasonable time. When 
considering the imaging of the emotion circuits, the brain provides many challenges as a target 
tissue from the radiochemical perspective. To cross the blood-brain barrier (BBB), the radioligand 
must be sufficiently lipophilic (fat-soluble), but not excessively lipophilic to avoid high non-specific 



binding to off-targets in the tissue (such as vessel walls and cell membranes). In addition, the 
radioligand should not be a substrate to any of the efflux transporters at the BBB (such as P-
glycoprotein, P-gp). Radioactive metabolites should not cross the BBB because the PET camera 
cannot separate between specific and non-specific binding. Some fluorine-18 radioligands are 
defluorinated, and the resultant 18-fluoride may be taken up by the skull, which may interfere with 
measurements from the adjacent cerebral cortex. Finally, the radiochemistry must be simple 
enough to allow reliable routine production. Due to these limitations, all relevant targets cannot 
be imaged with PET, and for example, usable tracers for imaging the human oxytocin system 
remain to be developed (8). PET imaging targets relevant to affective neuroscience can be divided 
into two broad categories: i) perfusion, ii) metabolism, and ii) neurotransmission and 
neuromodulation-related targets, including receptors, transmitters, and transporters (Figure 2). 
Due to kinetics of different radiotracers, the studies can be run using different experimental 
designs (Box 1). In the next sections, we outline how imaging these three broad target categories 
can be studied in the context of affective neuroscience.  
 

 
 
Figure 2: Illustration of the uptake of radiotracers commonly used in PET studies on the emotion circuits. Data 
courtesy of Turku PET Centre.  
 
 
Box 1. Most common designs used in PET studies in affective neuroscience 

1. Cross-sectional design, where outcomes of a single scan are compared between 
groups or correlated against biological or psychological variables in a single group. 
Examples involve comparisons of neuroreceptor availabilities in different patient groups 
(9) or the links between receptor availabilities and (10) personality characteristics. 

2. Longitudinal design where radiotracer uptake is measured repeatedly under neutral 
baseline conditions. This design can be used with all radiotracers as long as tracer decay 
is allowed between the scans. For example, one PET study using this kind of design 
showed how baseline availability of mu-opioid receptor systems is lowered in obese 
subjects, but recovered following weight loss (11).  



3. Challenge design where radiotracer uptake is measured at during neutral baseline and 
pharmacological, physiological, or psychological challenge. This can be done either on 
two separate scans or during single scan withs separable baseline and challenge parts. 
This design is possible with all radiotracers if they are sensitive to the experimental 
manipulation and radiotracer decay is allowed between the scans.  A classic example is 
receptor occupancy studies, where the capacity for the drug (e.g. selective serotonin 
reuptake inhibitors) to occupy to its target (serotonin transporter 5-HTT) is measured 
using a radioligand ([11C]DASB) that competes against same binding sites (12). This 
design can also be used with nonpharmacological challenges such as pain (13), where 
the stimulus-evoked release of the endogenous ligand (opioid peptides) competes with 
the binding sites of the radiotracer ([11C]carfentanil), thus contrasting measurements 
during rest and stimulation allow estimating endogenous ligand release based on the 
competition.  

4. Activation design where brain activation is measured repeatedly during different task 
conditions such as emotional stimulation (14) using a boxcar-shaped stimulation model. 
To obtain meaningful temporal resolution and to allow separation of task-related activity 
across blocks, radiotracer must be allowed to decay between blocks. Thus, this approach 
is practically limited to measurements of cerebral perfusion with short-lived H2[15O] and 
measuring activation of, for example, neuroreceptor systems with the current carbon 
and fluorine labeled receptor radioligands necessitates the slower challenge design. 

