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Abstract

In recent years there has been an increased interest in the immune system as a tar-
get for treatment across several psychiatric disorders. To aid this development, 
methods for patient stratification and treatment monitoring are needed. Positron 
Emission Tomography (PET) targeting the 18-kD translocator protein (TSPO) is to 
date the most established method to study brain immune function. In psychosis and 
schizophrenia, early reports in small samples found evidence for an increase in 
TSPO, whereas more recent work using radioligands with higher-specific to non-
specific binding ratio has indicated lower levels in patients. In contrast, a series of 
studies have found higher levels of TSPO in patients with major depressive disor-
der. Reports of alterations of TSPO in alcohol use disorder, cannabis use, and 
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obsessive-compulsive disorder warrant further research. Methodological limita-
tions such as low signal-to-noise ratio for first-generation radioligands and lack of 
arterial input function limit the evidential value of some studies. Moreover, the lack 
of cell-type and functional specificity of TSPO means this biomarker has to be vali-
dated for each condition separately.

18.1	 �Introduction

A causative role for the immune system in the manifestation of psychiatric symptoms 
has been discussed for several decades. Early observations include psychotic symp-
toms in patients with autoimmune or infectious diseases engaging the brain (Oommen 
et al. 1982; Felgenhauer 1990) and depressive-like symptoms (also termed “sickness 
behavior”) in response to experimentally induced immune activation (Reichenberg 
et al. 2001; Dantzer et al. 2008). Research in psychiatric populations has revealed 
evidence of genetic (Ripke et  al. 2014; Odell et  al. 2005; Network and Pathway 
Analysis Subgroup of Psychiatric Genomics Consortium 2015) and epidemiological 
(Blomström et al. 2016; Benros et al. 2013) nature in favor of the immune hypothesis, 
and studies in blood and cerebrospinal fluid (CSF) have shown increases in pro-
inflammatory markers across several psychiatric diagnoses (Miller et  al. 2011; 
Mitchell and Goldstein 2014; Dowlati et  al. 2010; Enache et  al. 2019). Similarly, 
immune mechanisms have been implicated in experimental studies on alcohol as well 
as psychostimulants and cannabis (Qin et al. 2008; Thomas et al. 2004; Crews and 
Vetreno 2016; Mecha et al. 2016). With regard to treatment, initial trials using anti-
inflammatory medication in schizophrenia and depression have shown improvement 
in some cases (Sommer et al. 2012; Husain et al. 2017). However, in order to confirm 
an engagement of the brain immune system and thus pave the way for causative treat-
ment, more direct methods to quantify the brain immune system are needed.

The 18-kD translocator protein (TSPO), previously known as the peripheral 
benzodiazepine receptor, is present in mitochondria of mostly glial cells in the 
brain as well as immune cells in the periphery (Braestrup et al. 1977; Canat et al. 
1993). TSPO is expressed in normal conditions and has been shown to be involved 
in cholesterol transport, but the exact physiological role of the protein is not fully 
understood. Based on experimental data showing increases in TSPO expression in 
response to inflammatory stimuli (Venneti et al. 2013), TSPO has been viewed as a 
marker for immune activation; and therefore Positron Emission Tomography (PET) 
studies targeting this protein have been the most established method thus far to 
study brain immune function.

Initial TSPO PET studies were performed using the first-generation TSPO 
radioligand [11C]PK11195, which was developed in the 1990s. Due to the low 
signal-to-noise ratio of this tracer, much effort has been invested into the develop-
ment of second-generation radioligands, with higher brain uptake and specific to 
nonspecific binding ratios (Imaizumi et al. 2008; Wilson et al. 2008). In early stud-
ies using second-generation TSPO radioligands, it was observed that a small 
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proportion of the population did not show specific binding, which was attributed to 
different polymorphisms of the TSPO gene (Owen et al. 2012). Based on these dif-
ferent genotypes, the population can be classified as high-affinity binders (HABs), 
mixed-affinity binders (MABs), and low-affinity binders (LABs). Although effects 
of TSPO genotype had been shown also for [11C]PK11195  in peripheral tissue 
(Kreisl et  al. 2010), the increased sensitivity of second-generation radioligands 
means that this factor has to be taken into account in the analysis, and also that 
LAB individuals, corresponding to around 9% of the (western) population, have to 
be excluded due to insufficient affinity for quantification for most radioligands 
(Owen et al. 2012).

