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Abstract

Neuroimaging studies using PET and SPECT to evaluate neurofunctional differ-
ences between patients with anxiety- and stress-related disorders and healthy con-
trols were reviewed. At rest, patients with social anxiety disorder display increased 
serotonin synthesis rate and upregulated serotonin transporter expression, whereas 
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studies targeting dopamine have yielded mixed results. Posttraumatic stress disor-
der is associated with a compromised benzodiazepine receptor function. In panic 
disorder, both benzodiazepine receptors and serotonergic (5-hydroxytryptamine 
1A (5HT1A)) receptors are downregulated. Across the anxiety disorders, there is 
downregulation of both benzodiazepine and 5HT1A receptors. Symptom provoca-
tion studies, where regional cerebral blood flow is measured, support that activity 
in the brain’s fear circuit is altered with increased reactivity in the amygdala, the 
midbrain, and possibly also the insular cortex, whereas activity in emotion-regu-
lating areas in the prefrontal cortex such as the subgenual anterior cingulate cortex 
and the orbitofrontal cortex is compromised in the symptomatic state, predomi-
nantly in phobic disorders. Some studies demonstrate a coupling between indi-
vidual differences in neurotransmission and fear network activity. Treatment 
studies suggest that reductions of neural activity in the amygdala may be a final 
common pathway for successful therapeutic interventions, thereby linking neuro-
transmission to plasticity in the core fear network of the brain.

10.1  Anxiety, Genes, and Environment

Anxiety involves a subjective experience of fear and apprehension associated with 
physiological reactions and avoidance or escape behavior. When the intensity or the 
frequency of anxiety reactions compromises quality of life, an anxiety disorder is 
diagnosed. Anxiety problems are prevalent and costly and induce significant suffer-
ing. Epidemiological studies show that the lifetime prevalence of any anxiety disor-
der is almost 30% with roughly twice as many women than men being affected 
(Kessler et al. 1994, 2005, 2012). Anxiety may come out of the blue like in panic 
disorder (PD), result from memory activation as in posttraumatic stress disorder 
(PTSD), be elicited by environmental triggers like in social anxiety disorder (SAD) 
and specific phobia (SP), or be determined by internal worry cues as in generalized 
anxiety disorder (GAD). These, together with obsessive-compulsive disorder 
(OCD), were the principal diagnostic categories for the anxiety disorders in the 
fourth edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV) (American Psychiatric Association 1994). The current version of DSM, 
i.e., DSM-5, differs from DSM-IV in many respects. For example, OCD falls under 
“obsessive-compulsive and related disorders” and is diagnosed separately from the 
anxiety syndromes now including the new entity of “hoarding disorder.” Also, 
PTSD has its own category called “trauma and stressor-related disorders” including 
acute stress and adjustment disorders. Beside these differences, anxiety disorders in 
DSM-5 now include separation anxiety disorder and selective mutism, both previ-
ously classified in the section “Disorders Usually First Diagnosed in Infancy, 
Childhood, or Adolescence.” In this chapter, we will focus on DSM-5 anxiety- and 
stress-related disorders including SP, SAD, GAD, PD, and PTSD. In all these disor-
ders, anticipation of feared events or situations causes negative affect and eventually 
leads to their avoidance.
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10.1.1  Anxiety Etiology

Recent etiological theories of anxiety capitalize both on inborn and acquired mech-
anisms but to a different extent. Anxiety disorders tend to cluster in families (Tillfors 
et al. 2001a), most likely reflecting common genetic and not environmental factors 
(Hettema et al. 2001). There are two independent genetic factors in anxiety disor-
ders: the first associated predominantly with PD, GAD, and agoraphobia, while the 
second mainly influences specific phobias (Hettema et al. 2005). Genetic factors 
account for a moderate proportion of around 30–40% of the variance in the anxiety 
disorders. Thus, environmental factors also contribute to fear and anxiety; particu-
larly unique rather than commonly shared environmental factors influence anxiety 
development rendering gene-environmental interactions pivotal.

Fear conditioning, a plausible candidate mechanism both for the acquisition of 
anxiety and for mediating gene-environmental interactions, is moderately heritable 
in the range of 35–45% (Hettema et al. 2003). In addition, there is tentative evidence 
that fear conditioning to stimuli like snakes and spiders that often trigger fear has a 
higher heritability than conditioning to neutral stimuli like circles and triangles 
(Hettema et al. 2003). In early research, some candidate genes for fear conditioning 
have been identified in humans (Garpenstrand et al. 2001; Lonsdorf et al. 2009), and 
certain moderately heritable personality traits may also act as vulnerability factors 
for the development of anxiety. Although previous twin studies were suggestive of 
a moderate heritability for anxiety disorders (Hettema et al. 2003), genome-wide 
association studies have struggled to identify genes significantly associated with 
these disorders (Sharma et al. 2016). On the other hand, anxiety disorders are con-
sidered stress-related. Evidence from animal studies suggests a strong role for stress 
on the epigenetic control of the hypothalamic–pituitary–adrenal (HPA) axis and 
stress-related brain responses. Neuroepigenetics may explain individual variations 
in the likelihood of environmental disturbances and consequently anxiety-related 
disorders (Bartlett et al. 2017).

10.2  Anxiety and Brain Imaging

Initial brain imaging studies of mental disorders that used tools like PET and SPECT 
focused on schizophrenia and depression and were performed in the resting state. In 
the second wave of imaging studies, i.e., activation studies, cognitive and emotional 
tasks were used to activate certain brain areas in order to isolate and localize the 
task-related processes. Symptom provocation studies were carried out in an attempt 
to define dysfunctional regions related to anxiety. Most of the second-wave studies 
utilized tracers like [18F]fluorodeoxyglucose (FDG) and [15O]oxygen to determine 
glucose metabolism and regional cerebral blood flow (rCBF). In the anxiety disor-
ders, a number of provocation studies have been published in specific phobia and 
SAD (Ahs et al. 2009, Åhs et al. 2017; Carlsson et al. 2004; Fredrikson et al. 1993, 
1995; Rauch et al. 1995, 1996; Tillfors et al. 2001b, 2002; Van Ameringen et al. 
2004; Veltman et al. 2004; Wik et al. 1996, 1997) as well as in PTSD (Barkay et al. 
2012; Bremner et al. 1999a, b; Britton et al. 2005; Fischer et al. 1966; Liberzon 
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et al. 1999; Nardo et al. 2011; Pissiota et al. 2002; Shin et al. 1997, 1999, 2004; 
Zubieta et al. 1999). There are at least 24 published studies from the early 1990s to 
2019 that have used PET or SPECT tracers to determine activity in brain areas 
responsive to symptomatic challenge in the situationally elicited anxiety disorders, 
SP, SAD, and PTSD and that also have described activations in the three-dimen-
sional Montreal Neurological Institute (MNI) or Talairach and Tournoux (1988) 
space. Several additional studies use emotional probes other than symptom provo-
cation such as aversive facial and affective pictures to elicit affective and/or percep-
tual processes (Bergman et al. 2014; Fusar-Poli et al. 2009; Sergerie et al. 2008; 
Sabatinelli et al. 2011). Also, other challenges like anticipation of anxiety-inducing 
pentagastrin administration have been studied using PET (Boshuisen et al. 2002). 
There are additional studies that have used pharmacological and physiological per-
turbations to induce anxiety in healthy individuals and patients like the cholecysto-
kinin tetrapeptide (CCK4) (Eser et al. 2009; Schunck et al. 2006) and carbon dioxide 
(CO2) challenge (Ponto et al. 2002).

Studies have been mixed with respect to activation patterns. Because physiologi-
cal alterations besides their anxiety-inducing properties also have peripheral effects, 
the CNS alterations are less straightforward to interpret as compared to studies that 
have used psychological procedures to induce anxiety. Some studies have also 
imaged behavioral and pharmacological treatment effects (cf. Fredrikson et  al. 
1995; Furmark et al. 2002; Peres et al. 2007; Lindauer et al. 2008; Sakai et al. 2006). 
Also, in the area of imaging genetics, candidate genes for anxiety and learning have 
been related to brain function using neuroimaging tools (cf. Bergman et al. 2014; 
Winterer et al. 2005; Bigos and Weinberger 2010).

10.2.1  Anxiety, Symptom Provocation, and the Fear Network

We have previously performed a meta-analysis of increased and decreased brain 
activity as a function of symptom provocation in specific and social phobia on the 
one hand and PTSD on the other (Fredrikson and Faria 2013). Both phobias and 
PTSD are characterized by the fact that environmental factors elicit anxiety. Thus, 
symptom provocation can be accomplished through psychological means rendering 
them comparable in terms of anxiety induction methods.