 
2.  Quantified perfusion and metabolic imaging 

Functional imaging of the human brain with radiolabeled water H2[15]O (radiowater) became 
possible in the 1980s. Because water is biologically inert, radiowater passes through the body in 
the vessels, and measuring the resulting gamma can thus be sued for quantitative perfusion 
measurements. It is commonly used in mapping, for example, myocardial blood flow, for detecting 
ischemia (15). Because radiowater has a short half-life, it also allowed the first volumetric brain 
activation studies where repeated H2[15]O boluses are given during different task blocks. This 
approach was pivotal for in vivo mapping of human mental functions ranging from emotions  (16) 
to cognition, yet it is limited by the accumulating radiation load from the repeated radiowater 
injections: because H2[15]O is a short-lived (half-life 124 s) radiotracer, signal decays quickly after 
injection and repeated injections are needed. Yet due to subject safety, the number of boluses has 
to remain sufficiently low, hampering signal-to-noise ration. The resultant temporal resolution is 
also in the rank of tens of seconds at best. Since the advent of functional magnetic resonance 
imaging (17) and particularly the even-related designs leading to efficient experimental protocols 
(18), truly quantitative perfusion-based PET studies of human brain activity fell out of favour due 
to the complexity, low temporal precision, and associated radiation burden. However, radiowater 
PET was a pioneering approach in functional tomographic imaging, and the early studies mapping 
the human emotion circuits paved the way for the widely used statistical parametric mapping 
approaches for localizing brain functions, including emotion networks (16). Despite advancements 
in perfusion measurements with, e.g., arterial spin labeling using MRI, the PET-based perfusion 
measurements provide quantifiable biological measurements of cerebral physiology.  
 
Cerebral glucose metabolic rate (GMR) indicates the allocation of the brain’s energy resources. In 
PET, glucose uptake can be measured using glucose analog radiotracer [18F]-FDG. In steady-state 
conditions, FDG is taken up into cells in competition with other sugars, phosphorylated by 
hexokinase, and trapped inside the cell. This phosphorylation results in a polar entity that cannot 
diffuse from the cell. Because cerebral glucose utilization is tightly associated with neural spiking 
frequency (19), baseline glucose metabolism can be used to measure tonic baseline activation of 
the brain during rest. These intrinsic brain functions are related to predicting and responding to 
different environmental challenges similar to in “resting state” fMRI (20). The radioisotope's long 



half-life (109.7 minutes) essentially precludes conventional activation studies like those with 
radiowater (but see section 4.1). Nevertheless, slower phasic changes in cerebral metabolism, such 
as those occurring during anesthesia (21), can be readily quantified with FDG-PET. An important 
advantage of FDG imaging is that it can capture brain metabolism retrospectively: If the 
radiotracer is injected prior to the experimental manipulation, trapping of FDG during the task 
varies as a function of regional metabolic demands, and due to the long half-life of FDG, the signal 
can still be measured tens of minutes after tracer delivery. For example, this approach has been 
used in primates to quantify brain networks involved in the natural communicative signalling so 
that the FDG was injected before the monkeys were allowed to communicate, and PET scan was 
performed afterwards (22). Because elicitation of natural emotional reactions such as extreme fear, 
sexual arousal, or aggression is difficult to accomplish inside PET or MRI bore, this technique 
could allow mapping metabolic brain basis of highly natural emotional responses, yet these kinds 
of studies are yet to be conducted. 
 
Performing FDG-based activation studies is technically possible yet complicated (see section 4.1 
below), but in turn, FDG is well suited for cross-sectional studies across groups with affective 
pathologies because the FDG signal can be accurately quantified. Altered metabolism in the insula, 
limbic system, basal ganglia, thalamus, and cerebellum have been consistently linked with major 
depressive disorder (MDD) in volumetric meta-analyses of PET data (23). Relatedly, large-scale 
cohort studies have found that allostatic load with subclinical depression (and stress) is linked with 
regional glucose uptake changes in otherwise healthy individuals (24). Several FDG-PET studies 
have also established that perturbations in the emotion regulation system such as pathological 
aggression are associated with lowered prefrontal and increased subcortical brain function in 
murderers (25). Finally, the amygdala is known to be a central structure involved in fear and anxiety 
(26) and tonic differences in baseline regional glucose metabolism in the primate central nucleus 
of amygdala are associated with anxious phenotype as measured by standardized behavioural 
testing (27).  Because brain-wide association studies require substantial sample sizes (28) and due 
to the invasive nature of PET imaging, dedicated studies targeting the links between psychological 
and behavioural variables are rare. However, standardized behavioural and clinical testing in the 
conjunction of calibrated PET scans with [18F]FDG across projects can lead to the accumulation 
of a large cross-sectional database, where links between brain glucose utilization and affective and 
metabolic variables can be addressed (24, 27, 29).  
 