To date, around 25 studies have been performed where TSPO levels have been 
directly compared between psychiatric patients and healthy control subjects, the 
results of which will be summarized in this chapter.

18.2	 �Psychotic Disorders

Schizophrenia and psychotic disorders are the psychiatric patient group that have 
been most extensively studied using TSPO PET, with in total 13 studies encompass-
ing almost 250 patients or individuals at high risk for psychosis. In the first TSPO 
schizophrenia study by van Berckel et  al. in 2008, [11C]PK11195 was used in a 
sample of ten medicated patients and ten control subjects (van Berckel et al. 2008a). 
Quantification was performed using a two-tissue compartment (2TCM) model with 
arterial input function and using the resulting microparameters to calculate binding 
potential in relation to plasma (BPP) (Innis et al. 2007a). An increase was observed 
in total gray matter, which was the only region studied. In a subsequent study in a 
similarly small sample of recent-onset schizophrenia, the same methodology was 
used, yielding binding potential in relation to non-displaceable binding (PBND). 
Increased binding was observed in hippocampus, although this effect became evi-
dent only after normalizing to total gray matter (Doorduin et al. 2009a).

In the first psychosis study employing a second-generation TSPO radioligand, 14 
chronic schizophrenia patients and a corresponding number of control subjects were 
examined using [11C]DAA1106 (Takano et  al. 2010). BPND as quantified using 
2TCM showed no difference between groups. However, in this study the TSPO 
genotype was not known, significantly limiting the interpretability of the results. In 
another study, the second-generation TSPO radioligand [18F]FEPPA was used in a 
large group of 18 chronic schizophrenia patients compared to 27 volunteers. Using 
total distribution volume (VT) derived using 2TCM as outcome, corresponding to 
total binding in brain in relation to plasma, no difference was found compared to 
control subjects (Kenk et al. 2014). A subsequent study in high-risk individuals and 
chronic patients showed increased levels of binding in cortical gray matter regions 
compared to control subjects (Bloomfield et al. 2016). Here, the authors calculated 
binding as marginal means derived from a statistical model controlling for binding 
in whole brain, a relative approach that has been questioned (Narendran and Frankle 
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2016; Matheson et al. 2017). Notably, VT values in gray matter were numerically 
lower in both groups compared to control subjects, thus contradicting the conclu-
sions drawn. This was the case both when using 2TCM and 2TCM-1k, a model 
which proposes to take an irreversible binding component into account.

Since antipsychotic compounds have been known to affect immune function 
(Drzyzga et al. 2006; Danovich et al. 2008), medication is a potential confounder in 
all the studies mentioned thus far. Addressing this shortcoming, a study with a com-
bination of 5 untreated and 14 drug-naïve first episode psychosis patients was exam-
ined using [18F]FEPPA, finding no difference in VT (Hafizi et  al. 2017a). In a 
following study in 14 antipsychotic-naïve patients using [11C]PBR28, significantly 
lower levels of VT in patients were observed (Collste et al. 2017a). Additional stud-
ies using both [11C]PK11195 and second-generation radioligands in different dis-
ease stages also failed to show increases in patients compared to control subjects 
(Coughlin et al. 2016; Van Der Doef et al. 2016; Holmes et al. 2016a; Di Biase et al. 
2017; Ottoy et al. 2018), although one [11C]PK11195 study found elevated binding 
in a small subgroup of medicated patients (Holmes et al. 2016a). A study in a large 
group of high-risk individuals, using the second-generation TSPO radioligand 
[18F]FEPPA, found no differences in binding (Hafizi et al. 2017b), aligning to the 
results of Bloomfield et  al. when using non-normalized binding measures 
(Bloomfield et al. 2016).