Both in phobias and in PTSD, rCBF in the amygdala and the midbrain increases 
reliably across studies. Also, the insular cortex tends to be activated, while hippo-
campus activity is not increased, neither in phobia nor in PTSD, perhaps reflecting 
the noncognitive nature of situationally elicited fear and anxiety (Ray and Zald 
2012). In other words, cues may activate an amygdala-localized memory trace 
(Agren et al. 2012) while not taxing context-dependent memory representation in 
the hippocampus. In the phobic disorders, as a function of fear, activity in the ante-
rior cingulate cortex (ACC) increases but decreases in the orbitofrontal cortex, 
whereas in PTSD, this pattern is not observed. Like in rodents, the human fear net-
work is likely to encompass the amygdala, the insula, the hippocampus, the anterior 
cingulate cortex, the orbitofrontal prefrontal cortex, and the periaqueductal gray of 
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the midbrain (Shin and Liberzon 2010). A consistent finding is that the amygdala, 
the insular cortex, and the midbrain seem involved in generating emotional distress 
and that areas in the prefrontal cortex, to a certain extent, seem to inhibit negative 
affect possibly by regulating the amygdala. The anterior cingulate cortex covaries 
both with the inhibition and expression of anxiety (see also Etkin et al. (2011)). The 
orbitofrontal and the ventromedial prefrontal cortices and the subgenual part of the 
ACC have all been attributed anxiety-reducing properties. For phobias, the orbito-
frontal cortex may be central because symptom provocation results in reduced orbi-
tofrontal cortex activity coupled with enhanced amygdala activation and 
symptomatic treatment with cognitive behavioral therapy (CBT) increases orbito-
frontal activity (cf. Peres et al. 2007) while amygdala reductions are observed at the 
same time (cf. Furmark et al. 2002). We suggest that part of the experience of losing 
emotional control during phobic anxiety is also related to reduced activity in the 
orbitofrontal cortex.

The third wave of brain imaging studies using symptom provocation designs is 
today almost exclusively performed using functional magnetic resonance imaging 
(fMRI) rather than PET and SPECT. They are beyond the scope of this chapter but 
have been reviewed elsewhere (e.g., Bandelow et al. 2016; Brühl et al., 2014; Etkin 
and Wager 2007; Goossen et al., 2019; Hughes and Shin 2011). It should be noted 
that increased activity in the fear circuit is not restricted to conditions of symptom 
provocation but occurs also in response to nontraumatic but distressing cues in 
PTSD (Gold et al. 2011) and in the resting state in patients with PD (Sakai et al. 
2005), perhaps reflecting a disorder-related vulnerability factor or a scar resulting 
from repeated anxiety activation. Longitudinal research is needed to determine this. 
Collectively, it can be concluded that parts of the fear circuit in patients with situa-
tionally elicited anxiety disorders are hyperactive. This may be a mechanism 
accounting for increased autonomic and endocrine drive present in anxiety- 
disordered patients (Ahs et al. 2006), as well as behavioral manifestations of anxiety 
(Laukka et al. 2011).

10.2.2  Anxiety and Neurotransmission

Brain imaging studies in anxiety disorders have also characterized neurochemistry 
in the resting state. An advantage of PET and SPECT is the virtually unlimited 
potential for using organic compounds like 18F, 15O, 13N, and 11C serving as radioiso-
topes enabling determination of brain perfusion, metabolism, and neurochemistry. 
The whole-brain coverage is excellent; the meaning of the signal is well understood, 
making baseline measurements possible and allowing for comparisons of differ-
ences between individuals at rest. An additional focus of this paper is to perform a 
comprehensive review of differences in brain neurochemistry between patients with 
anxiety- and stress-related disorders and healthy controls as revealed by PET and 
SPECT imaging. We searched PubMed and crossed each disorder with each imag-
ing technique like “positron emission tomography OR PET OR single-photon emis-
sion computed tomography OR SPECT AND generalized anxiety disorder OR 
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social anxiety disorder OR (specific OR simple) phobia OR posttraumatic stress 
disorder” to retrieve references. We also extracted studies by using the reference list 
of resulting publications. From 1994 to 2019, several have used PET or SPECT 
tracers to determine dopamine and serotonin neurotransmission with ligands prob-
ing, for example, dopamine-D2 and 5HT1A receptors as well as dopamine and sero-
tonin reuptake transporters. Also, activity in the neurokinin 1/substance P (NK1/SP) 
system and benzodiazepine (BZD) receptors has been imaged. With one exception, 
all neurochemical studies have been performed in the resting state. Table  10.1 
details the main findings for GAD (n = 3 studies), SP (n = 1), SAD (n = 12), PD 
(n = 15), and PTSD (n = 10).

Most studies have been performed in PD, and data suggest that BZD receptors 
are downregulated even though conflicting evidence exists. Also, 5HT1A receptors 
are downregulated in PD. Data for the serotonin transporter in PD are inconclusive 
since one study report enhanced and another attenuated reuptake of serotonin. One 
study reported similar dopamine transporter availability in the striatum of patients 
with PD and healthy controls.

Social anxiety disorder is the second most investigated condition. A reduced D2 
receptor binding potential was initially suggested, but one study failed to demon-
strate differences between striatal regions of patients and controls. Also with respect 
to dopamine reuptake mechanisms in SAD, data are inconclusive because one study 
reported higher, one lower, and one similar uptake activity in SAD patients when 
compared to controls. These were mainly SPECT studies, but by using relatively 
more specific and sensitive PET methodology, we recently demonstrated elevated 
dopamine transporter availability in SAD correlating with symptom severity in the 
amygdala, hippocampus, and putamen (Hjorth et al. 2019). A more consistent pat-
tern emerges for serotonin since three studies indicate increased availability of sero-
tonin transporters in thalamic and striatal regions. This appears true also for the 
ventral striatum/nucleus accumbens, and interestingly, there is evidence of higher 
co-expression of serotonin and dopamine transporters in fear- and reward-related 
brain regions in SAD (Hjorth et al. 2019). Two studies also report increased sero-
tonin synthesis capacity in SAD in limbic and basal ganglia regions. Increased syn-
thesis could, in turn, result from downregulation of inhibitory raphe 5HT1A 
autoreceptors as reported by Lanzenberger et al. (2007). Taken together, these find-
ings may indicate an overactive presynaptic serotonin system in socially anxious 
individuals.

In PTSD, BZD receptors appear downregulated even though there is conflicting 
evidence with studies not showing differences between patients and controls. For 
GAD, there are still too few studies to draw any general conclusions, but suggestive 
evidence of downregulated BZD receptors exists. Studies are lacking also for spe-
cific phobia, but there are indications that alterations in the NK1/SP system activity 
may characterize one or several anxiety disorders including specific phobia. There 
are only a few studies investigating NK1/substance P system activity. One study in 
PTSD reported widespread decreased binding of an NK1 receptor ligand at rest, 
while another one noted increased NK1 binding in the amygdala in patients. 
Co-expression of NK1 receptors and serotonin transporters was suggested to be 
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Table 10.1 Neurochemical alterations in the anxiety disorders based on PET and SPECT studies

First author (year) Neurofunction Patients/controls Imaging/ligand Main results
Neurochemical alterations in GAD, as compared to controls, based on PET and SPECT studies
Tiihonen et al. 
(1997a, b)

GABA/BZD GAD (10♀)
HC (10♀)

SPECT: [123I] 
NNC-13-8241

↓ TP (L)

Maron et al. 
(2004a, b)

SERT GAD (7)
HC (7)

SPECT: [123I] 
nor- β-CIT

= Midbrain 5HTT
– Corr with 
symptom severity 
in pts

Lee et al. (2015) DAT/SERT GAD (12)
HC (12)

SPECT: [99mTc]
TRODAT-1 
[123I]ADAM

↓ DAT striatum 
(GAD)

Neurochemical alterations in SP, as compared to controls, based on PET and SPECT studies
Michelgård 
et al. (2007)

NK1/SP SP (16)
HC (0)

PET: [11C] 
GR205171

↓ Amygdala uptake 
during anxiety 
provocation
− Corr with 
symptom severity

Neurochemical alterations in SAD, as compared to controls, based on PET and SPECT studies
Tiihonen et al. 
(1997a, b)

DAT SAD (11)
HC (28)