3. Neuroreceptor systems 
Synaptic neurotransmission allows communication between neurons, and having more than one 
neurotransmitter system leads to substantial plasticity in the functioning of the central nervous 
systems, for example, by allowing different spatial scales and inhibitory and exhibitory systems. In 
vivo neuroreceptor imaging (Figure 3) is a unique feature of PET, as no other imaging technique 
allows investigation of the receptor systems in the living human brain with similar accuracy. The 
timescale of the fastest-acting GABAergic and glutamate systems is beyond the temporal 
resolution of PET, but radiotracers targeting the GABA-A receptors, such as [11C] and [18F] labeled 
flumazenil can be used to index tonic receptor levels. Particularly the GABAergic system is relevant 
for affective imaging, given that benzodiazepine-type drugs bind to GABA-A receptor subtypes, 
leading to the anxiolytic, addictive and motor effects (30). Unfortunately, they are not sensitive to 
GABAergic activity changes  (31). Several radiotracers have been tested for glutamate receptors, 
but their usability for in vivo human studies has remained limited (32). In the context of affective 
neuroimaging, the systems most widely studied with PET are the endogenous opioid, dopamine, 
serotonin, and endocannabinoid systems. These neuroreceptor systems are broadly linked with 
mood, motivation, and several desirable PET radiotracers exist for each system. We will next 
review how PET imaging of these systems has helped in understanding of the emotional brain.  
 



 
 
Figure 3. Neuroreceptor imaging of the opioid system with PET. A) Longitudinal data shows how endogenous 
mu-opioid receptor (but type 2 dopamine receptor) system is downregulated in morbid obesity, but recovers following 
bariatric surgery induced weight loss. B) Nonpharmacological challenge study shows how availability of MORs is 
lower following social laughter versus neutral baseline condition, indicating endogenous opioid peptide release. C) 
Cross-sectional correlational study showing how endogenous opioid receptor availability is negatively associated with 
subclinical depressive symptoms. Adapted from (11, 33, 34) 
 
3.1. Dopamine system 
The dopamine system is a key modulator of goal-directed behavior, emotion, cognition, and motor 
functions. Multiple PET radiotracers exist for imaging the dopamine system (Table 1). Of these, 
the [11C]raclopride (35) has probably been most widely used due to its desirable pharmacokinetic 
properties and easy modeling, selective D2R binding, and sensitivity to endogenous dopamine 
levels, permitting “challenge” studies of endogenous dopamine release. The early neuropsychiatric 
studies, motivated by the D2R blocking mechanism of antipsychotic drugs, established altered 
baseline D2R binding and (36-39) increased amphetamine-induced dopamine release in 
schizophrenia and other psychotic disorders.  Thereafter, aberrant dopaminergic 
neurotransmission has consistently been observed in numerous addictive disorders (40). Alcohol 
and drug dependence are linked with lowered D2R availability (41-43), while results are less 
consistent in behavioural addictions and addiction-like behaviours. For example, pathological 
gambling is not associated with altered D2R availability (44). Animal have found striatal D2R 
downregulation in obesity  (45), while human studies have yielded mixed results with some finding 
lower (46-48) and others unaltered (49-51)  D2R availability in the striatum. Thus, substance abuse 
likely downregulates the D2R system via direct pharmacological effects, whereas behavioural 
addictions and addiction-like states are modulated via different pathways. PET studies using the 
radioligand [11C]raclopride in humans have also consistently demonstrated DA release in central 
pathways during reward processing. Dopamine is release following meal consumption (52) but not 
following intravenous glucose challenge (50, 51), suggesting that that the dopamine signal relates 
to hedonic responses driven by the orosensory and chemical taste pathways. Studies have also 
demonstrated  rewards such as listening to one’s favorite music (53), gambling (44) playing video 
games (54), or even rewards associated with simple task switches (55) lead to striatal dopamine 
release. However, negative emotions also induce DA release in the amygdala, lateral frontal cortex 
and striatum during processing of negative emotional words (56, 57), thus it is possible that the 
effects pertain general-level engagement of the motivational or motor systems.  
 