A common problem in PET research is the use of small sample sizes, yielding 
limited power to detect true differences, as well as increasing the risk for false posi-
tives. To address this limitation, individual participant TSPO data was combined 
from five studies using second-generation TSPO radioligands in schizophrenia or 
first episode psychosis patients. Strong evidence was obtained for a decrease in 
TSPO in gray matter regions, with effect sizes ranging from −0.47 to −0.63 (Plavén-
Sigray et al. 2018a). No effect of antipsychotic medication on VT was observed. An 
additional meta-analysis using summary statistics found evidence of increases in 
binding in [11C]PK11195 studies and no difference in second-generation TSPO 
radioligand studies (Marques et al. 2019). However, due to methodological caveats 
of [11C]PK11195 discussed below, the evidential value of the [11C]PK11195 studies 
is limited (Plavén-Sigray and Cervenka 2019).

Taken together, the overall evidence is in favor of lower TSPO binding in psy-
chosis patients. Although the underlying biology is unclear, this suggests altered 
function of brain glial cells in psychosis. It has been hypothesized that the causative 
role of immune factors in schizophrenia may be related to microglia-mediated 
excessive synaptic pruning, which may explain the cortical thinning and synaptic 
loss observed in MR and postmortem studies (Sekar et  al. 2016; Cannon 2015; 
Sellgren et al. 2019; Glausier and Lewis 2013). Thus far, two studies have investi-
gated the relationship between TSPO and brain structure in psychosis spectrum 
patients. Selvaraj et al. showed a relationship between TSPO binding and total corti-
cal GM volume; however this was using the relative measure of TSPO binding 
which means that the interpretation of the findings is unclear (Selvaraj et al. 2018). 
In a much larger cohort of in total 90 clinical high-risk individuals, first episode 
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psychosis patients and control subjects, associations were observed between TSPO 
binding and outward and inward morphological alterations in hippocampus, repre-
senting the first association between a brain immune marker and structural mor-
phology (Hafizi et al. 2018).

18.3	 �Depression

During recent years, TSPO PET has been applied increasingly also in patients with 
major depressive disorder (MDD). In the first report published, Hannestad et al. 
used [11C]PBR28 to examine ten MDD patients and ten control subjects (Hannestad 
et  al. 2013). No group difference was observed, either when using a one-tissue 
compartment (1TCM), 2TCM or the multilinear analysis MA1 to derive VT, or after 
correcting for free fraction. Apart from the limitation of a small sample size, in this 
study elevated C-reactive protein was used as an exclusion criterion, which may 
have influenced the results. Moreover, patients showed only mild-to-moderate 
symptom severity at time of scanning, which represented a reduction from screen-
ing. Subsequently, Setiawan et  al. used [18F]FEPPA to study 20 medication-free 
patients with major depression (MD), compared to 20 control subjects (Setiawan 
et al. 2015). Increases in TCM-derived VT were shown in prefrontal cortex, anterior 
cingulate (ACC), and insula. Symptom scores were positively correlated to TSPO 
VT in the ACC, after correcting for genotype. The results of elevated TSPO were 
later confirmed when adding additional 30 patients and 5 controls to the same 
sample (Setiawan et al. 2018). In a study using [11C]PK11195 in 14 patients with 
depression and 13 controls, BPND was quantified using cerebellum as reference 
region in a simplified reference tissue model (Holmes et al. 2018). Significantly 
higher binding was found in ACC in patients, although the absolute difference in 
binding was low. Using similar methodology, increases in [11C]PK11195 was 
observed in five individuals with late-life depression, although the very small sam-
ple size as well as a lack of control for multiple comparisons limits the interpret-
ability (Su et al. 2016). In an additional study using [11C]PBR28, in 28 patients and 
20 controls, no significant difference between groups, using plasma fraction-cor-
rected VT as outcome measure. However, a post hoc analysis revealed increased VT 
in a subgroup of 16 patients with ongoing antidepressant medication (Richards 
et al. 2018). Finally, in 2 publications based on overlapping samples, in cluding a 
total of 50 MDD patients and 30 HC were examined using [18F]FEPPA. Increases 
were observed in GM, WM, frontal and temporal cortices, as well as hippocampus 
(Li et al. 2018a, b).