SPECT: [123I] 
β-CIT

↓ Striatum
0 – Corr

Schneier et al. 
(2000)

D2 SAD (10)
HC (10)

SPECT:[123I]
iodobenzamide

↓ Striatum
− Corr (trend) with 
LSAS

Lanzenberger 
et al. (2007)

5HT1A SAD (12)
HC (18)

PET: [11C]
WAY-100635

↓ Amygdala, ACC, 
insula, raphe
0 – Corr

Schneier et al. 
(2008)

D2 SAD + OCD (7) 
OCD (8)
HC (8)

SPECT: 
[123I] - IBZM

↓ Striatum (SAD)
− Corr KSP 
detachment

van der Wee 
et al. (2008)

SERT/DAT SAD (12)
HC (12)

SPECT: 
123I-β-(4- 
iodophenyl)-
tropane

↑ SERT thalamus
↑ DAT striatum
0 – Corr

Schneier et al. 
(2009)a

DAT/D2 SAD (17)
HC (13)

SPECT: [123I] 
β-CIT
PET: [11C]
raclopride

= DAT, D2 
(baseline and after 
challenge)
0 – Corr

Moriyama et al. 
(2011)

DAT Parkinson + SAD 
(11)
Parkinson (21)

SPECT: 
TRODAT-1

+ Corr with 
symptom severity 
in the putamen and 
N Caud

Frick et al. 
(2015a, b)

5HT synthesis SAD (18)
HC (17)

PET: 
[11C]5-HTP

↑ Amygdala, raphe 
nuclei, caudate 
nucleus, putamen, 
hippocampus, and 
ACC
+ Corr with 
symptom severity 
in the amygdala

(continued)
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Table 10.1 (continued)

First author (year) Neurofunction Patients/controls Imaging/ligand Main results
SERT SAD (26)

HC (17)
PET: [11C]
DASB

↑ Raphe nuclei, 
caudate nucleus, 
putamen, thalamus, 
and insula
− Corr with 
symptom severity 
in dorsal ACC

Frick et al. 
(2015b)

NK1 SAD (17)
HC (17)

PET: [11C]
GR205171

↑ amygdala
0 – Corr

Furmark et al. 
(2016)

5HT synthesis SAD (18)
HC (6)

PET: 
[11C]5-HTP

↑ Hippocampus, 
globus pallidum, 
and putamen
0 – Corr

Plavén Sigray 
et al. (2017)

D2 SAD (12)
HC (16)

PET: [11C]
FLB457

↑ OFC
↑ dlPFC
+ Corr with 
symptom severity 
in OFC

Hjorth et al. 
(2019)

DAT SAD (27)
HC (43)

PET: [11C]PE2I + Corr with 
symptom severity 
in the amygdala, 
hippocampus, 
putamen
↑ Amygdala, 
hippocampus, 
striatum (trend)

SERT PET: [11C]
DASB

↑ Nucleus 
accumbens
↑ Amygdala, 
hippocampus, 
striatum, thalamus, 
insula (trend)
0 – Corr

SERTxDAT 
co-expression

↑ Amygdala, 
striatum, thalamus
↓ Dorsomedial 
thalamus
0 – Corr

Neurochemical alterations in PD, as compared to controls, based on PET and SPECT studies
Schlegel et al. 
(1994)

GABA/BZD PD (10)
Epileptic pts. (10)

SPECT: [123I] 
iomazenil

↓ FC, occipital, TP

Kaschka et al. 
(1995)

GABA/BZD PD + depression 
(9) Dysthymic 
(9)

SPECT: [123I] 
iomazenil

↓ Inferior TP, 
inferior FC, 
(rCBF-related)
↓ Medial inferior 
TP
↓ left TP (not 
rCBF-related)
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Table 10.1 (continued)

First author (year) Neurofunction Patients/controls Imaging/ligand Main results
Kuikka et al. 
(1995)

GABA/BZD PD (17)
HC (17)

SPECT: [123I] 
iomazenil

↑ R > L-ratio in 
pts.
↑ TP

Brandt et al. 
(1998)

GABA/BZD PD (12) most on 
meds
HC (9)

SPECT: [123I] 
iomazenil

↑ Supraorbital 
cortex (R)
↑ Temporal cortex 
(R)
- Trend correlation 
with STAI in HC
0 – Corr in pts

Malizia et al. 
(1998)

GABA/BZD PD (7)
HC (8)

PET: [11C] 
flumazenil

↓ Globally most 
pronounced in 
OFC + insula (R)

Bremner et al. 
(2000a, b)

GABA/BZD PD (13)
HC (16)

SPECT: [123I] 
iomazenil

↓ Hipp, precuneus
↓ PFC in panic 
attackers
− Corr symptom 
severity in PFC

Maron et al. 
(2004a, b)

SERT PD (8) PD 
remission (8)
HC (8)

SPECT: [123I]
nor- β-CIT

↓ midbrain, TP, 
thalamus
− Corr with 
symptom severity
Clinical 
improvement = 
normalization, 
except in the 
thalamus

Neumeister 
et al. (2004)

5HT1A PD (16) with 
comorbid 
Agoraphobia (6)
HC (15)

PET: [18F] FC 
WAY

↓ ACC, PCC, 
raphe

Sullivan et al. 
(2005)

5HT1A MDD + PD (7) 
MDD (21) HC 
(0)
MDD with vs. 
without comorbid 
PD

PET: [11C] 
WAY-100635

↓ TP, ACC, PHG, 
hipp in comorbid 
PD
− Corr anxiety

Cameron et al. 
(2007)

GABA/BZD PD (11)
HC (21)

PET: [11C] 
flumazenil

↓ Insula (R + L)
0 - corr

Hasler et al. 
(2008)

GABA/BZD PD (15)
HC (18)

PET: [11C] 
flumazenil

↓ PFC, frontal, 
temporal, parietal
↑ Hipp
− Corr with 
symptom severity 
in hipp
+ Corr with 
symptom severity 
in dPFC

(continued)
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Table 10.1 (continued)

First author (year) Neurofunction Patients/controls Imaging/ligand Main results
Nash et al. 
(2008)

5HT1A PD (9) PD 
remission (7)
HC (9)

PET: [11C] 
WAY-100635

↓ Raphe, OFC, TP, 
amygdala
0 – Corr

Fujimura et al. 
(2009)

SERT PD (14)
HC (14)

PET: [18F] 
SPA-RQ

↓ In widespread 
areas including the 
amygdala

Maron et al. 
(2010)

DAT PD (7) PD 
remission (7)
HC (7)

SPECT: [123I]
nor- β-CIT

↓ Striatum
↑ Striatum current 
vs. remitted
− Corr DAT with 
symptom severity

Maron et al. 
(2011)

SERT PD ♂ (5) PD ♀ 
(6)
HC ♂ (12) HC ♀ 
(12)

PET: [11C]
MADAM

♂ ↑ Raphe, cortex 
(in 13 out of 20 
studied regions
↓ Hipp
♀ = 0 - corr

Neurochemical alterations in PTSD, as compared to controls, based on PET and SPECT 
studies
Bremner et al. 
(2000a, b)

GABA/BZD PTSD (13)
HC (13)

SPECT: [123I] 
iomazenil

↓ PFC (BA 9)
+ Corr with 
symptom severity

Fujita et al. 
(2004)

GABA/BZD PTSD (19)
HC (19)

SPECT: [123I] 
iomazenil

=
− Corr with 
childhood trauma
Scores in pts

Bonne et al. 
(2005)

5HT1A PTSD (12)
HC (11)

PET: [18F] FC 
WAY

=

Liberzon et al. 
(2007)

μ-Opioid 
receptors

PTSD (16)
Trauma exposed 
HC (14)
HC (15)

PET: [11C] 
carfentanil

Trauma exposed:
↓ Ext amygdala, 
NAcc, dFC, insula
↑ OFC
PTSD:
↓ ACC
0 – Corr

Czermak et al. 
(2008)

Nicotinic 
acetylcholine 
receptors (β2 
subunit)

PTSD (10
HC (10)

SPECT: [123I] 
5-1A-85,380

↑ MTP
+ Corr with 
reexperience

Geuze et al. 
(2008)

GABA/BZD PTSD (9)
Trauma-exposed 
HC (11)

SPECT: [11C] 
flumazenil

↓ Cortex, hipp, 
thalamus

Fujimura et al. 
(2009)

NK1/SP PTSD (14)
HC (14)

PET: 
[18F]-SPA-RQ

↓ In widespread 
areas

Murrough et al. 
(2011)