3.2. Opioid system 
Among the three classes of opioid receptors (μ, δ, and κ), the μ receptors mediate the effects of 
endogenous β-endorphins, endomorphins, enkephalins, and various exogenous opioid agonists 
(58). The predominant action of µ-opioids in the central nervous system is inhibitory, but they can 
also exert excitatory effects, and MORs are expressed widely throughout the human emotion 
circuits (59, 60). Multiple PET radiotracers are available for quantifying OR, with 
[11C]diprenorphine (binding to μ, δ, and κ receptors) and [11C]carfentanil (binding  to μ, 



receptors) being the most widely used (Table 1). Both are suitable for conducting challenge 
studies, allowing functional mapping of opioid system activity. While dopamine system 
downregulation is consistently observed in drug addictions, the results on the opioid system are 
less clear-cut.  Alcohol dependence is associated with increased MOR availability in striatal sites 
(61, 62), and cocaine dependence similarly results in similar yet more widespread effects (63). 
Conversely, chronic abuse of opiates is associated with down- rather than upregulation of MORs 
(64, 65), suggesting drug-specific effects in addictive disorders. Downregulated μ-receptor action 
has however been established as one of the key pathophysiological mechanisms underlying obesity 
(9, 11, 66-68). Yet, as MOR dysfunctions are not observed in behavioural addictions such as 
pathological gambling (69), these effects might reflect metabolic rather than reward-related 
consequences of weight gain.  
 
Clinical, pharmacological, and behavioural studies have consistently linked the MOR system with 
both antinociception and hedonia and PET studies using the challenge paradigm have consistently 
shown that both pain and pleasure elicit endogenous opioid release. The initial studies established 
that nociceptive stimuli reliably trigger opioid release in striatum and thalamus (13, 70, 71), but 
comparable effects are also observed for various primary rewards such as feeding (68, 72), sex (73), 
social contact (33), and physical exercise (74, 75). Opioid release has also been found following 
“abstract” secondary pleasures, such as internally generated pleasures following mental imagery. 
These effects extend beyond primary rewards, for example, positive moods induced by mere 
mental imagery (76). These seemingly opposite results on MOR activation during pain and pleasure 
likely reflect the general role of the MOR system in regulating arousal during stressful events and 
also during relaxation during the positive mood. Indeed, a recent large-scale study found that the 
downregulation of MORs is consistently associated with subclinical levels of depression and 
anxiety. It is thus possible that pathophysiology in this stress buffer system could lead to clinically 
significant depressive symptomology, but so far, the clinical PET studies on ORs in major 
depression have yielded mixed results (77, 78).    
 
3.3. Serotonin and endocannabinoid systems 
The serotonin system is consistently implicated in mood regulation. Altered serotonergic 
neurotransmission is one of the most important molecular markers of depression (79) and the 
most widely used antidepressants increase extracellular serotonin levels by inhibiting the serotonin 
transporter (SERT). Multiple PET tracers have been developed for imaging the 5HT1A receptors 
(e.g., [11C]WAY) and SERT (e.g., [11C]MADAM). PET meta-analyses have found that serotonin 
transporter availability is systematically lowered in patients with depression (80). This is supported 
by genetic studies suggesting that variability in serotonin transporter mediates how stressful life 
events may lead to depression (81). The most studied serotonin receptor, the 5-HT1A receptor, is 
expressed as a presynaptic autoreceptor in the raphe nuclei, where the cell bodies of the 
serotonergic neurons are located, and as postsynaptic receptors at target brain regions, mostly 
cortical brain areas. In major depression, PET studies have shown both increased (82) and 
decreased (83) binding in patients with major depression compared with healthy controls. These 
inconclusive results may be due to clinical heterogeneity and differences in radioligand 
quantification methods (84). Disturbances of the 5-HT1A receptor have also been demonstrated 
in other mood disorders, such as bipolar depression (85). More recently, novel radioligands have 
allowed the demonstration of alterations in mood disorders in other serotonergic targets, such as 
the 5-HT4 receptor (86), 5-HT1B receptor (87), and amphetamine-induced endogenous serotonin 
release (88).  
 