Recently, results from TSPO PET studies in depression were analyzed in a sum-
mary statistics meta-analysis, showing increases in TSPO density in ACC, TC, FC, 
insula, and hippocampus with a standardized effect size of 0.71 (Enache et al. 2019). 
Interestingly, it was suggested that TSPO increases in depression may reflect 
increased recruitment of peripheral monocytes, which is in line with experimental 
data showing alterations in blood-brain barrier integrity in chronic social stress 
(Menard et al. 2017).
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18.4	 �Substance Use Disorders

Based on animal studies showing an involvement of microglia in the neurotoxic 
effects of alcohol and psychostimulants, efforts have been made to investigate TSPO 
levels in individuals with substance use disorders. An initial study used [11C]PK11195 
to examine 12 methamphetamine users and 12 healthy control subjects (Sekine 
et al. 2008). BPND was calculated using SRTM, with averaged TACs from cortical 
regions from the control group as reference input. BPND increases in patients ranged 
from 3- to 15-fold. Importantly, the unorthodox choice of reference region means 
that differences in delivery of radioligand to brain as well as nonspecific binding 
cannot be controlled for, severely limiting the interpretability of the results. In a 
subsequent study using [11C]PBR28, Narendran et  al. investigated 15 chronic 
cocaine abusers in comparison with 17 control subjects (Narendran et al. 2014). VT 
was calculated using 2TCM, showing no difference between groups.

[11C]PBR28 has been used in two recent studies on alcohol dependence. Kalk 
et al. examined 9 patients within 1 month of withdrawal and 20 control subjects, 
showing significantly lower VT in hippocampus in patients (Kalk et al. 2017). In a 
similar study, 15 patients were examined within 1–4 days (n = 14) or 24 days (n = 1) 
after their last drink and compared to 15 control subjects (Hillmer et  al. 2017). 
Again, contrary to the initial hypothesis, decreases in VT in patients were observed 
in hippocampus, striatum, frontal cortex, and cerebellum. In the latter study, PET 
data was paralleled by reduced cytokine expression in cultured monocytes after 
stimulation with lipopolysaccharide, in a subgroup of subjects.

Finally, following experimental data showing that the cannabinoid system can 
modulate immune responses, [18F]FEPPA and PET were very recently used to 
examine 24 chronic cannabis users and 27 controls (Da Silva et al. 2019). VT was 
higher across all regions examined a priori, with more prominent effects for indi-
viduals who met criteria for cannabis use disorder. TSPO levels were positively 
correlated with increased blood CRP levels as well as subjective measures of stress 
and anxiety.

18.5	 �Other Disorders

To date, one study investigated TSPO in developmental disorders. Suzuki et al. used 
[11C]PK11195 to examine 20 individuals with autism spectrum disorders and 20 
matched controls. BPND was quantified using SRTM, with averaged cerebellar TACs 
from the control group as input function for both patients and control subjects. 
Increases in BPND were reported in all brain regions examined. As commented 
above, no clear conclusions can be drawn due to the use of this reference region 
approach.

Using the same radioligand, Haarman et al. examined 14 bipolar type I patients 
compared to 11 healthy controls (Haarman et al. 2014). All patients except one were 
euthymic, and 13 were taking mood stabilizers. BPND was quantified using 2TCM 
with an arterial input function, estimated as k3/k4. Binding in whole brain gray 
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matter was used as a covariate to reduce variability. Hippocampus was selected as 
the main ROI and showed increases on the right side in patients. No other brain 
region reached statistical significance.

Finally, a recent study examined TSPO in a group of 20 patients with obsessive-
compulsive disorder and 20 control subjects, using [18F]FEPPA (Attwells et  al. 
2017). None of the patients were on medication. VT as quantified using 2TCM was 
higher in striatum, orbitofrontal cortex, thalamus, as well as ACC. A correlation was 
observed between symptom severity and TSPO levels in orbitofrontal cortex, 
although this was not corrected for multiple comparisons.