SERT PTSD (15)
HC (15)

PET: [11C] 
AFM

↓ Amygdala
− Corr symptom 
severity

Frick et al. 
(2016a, b)

SP/NK1 PTSD (16)
HC (16)

PET: [11C]
GR205171

↑ Amygdala
0 – Corr
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lower in PTSD patients and correlated with symptom severity in several brain 
regions (Frick et al. 2016a, b). In specific phobia, one study report reduced NK1 
receptor availability during an anxious state. Individual differences in subjective 
fear during symptom provocation were related to uptake with highly fearful indi-
viduals having a lowered uptake in the amygdala, indicating a reduction in NK1 
receptor availability and hence suggestive of enhanced endogenous substance P 
release (Michelgård et al. 2007). Similar to PTSD, patients with SAD, as compared 
to healthy subjects, have increased NK1 receptor availability in the amygdala (Frick 
et al. 2015a, b). Moreover, pharmacological blockade of the NK1 receptor resulted 
in anxiety reductions of a similar magnitude as those achieved through citalopram 
treatment, and both treatments attenuated amygdala reactivity to symptomatic chal-
lenge in patients with SAD (Furmark et al. 2005), suggestive of a mechanistic role 
for the NK1/substance P system in anxiety. Increased NK1 availability in the amyg-
dala has also been demonstrated to be associated with anxious traits and introver-
sion in healthy individuals (Hoppe et al. 2018).

Across studies, the most consistent result is that BZD receptor binding is reduced 
in limbic and frontal areas in patients with panic disorder with a similar pattern for 
PTSD and possibly GAD. Also, monoaminergic neurotransmission seems altered 
both in SAD and PD consistent with reduced 5HT1A receptor availability. There is 
insufficient data to evaluate specific phobia with respect to integrating and segregat-
ing neurotransmission patterns.

Reductions in BZD receptor activity occur most frequently in limbic and frontal 
areas both for PD and PTSD. Monoaminergic alterations, both in serotonergic and 
dopaminergic neurotransmissions, are often localized in the limbic system. 

Table 10.1 (continued)

First author (year) Neurofunction Patients/controls Imaging/ligand Main results
SERT PET: [11C]

DASB
↑ Precentral gyrus, 
posterior cingulate 
cortex
− Corr with 
symptom severity 
in the amygdala

SP × SERT 
co-expression

↓ Putamen, 
thalamus, insula, 
and lateral 
orbitofrontal gyrus
− Corr with 
symptom severity

Reuveni et al. 
(2018)

BZD PTSD (12)
HC (15)

PET: [11C] 
flumazenil

↑ Caudal ACC and 
precuneus
+ Corr symptom 
severity and BZD 
binding in the 
mid-insular and 
anterior insular 
cortices

ai.v. D—amphetamine to induce dopamine release
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Reflecting tracer binding properties, monoaminergic alterations are located also in 
the striatum and the midbrain raphe, areas rich in dopamine and serotonin, respec-
tively. The altered neurotransmission dynamics in the limbic and frontal parts of the 
brain concur with studies determining rCBF and FDG in the resting state (Molina 
et al. 2010; Kim et al. 2007; Bonne et al. 2003; Mirzaei et al. 2001; Semple et al. 
1993, 2000), which also are characterized by an altered perfusion and metabolism 
in the limbic and frontal areas (see Table 10.2 for a summary of studies). There has 
been little work on resting-state PET and SPECT in recent years, presumably due to 
the fact that resting-state fMRI has emerged as a substantial field in neuroimaging.

Table 10.2 Alterations in glucose metabolism or regional cerebral blood at rest in anxiety disor-
ders based on PET and SPECT studies

First 
author, 
year Neurofunction

Patients/
controls

Imaging/
ligand Main results

Semple 
et al. 
(1993)

rCBF PTSD (6) 
(comorbid 
cocaine- 
abuse)
HC (7)

PET: 
[15O]H2O

↑ trend for OFC

Semple 
et al. 
(2000)

rCBF PTSD (−) 
(comorbid 
cocaine- 
abuse)
HC (−)

PET: 
[15O]
butanol

↓ FC

Mirzaei 
et al. 
(2001)

rCBF PTSD (8)
HC (8)

SPECT: 
[99mTc]
HMPAO

Ratio only – More left lateralized and 
heterogeneous in pts

Bonne 
et al. 
(2003)

rCBF PTSD (11)
HC (11)
Trauma- 
exposed HC 
(17)

SPECT: 
[99mTc]
HMPAO

↑ CBL (L + R), BA4, 6, 22, 19, 37
Vs trauma-exposed HC
↑ CBL (L + R), 20, 21, 40, 3, 4 (HC)
Vs trauma-exposed HC
+ Corr symptomatology in CBL and 
visual cortex

Kim 
et al. 
(2007)

rCBF PTSD (19)
HC (19)

SPECT: 
[99mTc]
HMPAO

↓ thalamus (R) + corr symptom 
severity
↑ superior parietal (R) + corr 
symptom severity

Bisaga 
et al. 
(1998)

Glucose PD♀ (6)
HC♀ (6)

PET: 
[18F]FDG

↑ Hipp, parahipp
↓ Inferior parietal, superior temporal

Evans 
et al. 
(2009)

Glucose SAD (15)
HC (10)

PET: 
[18F]FDG

↓ ACC vmPFC
↑ vmPFC after tiagabine 3–6 mg
GABA reuptake inhibitor

Molina 
et al. 
(2010)

Glucose PTSD (15)
HC (6)

PET: 
[18F]FDG

↓ Acc, precuneus (BA 7), insula, hipp, 
FC, PDF, visual cortex, verbal areas
↑ Fusiform, temporal, occipital, 
precuneus (BA 31), CBL
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10.2.3  Anxiety Treatment and Brain Function

For certain disorders and some neural functions, there are also treatment studies. 
For example, Spindelegger et  al. (2009) treated patients with PD comorbid with 
SAD with selective serotonin reuptake inhibitors (SSRIs) for 12 weeks and reported 
a decrease in 5HT1A availability. Because the binding in patients initially is lower 
than in controls, the causative role of 5HT1A receptors in determining anxiety symp-
tomatology remains uncertain. It is not clear if there is cross talk between the mono-
aminergic systems or if the ligands fail to selectively mirror only one system. For 
example, Warwick et al. (2012) reported an increased dopamine transporter (DAT) 
binding in the caudate and putamen after 12 weeks of escitalopram treatment in 
patients with SAD suggesting serotonergic influences on dopamine signaling. Thus, 
the interpretation of alterations in neurotransmission in anxiety disorders is proba-
bly not unidimensional and restricted to one brain function but multidimensional 
and related to multiple mechanisms.

Table 10.2 (continued)

First 
author, 
year Neurofunction

Patients/
controls

Imaging/
ligand Main results

Kim 
et al. 
(2012)

Glucose/rCBF PTSD♀ (12 
SPECT & 
PET)
HC♀ (10 
SPECT; 15 
PET)

SPECT: 
[15O]H2O
PET: 
[18F]FDG

rCBF: ↓ hippocampus, basal ganglia
Glucose: ↓ hippocampus, superior 
temporal, precentral gyri

Ramage 
(2016)

Glucose PTSD danger 
traumas (19)
PTSD 
non-danger 
traumas (26)
HC soldiers 
(26)
HC civilians 
(24)

PET: 
[18F]FDG

↑ Amygdala (PTSD with danger 
traumas compared to HC)
↑ Precuneus (PTSD non-danger 
traumas compared to danger traumas 
PTSD)
↑ Precuneus, dACC ↓ l amygdala 
(PTSD with danger traumas)
↑ Precuneus ↓r amygdala (PTSD 
non-danger traumas)

Zandieh 
et al. 
(2016)

Glucose PTSD (9)
HC (10)

PET: 
[18F]FDG

↓ Occipital lobe in 6 of the 9 PTSD, 
temporal lobe in 1 of the 9 PTSD, 
caudate nucleus in 5 of the 9 PTSD ↓ 
posterior cingulate cortex, parietal 
and frontal lobes in 2 of the 9 PTSD

Baeken 
et al. 
(2018)

Glucose MDD with 
GAD (22)
MDD 
without 
GAD (15)
HC (15)

PET: 
[18F]FDG

↑ Parahippocampus (MDD in 
comparison with HC) ↓ 
frontotemporal and parietal cortices 
(MDD in comparison with HC) ↑ 
dmFC (MDD patients without GAD)
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10.3  Multiple Mechanisms Mediating Anxiety