CB1 receptor (CB1R) is the most abundant G-protein coupled receptor in the mammalian brain, 
mediating the effects of endogenous (such as anandamide and 2-AG) and exogenous (such as 
tetrahydrocannabinol) cannabinoids (89). CB1R modulates various affective functions, such as 



reward and stress. For example, injecting CB1 agonists to the shell of nucleus accumbens increases 
food intake (90) and comparable hedonic responses. CB1R can be studied with various 
radioligands, including [11C]MePPEP (91), [18F]FMPEP-d2 (92), [11C]OMAR (93), and [18F]MK-
9470 (94). Studies in addictive disorders with [18F]FMPEP-d2 have shown spatially and temporally 
specific patterns of CB1R abnormalities (95). In chronic cannabis users, CB1R availability is 
downregulated in cortical areas, but it recovers after abstinence, suggesting that neuroplasticity in 
the CB1R system might underlie cannabis addiction in the brain (96). This downregulation has 
been confirmed with other radioligands [REF]. In patients with chronic alcoholism, CB1Rs are 
downregulated throughout the brain, and this downregulation is not reversed after abstinence (97). 
Tobacco smokers also show a slight downregulation of CB1R (98). Human PET studies have also 
found decreased CB1R availability in males with a high risk for obesity, indicating that aberrant 
CB1R function might predispose to overeating and obesity (9). This is further corroborated by 
cross-sectional correlational data indicating that CB1R availability is negatively associated with a 
broad range of negative feeding-related traits, such as emotional and restrained eating (99). In sum, 
PET studies have confirmed the role of CB1R in reward processing, addictive disorders, and food 
intake and obesity, but the specific role of CB1R in the human emotion circuits remains to be fully 
elaborated.  
 

4. Beyond the current state of the art: PET-MRI, total-body PET, and novel targets 
Despite its long history, PET is still an actively evolving technology. In addition to developments 
in radiotracer libraries, hardware components, and modelling and analysis methods, the PET 
community has recently witnessed two major changes in the way we acquire PET data: The 
introduction of simultaneous PET-MRI devices, and more recently, the advent of total-body PET 
for simultaneous mapping of the whole-body biological circuits. In the final sections we discuss 
how these techniques are transforming the PET field in the context of affective science. We also 
discuss some new molecular imaging targets in the brain.   
 
4.1.PET-MRI 
Multimodal or fusion imaging allows combining information across different imaging targets for 
studying interactions of biological systems. Although technically data from all tomographic 
modalities can be combined if the images can be coregistered, in affective neuroscience, the most 
significant developments have been made with combined PET-MR imaging. The simplest possible 
approach involves separate PET and functional MR imaging sessions and fusing the temporally 
separated datasets. This sacrifices the temporal mapping between the modalities, but with PET 
imaging targets with slow tonic changes this approach allows addressing the relationship between, 
for example, regional metabolism or neuroreceptor levels and task-induced haemodynamic 
responses. For example, a large bulk of studies have shown how metabolic dysregulation and 
obesity are associated with aberrant cerebral glucose utilization (9, 29, 100), and PET studies have 
further shown how the basal glucose metabolism drives transient stimulus-dependent responses 
in the reward circuit, providing link between tonic and phasic reward circuit functions (101). This 
approach is even more powerful when combined with PET imaging of receptor targets and 
BOLD-fMRI of affective functions. For example, endogenous baseline MOR availability (as 
measured with PET) is consistently and negatively linked to haemodynamic responses to different 
psychological stressors (102, 103). Similarly, limbic and prefrontal serotonin system tone 
modulates limbic BOLD-fMRI responses to emotional stimuli  (104-107), revealing specific 
neuromoldulatory effects on the regional haemodynamic activity.  
 
More recently, the PET-fMRI imaging has shifted the focus towards truly simultaneous 
multimodal imaging with MRI scanners equipped with PET detector rings. There are trivial gains 
from the simultaneous PET-MR imaging such as speeding up the patient workflow as PET and 
MR images can be acquired simultaneously. The technique also improves coregistration of the MR 



and PET data as the patient can remain positioned during both scans. The latter effect is most 
significant for organs such as the gut that moves around in the abdominal cavity, but it also 
important for rigid organs such as the brain. Although the BOLD-fMRI has desirable spatial and 
temporal resolution for functional neuroimaging and the studies are simple to run on any modern 
MRI device, their major downside is the complex physiology behind the haemodynamic signal 
(108). Accordingly, typical fMRI studies cannot yield truly quantitative indices of e.g., brain 
metabolism, perfusion, or spiking frequency, but instead they provide a net index of blood 
oxygenation and perfusion (109).  Furthermore, the BOLD-fMRI is unspecific with respect to the 
underlying neurotransmission. Simultaneous fMRI combined with biologically specific PET 
imaging can thus aid in understanding the physiological basis of the BOLD signal.  
 