18.6	 �Methodological Considerations

When interpreting the results from TSPO PET imaging, there are some method-
ological aspects to consider. In the field of psychosis and schizophrenia, apparent 
different results have been obtained using [11C]PK11195 compared to that of sec-
ond-generation TSPO radioligands, necessitating a closer inspection of the differ-
ences in characteristics between these tracers. By performing PET experiments 
where the specific binding is blocked using a cold compound, the ratio between 
specific and non-displaceable (background) binding, referred to as non-displaceable 
binding potential (BPND) (Innis et al. 2007b), can be estimated. For [11C]PK11195, 
this approach has yielded BPND values in the range of 0.7–0.8  in healthy control 
subjects, suggesting that the background signal is proportionally larger than target 
signal (Kobayashi et  al. 2017). This ratio is significantly lower than has been 
reported for the second-generation TSPO radioligands [11C]PBR28 (Plavén-Sigray 
et al. 2019; Owen et al. 2014), [11C]DPA713 (Kobayashi et al. 2017), and the more 
recently developed [11C]ER176 (Ikawa et al. 2017). Importantly, a consequence of 
lower signal-to-noise ratio means lower accuracy and reliability of the 
measurement.

A second caveat when interpreting TSPO PET results relates to the difference 
in quantification methods between studies. An important premise for TSPO quan-
tification is that there is no reference region devoid of TSPO in the brain (Doble 
et al. 1987). This means that arterial blood sampling is necessary to establish the 
delivery of radioligand to brain, permitting kinetic modeling of the time activity 
curve data. Using this method, the gold standard outcome is considered to be the 
total distribution volume (VT), which is an estimate of radioligand binding in rela-
tion to plasma. Since arterial sampling can be cumbersome and technically diffi-
cult, attempts have been made to find simplified methods of analysis. For the 
majority of [11C]PK11195 studies in psychiatric disorders, reference tissue 
approaches have been used, either using the cerebellum as “pseudoreference” 
region (Di Biase et al. 2017; Holmes et al. 2016b, 2018; Su et al. 2016) or deriving 
an input function using cluster analysis (Van Der Doef et al. 2016; Di Biase et al. 
2017). Using a test-retest dataset in healthy control subjects, these approaches 
showed intraclass correlation coefficient values in the range of 0.3–0.5 
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(Plavén-Sigray et al. 2018b), suggesting that at least half of the variability in BPND 
is due to measurement error. Moreover, there was a lack of correlation between 
BPND and BP calculated using microparameters, as employed in studies in psycho-
sis and bipolar disorder (Haarman et al. 2014; van Berckel et al. 2008b; Doorduin 
et al. 2009b), and VT. Thus, in absence of clear increases in TSPO, the combination 
of low specific binding and suboptimal methods of quantification, we suggest that 
results from [11C]PK11195 studies should be interpreted with caution. As men-
tioned above, two [11C]PK11195 studies also used TACs from the control group as 
input function for the whole sample, creating further problems for interpretation 
(Sekine et al. 2008; Suzuki et al. 2013).

In studies using second-generation TSPO radioligands such as [11C]PBR28, 
one approach to reduce variability in the data has been to calculate ratios between 
binding in target region and reference region, using standardized uptake values 
(SUVR) or VT (DVR) (Lyoo et al. 2015). A drawback of this relative approach is 
that the resulting values are sensitive to changes in the normalizing region 
(Narendran and Frankle 2016). Moreover, a study in healthy controls suggested 
that in absence of clear increases, the high intercorrelation between binding in 
target and “normalizing” regions means that much of the biological signal is lost, 
leading to low reliability and low correlation to the gold standard VT measurement 
(Matheson et al. 2017). In one study in psychosis and ultra-high-risk individuals, 
yet another approach was used whereby VT in the normalizing region was entered 
as a covariate in the statistical model, and DVR was extracted as predicted values 
(Bloomfield et al. 2016). When the target region is included in the normalizing 
region, the regional intercorrelation is likely to increase, further reducing 
signal-to-noise.