Altered neurotransmission could represent a primary vulnerability factor or a sec-
ondary scar resulting from repeated anxiety experiences which in turn could modu-
late the activity of the fear network in the brain (Shin and Liberzon 2010). For 
example, Hariri and co-workers reported a negative correlation between 5HT1A 
receptor density and BOLD reactivity to emotional pictures in normal healthy vol-
unteers. Fisher et al. (2006) and Kienast et al. (2008) demonstrated positive rela-
tions between serotonin and dopamine functions and amygdala BOLD reactivity to 
negative stimuli. Also, after pharmacologic treatment, reduced serotonin synthesis 
rate correlated with attenuated stress-related activity in the amygdala in patients 
with SAD (Frick et al. 2016a, b). This is in line with a modulating role for the mono-
aminergic system with respect to fear network activity. Also data in patients with 
specific animal phobia support that the NK1/SP system in the brain modulates activ-
ity in the amygdala. Ahs et al. (2009) reported a positive correlation between anxi-
ety ratings and increased amygdala rCBF, while Michelgård et al. (2007) observed 
a corresponding negative correlation between anxiety ratings and NK1 receptor 
availability suggesting a potential coupling between fear circuit network activity 
reflected in rCBF and neurotransmission in the NK1/SP system. Neurochemical 
modulation of the central nervous system activity is further supported by imaging 
genetic studies linking monoaminergic polymorphisms to emotionally determined 
amygdala reactivity (Domschke and Dannlowski 2010; Munafò et al. 2008) and to 
modulation of intrinsic couplings within the fear network (Pezawas et  al. 2005). 
One implication of the hypothesis that the monoaminergic and other neurotransmis-
sion systems modulate fear circuit activity is that all treatments targeting specific 
neurochemical systems should influence symptomatology through activity in the 
fear network. A couple of studies from our and other laboratories are consistent with 
this notion because reductions in anxiety achieved through administration of SSRI 
and NK1 receptor antagonism both attenuated amygdala reactivity in SAD (Furmark 
et al. 2002, 2005; Faria et al. 2012; Phan et al. 2013). In addition, in PTSD, prefron-
tal activity was enhanced by SSRI (Fernandez et  al. 2001) with similar findings 
reported by Fani et al. (2011). Attenuation of amygdala reactivity may be a final 
common pathway for anxiety reductions irrespective of treatment modality. 
Effective CBT in SAD and specific phobia reduce amygdala reactivity (Furmark 
et al. 2002; Lipka et al. 2014). Also, responders but not nonresponders, to placebo 
administration in a randomized controlled trial evaluating pharmacological anxio-
lytics for SAD, had reduced amygdala reactivity (Furmark et  al. 2008; Faria 
et al. 2012).

A parsimonious working hypothesis is that both psychological and pharmaco-
logical interventions work through altering fear network activity either by bottom-
 up mechanisms reducing amygdala and insula activity directly or through prefrontal 
top-down control of fear-initiating areas (Faria et al. 2014). The hypothesis that 
neurotransmission is tightly coupled to fear network activity also implies that effec-
tive CBT is mediated by alterations in the neurochemistry of the brain, as supported 
by initial evidence (Cervenka et al. 2012).

V. Faria et al.



403

References

Agren T, Engman J, Frick A, Björkstrand J, Larsson E-M, Furmark T, Fredrikson M (2012) 
Disruption of reconsolidation erases a memory trace in the human amygdala. Science 
337:1550–1552

Ahs F, Furmark T, Michelgård A, Långström B, Appel L, Wolf OT, Kirschbaum C, Fredrikson M 
(2006) Hypothalamic blood flow correlates positively with stress-induced cortisol levels in 
subjects with social anxiety disorder. Psychosom Med 68:859–862

Ahs F, Pissiota A, Michelgård A, Frans O, Furmark T, Appel L, Fredrikson M (2009) Disentangling 
the web of fear: amygdala reactivity and functional connectivity in spider and snake phobia. 
Psychiatry Res 172:103–108

Åhs F, Gingnell M, Furmark T, Fredrikson M (2017) Within-session effect of repeated stress expo-
sure on extinction circuitry function in social anxiety disorder. Psychiatry Res Neuroimaging 
261:85–90.

American Psychiatric Association (1994) Diagnostic and statistical manual of mental disorders 
(DSM IV), 4th edn. American Psychiatric Press, Washington, DC

van Ameringen M, Mancini C, Szechtman H, Nahmias C, Oakman JM, Hall GB, Pipe B, Farvolden 
P (2004) A PET provocation study of generalized social phobia. Psychiatry Res 132:13–18

Baeken C, Wu GR, De Raedt R (2018) Dorsomedial frontal cortical metabolic differences of 
comorbid generalized anxiety disorder in refractory major depression: a 18F FDG PET brain 
imaging study. J Affect Disord 227:550–553

Bandelow B, Baldwin D, Abelli M, Altamura C, Dell'Osso B, Domschke K, Fineberg NA, 
Grünblatt JM, Maron E, Nutt D, Pini S, Vaghi MM, Wichniak A, Zai G, Riederer P (2016) 
Biological markers for anxiety disorders, OCD and PTSD  - a consensus statement. Part I: 
neuroimaging and genetics. World J Biol Psychiatry 17:321–365

Barkay G, Freedman N, Lester H, Louzoun Y, Sapoznikov D, Luckenbaugh D, Shalev AY, Chisin 
RG, Bonne O (2012) Brain activation and heart rate during script-driven traumatic imagery in 
PTSD: preliminary findings. Psychiatry Res 204:155–160

Bartlett AA, Singh R, Hunter RG (2017) Anxiety and epigenetics. Adv Exp Med Biol 978: 
145–166

Bergman O, Ahs F, Furmark T, Appel T, Linnman C, Faria V, Bani M, Pich EM, Bettica P, 
Hanningsson S, Manuck SB, Ferrel RE, Nikolova YS, Hariri AR, Fredrikson M, Westberg L, 
Eriksson E (2014) Association between amygdala reactivity and a dopamine transported gene 
polymorphism. Transl Psychiatry 4:e420

Bigos KL, Weinberger DR (2010) Imaging genetics-days of future past. NeuroImage 53:804–809
Bisaga A, Katz JL, Antonini A, Wright CE, Margouleff CC, Gorman JM, Eidelberg D (1998) 

Cerebral glucose metabolism in women with panic disorder. Am J Psychiatry 166:1178–1183
Bonne O, Gilboa A, Louzoun Y, Brandes D, Yona I, Lester H, Barkai G, Freedman N, Chisin R, 

Shalev AY (2003) Resting regional cerebral perfusion in recent posttraumatic stress disorder. 
Biol Psychiatry 54:1077–1086

Bonne O, Bain E, Neumeister A, Nugent AC, Vythilingam M, Carson RE, Luckenbaugh DA, 
Eckelman W, Herscovitch P, Drevets WC, Charney DS (2005) No change in serotonin type 1A 
receptor binding in patients with posttraumatic stress disorder. Am J Psychiatry 162:383–385

Boshuisen ML, Ter Horst GJ, Paans AM, Reinders AA, den Boer JA (2002) rCBF differences 
between panic disorder patients and control subjects during anticipatory anxiety and rest. Biol 
Psychiatry 52:126–135

Brandt CA, Meller J, Keweloh L, Höschel K, Staedt J, Munz D, Stoppe G (1998) Increased ben-
zodiazepine receptor density in the prefrontal cortex in patients with panic disorder. J Neural 
Transm 105:1325–1333

Bremner JD, Narayan M, Staib LH, Southwick SM, McGlashan T, Charney DS (1999a) Neural 
correlates of memories of childhood sexual abuse in women with and without posttraumatic 
stress disorder. Am J Psychiatry 156:1787–1795

10 PET and SPECT Studies in Anxiety Disorders



404

Bremner JD, Staib LH, Kaloupek D, Southwick SM, Soufer R, Charney DS (1999b) Neural cor-
relates of exposure to traumatic pictures and sound in Vietnam combat veterans with and 
without posttraumatic stress disorder: a positron emission tomography study. Biol Psychiatry 
45:806–816

Bremner JD, Innis RB, Southwick SM, Staib L, Zoghbi S, Charney DS (2000a) Decreased benzo-
diazepine receptor binding in prefrontal cortex in combat-related posttraumatic stress disorder. 
Am J Psychiatry 157:1120–1126