Recently, novel experimental techniques have been developed for measuring dynamic changes in 
task-induced glucose utilization changes using slow boxcar designs during [18F]-FDG infusion  
(110). In this approach, slow-frequency stimulation model (task on vs. task off) is set up akin to 
blocked fMRI designs, and radioactivity is measured throughout the experiment, typically for 
about one hour. Although the technique is temporally and spatially less precise than BOLD-fMRI, 
it has the advantage of biological specificity yielding estimates of glucose metabolism in the brain 
that is independent of blood flow  (111). Moreover, it can be combined with simultaneous BOLD-
fMRI for informing about the metabolic bases of the haemodynamic signal. For example, although 
task-positive activations during working memory task align well across fPET and BOLD fMRI, 
the common default mode network “deactivations” observed in BOLD signal are completely 
absent glucose metabolism indicating the putative role of energy-demanding suppression of task-
irrelevant activity (111). Although this approach has been applied for mapping e.g., sensory, motor, 
and cognitive functions (111, 112), its potential in affective imaging remains to be seen. 
 
4.2.  Total-body PET imaging 
Emotions are allostatic processes that transfer the relationship between the environment and the 
desired bodily states into behaviour that supports homeostasis and well-being (113). Subjectively 
experienced emotions (e.g. “I’m anxious”) include a central representation of the body’s 
physiological state (114, 115), and bodily symptoms such as chest and stomach pain and sweating 
and trembling are central in affective disorders such as anxiety. Negative emotions are established 
risk factors for somatic illnesses such as cardiovascular diseases (CVDs) (116) and conversely, 
CVDs are associated with heightened anxiety (117) highlighting the link between negative 
emotions, bodily functions, and somatic health. The systems-level interaction between brain and 
periphery in emotions and their dysfunctions have remained poorly understood and the role of 
the autonomic nervous system in emotions has been hotly debated through the history of 
psychology (113, 118, 119). The debate is focused on how specific peripheral autonomic changes 
engage emotion circuits in the brain, and how changes in the central emotional state lead to 
functional changes in the peripheral organs (120). As central and peripheral emotional symptoms 
are at the core of psychiatric disorders, mapping the crosstalk of emotion circuits spanning the 
brain and body in health and disease has also gained significant momentum. This has however 
been difficult to actualise due to lacking technology. Although modern neuroimaging methods 
allow mapping brain basis of emotion and cognition, they do not allow simultaneous measurement 
of the high-dimensional physiological state of the brain and peripheral organs (121). The major 
advantage of PET is that the acquisition of the projection data is not limited by physical (e.g. gantry 
rotation in CT) or electronic (e.g. pulse sequences in MRI) scanning. Instead, the limits arise from 
the counting statistics of coincident photon detection. Conventional PET scanners have poor 
sensitivity (<1%) for whole-body PET scans for two reasons (4). First, roughly 85%–90% of the 
body always is outside the FOV of the scanner thus yielding no signal. Second, even for tissues 
and organs within the FOV, only less than 5% of the gamma rays can be collected, as the radiation 
is emitted isotopically, and it does not intercept the detector rings (122).  



 
 

 
 
Figure 4. Illustration of the increased number of gamma counts in total-body PET.  
The final frontier – principles for conducting simultaneous whole-body studies allowing systems-
level biological imaging across organs. 
 
Total-body PET resolves both these problems by extending the detector rings so that they cover 
practically the whole body (Figure 4).  The axial field of view of the commercially available 
Siemens Quadra total-body PET is 106 cm which is four times longer than the axial field of view 
in conventional PET/CT scanners. It covers the whole-body from head to approximately mid-
thigh in a single scan in most subjects/patients leading to 24-fold increase in gamma counts in 
head to-thigh scan. This allows, for the first time, dynamic imaging of the brain and all internal 
organs. The SNR in a reconstructed PET scan is √𝑁, where N is the number of detected events. 
The number of detected events depend on scanner sensitivity (S), injected activity (A) and imaging 
time (T) scaled by constant k. Thus, 𝑆𝑁𝑅 = 𝑘√𝑆 ∙ 𝐴 ∙ 𝑇. This sensitivity gain from total-body-
PET can be used for Increasing SNR by a factor of √24=4.9, reducing imaging times or injected 
activity with a factor of 24 (allowing more injections per study), or using temporal information in the 
signal for tissue-specific modelling. 
 