One potential caveat that has been discussed when using arterial blood as input 
function for quantification is that peripheral inflammation may lead to biased results. 
Based on in vitro studies showing binding of [11C]PK11195 to acute phase proteins 
(Lockhart et  al. 2003), it has been hypothesized that inflammation may lead to 
increased protein binding, such that the true input function is overestimated, leading 
to false low values of binding in brain. However, there is to date no study showing 
a clear effect of free fraction on VT. Instead, in a study by Sandiego and co-workers 
using the pro-inflammatory agent lipopolysaccharide (LPS) (Sandiego et al. 2015), 
there was no increase in radioligand binding to plasma proteins, despite a clear 
peripheral pro-inflammatory activation. The arterial input function was decreased, 
which is expected due to the increase in peripheral binding, whereas brain VT was 
increased. Similarly, at least three of the clinical studies reviewed above showed 
decreases in brain VT in patients in absence of changes in radioligand protein bind-
ing, despite previous research showing peripheral increases in pro-inflammatory 
markers in these populations (Kalk et al. 2017; Hillmer et al. 2017; Collste et al. 
2017b). Further investigations into the effect of peripheral immune activation on 
central TSPO binding are warranted.

Considering the sometimes surprising findings of reduction in TSPO in clinical 
studies, additional work has been directed towards understanding the underlying 
biology. First, it has become clear that TSPO is not specific for microglial 
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activation. The protein is expressed in astrocytes (Toth et al. 2016; Lavisse et al. 
2012; Notter et al. 2018a) as well as in vascular cells (Veronese et al. 2017) and to 
some extent in neurons (Notter et al. 2018b). Second, animal and in vitro human 
data has challenged the view of TSPO as a specific pro-inflammatory marker. In a 
mouse model of low-grade immune activation, TSPO was found to be decreased, 
despite elevated levels of classical pro-inflammatory markers such as IL-1b and 
IL-6 (Notter et al. 2018a). In vitro assays of human cells have shown that TSPO may 
not increase upon stimulation with LPS (Narayan et al. 2017) and might even show 
decreased levels (Owen et al. 2017). Finally, the physiological role of TSPO may 
present yet another confounder. Recently, a large multicenter study of [11C]PBR28 in 
healthy control subjects (Tuisku et  al. 2019) found that radioligand binding was 
associated to increasing age, confirming findings that were evident in some, but not 
all previous studies (Paul et al. 2019; Suridjan et al. 2014). Moreover, relationships 
were found also for BMI and sex results that may reflect the suggested role of TSPO 
in hormone production.

18.7	 �Conclusions

The increasing application of TSPO PET in psychiatric populations during recent 
years has led to the emergence of some patterns that appear to vary between disor-
ders. The evidence is in favor of an increase in TSPO in depression, whereas psy-
chosis patients and potentially also subjects with alcohol use disorder show 
decreases. Additional understanding of the underlying biology is now needed to 
fully interpret these findings. It is likely that new cell and activation-specific PET 
markers need to be developed in order to robustly assess pro-inflammatory brain 
immune activation.

The large interindividual variability in TSPO in combination with the small sam-
ples usually employed in PET research means that power is often lacking. For 
instance, for studies employing second-generation TSPO tracers to study psychosis 
patients, the power to detect a medium-size effect was 23–34% (Plavén-Sigray et al. 
2018a). This may lead to the failure to detect clinically meaningful effects but 
equally increase the risk of false positives that are not replicated in subsequent stud-
ies (Button et al. 2013). Since larger samples may be unattainable for individual 
research centers, one important way forward is to further develop multicenter col-
laborations where data is pooled at the individual participant level. Apart from 
increasing power, this would also open up for investigations into subgroups of 
patients, also across diagnostic boundaries, possibly stratifying patients into differ-
ent etiopathologies.
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