Bremner JD, Innis RB, White T, Fujita M, Silbersweig D, Goddard AW, Staib L, Stern E, Cappiello 
A, Woods S, Baldwin R, Charney DS (2000b) SPECT [I-123]iomazenil measurement of the 
benzodiazepine receptor in panic disorder. Biol Psychiatry 47:96–106

Brühl AB, Delsignore A, Komossa K, Weidt S (2014) Neuroimaging in social anxiety disorder—
a meta-analytic review resulting in a new neurofunctional model. Neurosci Biobehav Rev 
47:260–80

Britton JC, Phan KL, Taylor SF, Fig LM, Liberzon I (2005) Corticolimbic blood flow in posttrau-
matic stress disorder during script-driven imagery. Biol Psychiatry 57(8):832–840

Cameron OG, Huang GC, Nichols T, Koeppe RA, Minoshima S, Rose D, Frey KA (2007) Reduced 
gamma-aminobutyric acid(A)-benzodiazepine binding sites in insular cortex of individuals 
with panic disorder. Arch Gen Psychiatry 64:793–800

Carlsson K, Petersson KM, Lundqvist D, Karlsson A, Ingvar M, Ohman A (2004) Fear and the 
amygdala: manipulation of awareness generates differential cerebral responses to phobic and 
fear-relevant (but nonfeared) stimuli. Emotion 4:340–353

Cervenka S, Hedman E, Ikoma Y, Radu Djurfeldt D, Ruck C, Halldin C, Lindefors N (2012) 
Changes in dopamine D2-receptor binding are associated to symptom reduction after psycho-
therapy in social anxiety disorder. Transl Psychiatry 5:e120

Czermak C, Staley JK, Kasserman S, Bois F, Young T, Henry S, Tamagnan GD, Seibyl JP, Krystal 
JH, Neumeister A (2008) beta2 Nicotinic acetylcholine receptor availability in post-traumatic 
stress disorder. Int J Neuropsychopharmacol 11:419–424

Domschke K, Dannlowski U (2010) Imaging genetics of anxiety disorders. NeuroImage 
53:822–831

Eser D, Leicht G, Lutz J, Wenninger S, Kirsch V, Schüle C, Karch S, Baghai T, Pogarell O, Born 
C, Rupprecht R, Mulert C (2009) Functional neuroanatomy of CCK-4-induced panic attacks in 
healthy volunteers. Hum Brain Mapp 30:511–522

Etkin A, Wager TD (2007) Functional neuroimaging of anxiety: a meta-analysis of emotional pro-
cessing in PTSD, social anxiety disorder, and specific phobia. Am J Psychiatry 164:1476–1488

Etkin A, Egner T, Kalisch R (2011) Emotional processing in anterior cingulate and medial prefron-
tal cortex. Trends Cogn Sci 15:85–93

Evans KC, Simon NM, Dougherty DD, Hoge EA, Worthington JJ, Chow C, Kaufman RE, Gold AL, 
Fischman AJ, Pollack MH, Rauch SL (2009) A PET study of tiagabine treatment implicates ven-
tral medial prefrontal cortex in generalized social anxiety disorder. Neuropsychopharmacology 
2:390–398

Fani N, Ashraf A, Afzal N, Jawed F, Kitayama N, Reed L, Bremner JD (2011) Increased neural 
response to trauma scripts in posttraumatic stress disorder following paroxetine treatment: a 
pilot study. Neurosci Lett 491:196–201

Faria V, Appel L, Ahs F, Linnman C, Pissiota A, Frans O, Bani M, Bettica P, Pich EM, Jacobsson E, 
Wahlstedt K, Fredrikson M, Furmark T (2012) Amygdala subregions tied to SSRI and placebo 
response in patients with social anxiety disorder. Neuropsychopharmacology 37:2222–2232

Faria V, Ahs F, Appel L, Linnman C, Bani M, Bettica P, Pich EM, Wahlstedt K, Fredrikson M, 
Furmark T (2014) Amygdala-frontal couplings characterizing SSRI and placebo response in 
social anxiety disorder. Int J Neurophychopharmacol 17:1149–1157

Fernandez M, Pissiota A, Frans O, von Knorring L, Fischer H, Fredrikson M (2001) Brain function 
in a patient with torture related post-traumatic stress disorder before and after fluoxetine treat-
ment: a positron emission tomography provocation study. Neurosci Lett 297:101–104

V. Faria et al.



405

Fischer H, Wik G, Fredrikson M (1966) Functional neuroanatomy of robbery re-experience: affec-
tive memories studied with PET. Neuroreport 7:2081–2086

Fisher PM, Meltzer CC, Ziolko SK, Price JC, Moses-Kolko EL, Berga SL, Hariri AR (2006) 
Capacity for 5-HT1A-mediated autoregulation predicts amygdala reactivity. Nat Neurosci 
9:1362–1363

Fredrikson M, FariaV (2013) Neuroimaging in anxiety disorders. Mod Trends Pharmacopsychiatry 
29:47–66

Fredrikson M, Wik G, Greitz T, Eriksson L, Stone-Elander S, Ericson K, Sedvall G (1993) 
Regional cerebral blood flow during experimental phobic fear. Psychophysiology 30: 
126–130

Fredrikson M, Wik G, Annas P, Ericson K, Stone-Elander S (1995) Functional neuroanatomy of 
visually elicited simple phobic fear: additional data and theoretical analysis. Psychophysiology 
32:43–48

Frick A, Ahs F, Engman J, Jonasson M, Alaie I, Frans O, Faria V, Linnman C, Appel L, Wahlstedt 
K, Lubberink M, Fredrikson M, Furmark T (2015a) Serotonin synthesis and reuptake in social 
anxiety disorder: a positron emission tomography study. JAMA Psychiat 72:794–802

Frick A, Ahs F, Linnman C, Jonasson M, Appel L, Lubberink M, Langstrom B, Fredrikson T, 
Furmark T (2015b) Increase neurokinin-1 receptor availability in the amygdala in social 
anxiety disorder: a positron emission tomography study with (11C) GR205171. Transl 
Psychiatry 5:e597

Frick A, Ahs F, Appel L, Jonasson M, Wahlstedt K, Bani M, Pich E-M, Bettica P, Langstrom 
B, Lubberink M, Fredrikson M, Furmark M (2016a) Reduced serotonin synthesis and 
regional cerebral blood flow after anxiolytic treatment of social anxiety disorder. Eur 
Neuropsychopharmacol 26:1775–1783

Frick A, Åhs F, Palmquist ÅM, Pissiota A, Wallenquist U, Fernandez M, Jonasson M, Appel L, 
FRans Ö, Lubberink M, Furmark T, von Knorring L, Fredrikson M (2016b) Alterations in 
the serotonergic and substance P systems in posttraumatic stress disorder. Mol Psychiatry 
21:1400–1407

Fujimura Y, Yasuno F, Farris A, Liow JS, Geraci M, Drevets W, Pine DS, Ghose S, Lerner A, 
Hargreaves R, Burns HD, Morse C, Pike VW, Innis RB (2009) Decreased neurokinin-1 (sub-
stance P) receptor binding in patients with panic disorder: positron emission tomographic study 
with [18F]SPA-RQ. Biol Psychiatry 66:94–97

Fujita M, Southwick SM, Denucci CC, Zoghbi SS, Dillon MS, Baldwin RM, Bozkurt A, Kugaya 
A, Verhoeff NP, Seibyl JP, Innis RB (2004) Central type benzodiazepine receptors in gulf war 
veterans with posttraumatic stress disorder. Biol Psychiatry 56:95–100

Furmark T, Tillfors M, Marteinsdottir I, Fischer H, Pissiota A, Långström B, Fredrikson M (2002) 
Common changes in cerebral blood flow in patients with social phobia treated with citalopram 
or cognitive-behavioral therapy. Arch Gen Psychiatry 59:425–433

Furmark T, Appel L, Michelgård A, Wahlstedt K, Ahs F, Zancan S, Jacobsson E, Flyckt K, 
Grohp M, Bergström M, Pich EM, Nilsson LG, Bani M, Långström B, Fredrikson M (2005) 
Cerebral blood flow changes after treatment of social phobia with the neurokinin-1 antagonist 
GR205171, citalopram, or placebo. Biol Psychiatry 58:132–142

Furmark T, Appel L, Henningsson S, Ahs F, Faria V, Linnman C, Pissiota A, Frans O, Bani 
M, Bettica P, Pich EM, Jacobsson E, Wahlstedt K, Oreland L, Långström B, Eriksson E, 
Fredrikson M (2008) A link between serotonin-related gene polymorphisms, amygdala activ-
ity, and placebo- induced relief from social anxiety. J Neurosci 28:13066–13074