Since the advent of functional magnetic resonance imaging (17) quantitative perfusion-based PET 
studies of human brain activity fell out of favour due to the complexity, low temporal precision 
and associated radiation load. With the advent of total-body PET the quantitative dynamic PET 
imaging of the brain is again at the prime because it can be combined with simultaneous imaging 
of the peripheral organs (123) and because the modern total-body PET scanners yield 
ultrasensitive sub-second temporal precision (4, 124). When CBF is measured with diffusible 
tracers in PET, it allows measuring blood flow at the nutrient capillary level. Thus, parameters 
derived within short (1-s) time windows likely show excellent correlation with postsynaptic activity 
with little hemodynamic lag. Accordingly, the total-body PET method allows, for the first time, 
true biological quantification of the brain-body loops in human emotion circuits (Figure 5). The 
total-body PET approach (4, 124) allows simultaneously measuring the physiology of the emotion 
circuits across the brain and peripheral organs and mapping their functioning in health and disease. 
This shifts the focus from dualistic studies on brain or periphery to high-resolution imaging across 
the whole body, creating an innovative multisystem biology approach for studying emotions and 
their dysfunctions.  



 
 
Figure 5. Illustration of total-body PET in systems-level emotion science 
 
4.3.  Novel targets 
In addition to traditional neurochemical targets, PET imaging can now reach “beyond the 
receptor” downstream into the signaling cascade, where multiple neurochemical inputs are being 
integrated. Phosphodiesterases (PDE), which exist in multiple isoforms, are enzymes that mediate 
the effects of various neurotransmitters. PET studies have shown PDE10A isoform abnormalities 
in schizophrenia (98) and PDE4 isoform reduction in major depression (125). Future studies must 
unravel the relationships between neurochemical signaling (e.g., dopamine, glutamate, opioid) and 
PDE activity in brain function. Synaptic density can now be imaged in the living human brain. 
Synaptic vesicle protein 2A (SV2A) is a glycoprotein that is expressed at the membranes of brain 
synaptic vesicles. SV2A can be imaged with PET using novel radioligands, such as [11C]UCB-J 
(126). In neuropsychiatric brain imaging, alterations in SV2A expression have been documented 
so far in schizophrenia (127), major depression (128), cocaine use disorder (129), and cannabis use 
disorder (130). Interestingly, lower synaptic density has also been reported in obesity (131) . SV2A 
PET imaging is an important new tool in the arsenal of multimodal brain imaging in 
neuropsychiatric disorders. Finally, epigenetic regulation of gene expression is modulated by 
histone acetylation, which is, in turn, controlled by histone deacetylases (HDAC). HDAC can be 
targeted using PET and selective radioligands (132). So far, altered HDAC expression has been 
shown in bipolar depression (133), schizophrenia (134), and Alzheimers’s disease (135). Imaging 
the epigenetic regulation in the human brain is expected to yield important information about the 
pathogenesis of neuropsychiatric disorders and will help disentangle the complex interplay 
between genetic and environmental factors. 
 

5. Conclusions 
In 2014 the journal NeuroImage published a controversial commentary  “PET neuroimaging: the 
white elephant packs his trunk?”, suggesting that PET neuroscience would soon be past its best 
before date (136). As commentaries to this paper quickly suggested (137, 138), the PET community 
was far from dwindling – quite the contrary, it has been continuously expanding and pushing the 
boundaries of molecule-level tomography in living humans with many molecule targets that could 
not be covered in this brief introduction. As elaborated on above, recent developments have 
enabled direct mapping of synaptic density (139) and epigenetic dysfunction imaging via histone 
deacetylase targets (140). Functional metabolic imaging, simultaneous PET-fMRI studies, and 
most recently, total-body PET imaging (4, 124) will pave the way for multilevel understanding of 
the human brain and its affective circuits spanning the whole body.  
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