Furmark T, Marteinsdottir I, Frick A, Heurling K, Tillfors M, Appel L, Antoni G, Hartvig P, Fisher 
H, Langstrom B, Eriksson E, Fredrikson M (2016) Serotonin synthesis rate and the trypto-
phan hydroxylase-2: G-703T polymorphism in social anxiety disorder. J Psychopharmacol 
30:1028–1035

Fusar-Poli P, Placentino A, Carletti F, Landi P, Allen P, Surguladze S, Benedetti F, Abbamonte M, 
Gasparotti R, Barale F, Perez J, McGuire P, Politi P (2009) Functional atlas of emotional faces 

10 PET and SPECT Studies in Anxiety Disorders



406

processing: a voxel-based meta-analysis of 105 functional magnetic resonance imaging stud-
ies. J Psychiatry Neurosci 34:418–432

Garpenstrand H, Annas P, Ekblom J, Oreland L, Fredrikson M (2001) Human fear conditioning 
is related to dopaminergic and serotonergic biological markers. Behav Neurosci 115:358–364

Geuze E, van Berckel BN, Lammertsma AA, Boellaard R, de Kloet CS, Vermetten E, Westenberg 
HG (2008) Reduced GABAA benzodiazepine receptor binding in veterans with post-traumatic 
stress disorder. Mol Psychiatry 13:74–83

Gold AL, Shin LM, Orr SP, Carson MA, Rauch SL, Macklin ML, Lasko NB, Metzger LJ, 
Dougherty DD, Alpert NM, Fischman AJ, Pitman RK (2011) Decreased regional cerebral 
blood flow in medial prefrontal cortex during trauma-unrelated stressful imagery in Vietnam 
veterans with post-traumatic stress disorder. Psychol Med 13:1–10

Goossen B, van der Starre J, van der Heiden C (2019) A review of neuroimaging studies in general-
ized anxiety disorder: “So where do we stand?” Journal of Neural Transmission 126:1203–1216

Hasler G, Nugent AC, Carlson PJ, Carson RE, Geraci M, Drevets WC (2008) Altered cere-
bral gamma-aminobutyric acid type A-benzodiazepine receptor binding in panic disorder 
determined by [11C]flumazenil positron emission tomography. Arch Gen Psychiatry 65: 
1166–1175

Hettema JM, Neale MC, Kendler KS (2001) A review and meta-analysis of the genetic epidemiol-
ogy of anxiety disorders. Am J Psychiatry 158:156–164

Hettema JM, Annas P, Neale MC, Kendler KS, Fredrikson M (2003) A twin study of the genetics 
of fear conditioning. Arch Gen Psychiatry 60:702–708

Hettema JM, Prescott CA, Myers JM, Neale MC, Kendler KS (2005) The structure of genetic 
and environmental risk factors for anxiety disorders in men and women. Arch Gen Psychiatry 
62:182–189

Hjorth OR, Frick A, Gingnell M, Hoppe JM, Faria V, Hultberg S, Alaie I, Månsson KNT, Wahlstedt 
K, Jonasson M, Lubberink M, Antoni G, Fredrikson M, Furmark T (2019) Expression and 
co-expression of serotonin and dopamine transporters in social anxiety disorder: a multi-
tracer positron emission tomography study. Mol Psychiatry 2019. https://doi.org/10.1038/
s41380-019-0618-7. (Epub ahead of print)

Hoppe JM, Frick A, Åhs F, Linnman C, Appel L, Jonasson M, Lubberink M, Långström B, Frans 
O, von Knorring L, Fredrikson M, Furmark T (2018) Association between amygdala neuroki-
nin- 1 receptor availability and anxiety-related personality traits. Transl Psychiatry 8:1–8

Hughes KC, Shin LM (2011) Functional neuroimaging studies of post-traumatic stress disorder. 
Expert Rev Neurother 11:275–285

Kaschka W, Feistel H, Ebert D (1995) Reduced benzodiazepine receptor binding in panic disorders 
measured by iomazenil SPECT. J Psychiatr Res 29:427–434

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, Eshleman S, Wittchen HU, Kendler 
KS (1994) Lifetime and 12-month prevalence of DSM-III-R psychiatric disorders in the United 
States: results from the National Comorbidity Survey. Arch Gen Psychiatry 51:8–19

Kessler RC, Berglund P, Demler O, Jin R, Walters EE (2005) Lifetime prevalence and age-of-onset 
distributions of DSM-IV disorders in the National Comorbidity Survey Replication. Arch Gen 
Psychiatry 62:593–602

Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM, Wittchen HU (2012) Twelve-month 
and lifetime prevalence and lifetime morbid risk of anxiety and mood disorders in the United 
States. Int J Methods Psychiatr Res 21:169–184

Kienast T, Hariri AR, Schlagenhauf F, Wrase J, Sterzer P, Buchholz HG, Smolka MN, Gründer 
G, Cumming P, Kumakura Y, Bartenstein P, Dolan RJ, Heinz A (2008) Dopamine in amygdala 
gates limbic processing of aversive stimuli in humans. Nat Neurosci 11:1381–1382

Kim SJ, Lyoo IK, Lee YS, Kim J, Sim ME, Bae SJ, Kim HJ, Lee JY, Jeong DU (2007) Decreased 
cerebral blood flow of thalamus in PTSD patients as a strategy to reduce re-experience symp-
toms. Acta Psychiatr Scand 116:145–153

Kim SY, Chung YK, Kim BS, Lee SJ, Yoon JK, An YS (2012) Resting cerebral glucose metab-
olism and perfusion patterns in women with posttraumatic stress disorder related to sexual 
assault. Psychiatry Res 201:214–217

V. Faria et al.

https://doi.org/10.1038/s41380-019-0618-7
https://doi.org/10.1038/s41380-019-0618-7


407

Kuikka JT, Pitkänen A, Lepola U, Partanen K, Vainio P, Bergström KA, Wieler HJ, Kaiser KP, 
Mittelbach L, Koponen H et al (1995) Abnormal regional benzodiazepine receptor uptake in 
the prefrontal cortex in patients with panic disorder. Nucl Med Commun 16:273–280

Lanzenberger RR, Mitterhauser M, Spindelegger C, Wadsak W, Klein N, Mien LK, Holik 
A, Attarbaschi T, Mossaheb N, Sacher J, Geiss-Granadia T, Kletter K, Kasper S, Tauscher 
J (2007) Reduced serotonin-1A receptor binding in social anxiety disorder. Biol Psychiatry 
61:1081–1089

Laukka P, Ahs F, Furmark T, Fredrikson M (2011) Neurofunctional correlates of expressed vocal 
affect in social phobia. Cogn Affect Behav Neurosci 11:413–425

Lee LT, Tsai HC, Chi MH, Chang WH, Chen KC, Lee IH, Chen PS, Yao WJ, Chiu NT, Yang YK 
(2015) Lower availability of striatal dopamine transported in generalized anxiety: a prelimi-
nary two-ligand SPECT study. Int Clin Psychopharmacol 30:175–178

Liberzon I, Taylor SF, Amdur R, Jung TD, Chamberlain KR, Minoshima S, Koeppe RA, Fig 
LM (1999) Brain activation in PTSD in response to trauma-related stimuli. Biol Psychiatry 
45:817–826

Liberzon I, Taylor SF, Phan KL, Britton JC, Fig LM, Bueller JA, Koeppe RA, Zubieta JK (2007) 
Altered central micro-opioid receptor binding after psychological trauma. Biol Psychiatry 
61:1030–1038

Lindauer RJ, Booij J, Habraken JB, van Meijel EP, Uylings HB, Olff M, Carlier IV, den Heeten GJ, 
van Eck-Smit BL, Gersons BP (2008) Effects of psychotherapy on regional cerebral blood flow 
during trauma imagery in patients with post-traumatic stress disorder: a randomized clinical 
trial. Psychol Med 38:543–554

Lipka J, Hoffmann M, Miltner WH, Straube T (2014) Effects of cognitive-behavioral therapy on 
brain responses to subliminal and supraliminal threat and their functional significance in spe-
cific phobia. Biol Psychiatry 76:869–877

Lonsdorf TB, Weike AI, Nikamo P, Schalling M, Hamm AO, Ohman A (2009) Genetic gating of 
human fear learning and extinction: possible implications for gene-environment interaction in 
anxiety disorder. Psychol Sci 20:198–206

Malizia AL, Cunningham VJ, Bell CJ, Liddle PF, Jones T, Nutt DJ (1998) Decreased brain 
GABA(A)-benzodiazepine receptor binding in panic disorder: preliminary results from a quan-
titative PET study. Arch Gen Psychiatry 55:715–720

Maron E, Kuikka JT, Shlik J, Vasar V, Vanninen E, Tiihonen J (2004a) Reduced brain serotonin 
transporter binding in patients with panic disorder. Psychiatry Res 132:173–181

Maron E, Kuikka JT, Ulst K, Tiihonen J, Vasar V, Shlik J (2004b) SPECT imaging of serotonin 
transporter binding in patients with generalized anxiety disorder. Eur Arch Psychiatry Clin 
Neurosci 254:392–396

Maron E, Nutt DJ, Kuikka J, Tiihonen J (2010) Dopamine transporter binding in females with 
panic disorder may vary with clinical status. J Psychiatr Res 44:56–59

Maron E, Tõru I, Hirvonen J, Tuominen L, Lumme V, Vasar V, Shlik J, Nutt DJ, Helin S, Någren 
K, Tiihonen J, Hietala J (2011) Gender differences in brain serotonin transporter availability in 
panic disorder. J Psychopharmacol 25:952–959

Michelgård A, Appel L, Pissiota A, Frans O, Långström B, Bergström M, Fredrikson M (2007) 
Symptom provocation in specific phobia affects the substance P neurokinin-1 receptor system. 
Biol Psychiatry 61:1002–1006

Mirzaei S, Knoll P, Keck A, Preitler B, Gutierrez E, Umek H, Köhn H, Pecherstorfer M (2001) 
Regional cerebral blood flow in patients suffering from post-traumatic stress disorder. 
Neuropsychobiology 43:260–264

Molina ME, Isoardi R, Prado MN, Bentolila S (2010) Basal cerebral glucose distribution in long- 
term post-traumatic stress disorder. World J Biol Psychiatry 11:493–501

Moriyama TS, Felicio AC, Chagas MH, Tardelli VS, Ferraz HB, Tumas V, Amaro-Junior E, 
Andrade LA, Crippa JA, Bressan RA (2011) Increased dopamine transporter density in 
Parkinson’s disease patients with social anxiety disorder. J Neurol Sci 15:53–57

Munafò MR, Brown SM, Hariri AR (2008) Serotonin transporter (5-HTTLPR) genotype and 
amygdala activation: a meta-analysis. Biol Psychiatry 63:852–857

10 PET and SPECT Studies in Anxiety Disorders



408

Murrough JW, Huang Y, Hu J, Henry S, Williams W, Gallezot JD, Bailey CR, Krystal JH, Carson 
RE, Neumeister A (2011) Reduced amygdala serotonin transporter binding in posttraumatic 
stress disorder. Biol Psychiatry 70:1033–1038

Nardo D, Högberg G, Flumeri F, Jacobsson H, Larsson SA, Hällström T, Pagani M (2011) Self- 
rating scales assessing subjective Well-being and distress correlate with rCBF in PTSD- 
sensitive regions. Psychol Med 41:1–13

Nash JR, Sargent PA, Rabiner EA, Hood SD, Argyropoulos SV, Potokar JP, Grasby PM, Nutt DJ 
(2008) Serotonin 5-HT1A receptor binding in people with panic disorder: positron emission 
tomography study. Br J Psychiatry 193:229–234

Neumeister A, Bain E, Nugent AC, Carson RE, Bonne O, Luckenbaugh DA, Eckelman W, 
Herscovitch P, Charney DS, Drevets WC (2004) Reduced serotonin type 1A receptor binding 
in panic disorder. J Neurosci 24:589–591

Peres JF, Newberg AB, Mercante JP, Simão M, Albuquerque VE, Peres MJ, Nasello AG (2007) 
Cerebral blood flow changes during retrieval of traumatic memories before and after psycho-
therapy: a SPECT study. Psychol Med 37:1481–1491

Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE, Kolachana BS, Egan 
MF, Mattay VS, Hariri AR, Weinberger DR (2005) 5-HTTLPR polymorphism impacts human 
cingulate-amygdala interactions: a genetic susceptibility mechanism for depression. Nat 
Neurosci 8:828–834

Phan KL, Coccaro EF, Angstadt M, Kreger KJ, Mayberg HS, Liberzon I, Stein MB (2013) 
Corticolimbic brain reactivity to social signals of threat before and after sertraline treatment in 
generalized social phobia. Biol Psychiatry 73:329–336

Pissiota A, Frans O, Fernandez M, von Knorring L, Fischer H, Fredrikson M (2002) Neurofunctional 
correlates of posttraumatic stress disorder: a PET symptom provocation study. Eur Arch 
Psychiatry Clin Neurosci 252:68–75

Plavén Sigray P, Hedman E, Victorsson P, Matheson GJ, Forsberg A, Radu Djurfeldt D, Ruck C, 
Halldin C, Linderfors N, Cervenka S (2017) Extrastriatal dopamine D2-receptor availability in 
social anxiety disorder. Eur Neuropsychopharmacol 27:462–469

Ponto LL, Kathol RG, Kettelkamp R, Watkins GL, Richmond JC, Clark J, Hichwa RD (2002) 
Global cerebral blood flow after CO2 inhalation in normal subjects and patients with panic 
disorder determined with [15O]water and PET. J Anxiety Disord 16:247–258

Ramage AE, Litz BT, Resick PA, Woolsey MD, Dondanville KA, Young-McCaughan S, Borah 
AM, Borah EV, Peterson AL, Fox PT, STRONG STAR Consortium (2016) Regional cerebral 
glucose metabolism differentiates danger- and non-danger-based traumas in post-traumatic 
stress disorder. Soc Cogn Affect Neurosci 11:234–243

Rauch SL, Savage CR, Alpert NM, Miguel EC, Baer L, Breiter HC, Fischman AJ, Manzo PA, 
Moretti C, Jenike MA (1995) A positron emission tomographic study of simple phobic symp-
tom provocation. Arch Gen Psychiatry 52:20–28

Rauch SL, van der Kolk BA, Fisler RE, Alpert NM, Orr SP, Savage CR, Fischman AJ, Jenike 
MA, Pitman RK (1996) A symptom provocation study of posttraumatic stress disorder using 
positron emission tomography and script-driven imagery. Arch Gen Psychiatry 53:380–387

Ray RD, Zald DH (2012) Anatomical insights into the interaction of emotion and cognition in the 
prefrontal cortex. Neurosci Biobehav Rev 36:479–501

Reuveni I, Nugent AC, Gill J, Vythilingam M, Carlson PJ, Lerner A, Neumeister A, Charney 
DS, Drevets WC, Bonne O (2018) Altered cerebral benzodiazepine receptor binding in post- 
traumatic stress disorder. Transl Psychiatry 8:206

Sabatinelli D, Fortune EE, Li Q, Siddiqui A, Krafft C, Oliver WT, Beck S, Jeffries J (2011) 
Emotional perception: meta-analyses of face and natural scene processing. NeuroImage 
54:2524–2533

Sakai Y, Kumano H, Nishikawa M, Sakano Y, Kaiya H, Imabayashi E, Ohnishi T, Matsuda H, 
Yasuda A, Sato A, Diksic M, Kuboki T (2005) Cerebral glucose metabolism associated with a 
fear network in panic disorder. Neuroreport 16:927–931

V. Faria et al.



409

Sakai Y, Kumano H, Nishikawa M, Sakano Y, Kaiya H, Imabayashi E, Ohnishi T, Matsuda H, 
Yasuda A, Sato A, Diksic M, Kuboki T (2006) Changes in cerebral glucose utilization in patients 
with panic disorder treated with cognitive-behavioral therapy. NeuroImage 33:218–226

Schlegel S, Steinert H, Bockisch A, Hahn K, Schloesser R, Benkert O (1994) Decreased benzodi-
azepine receptor binding in panic disorder measured by IOMAZENIL-SPECT. A preliminary 
report. Eur Arch Psychiatry Clin Neurosci 244:49–51

Schneier FR, Liebowitz MR, Abi-Dargham A, Zea-Ponce Y, Lin SH, Laruelle M (2000) Low dopa-
mine D(2) receptor binding potential in social phobia. Am J Psychiatry 157:457–459

Schneier FR, Martinez D, Abi-Dargham A, Zea-Ponce Y, Simpson HB, Liebowitz MR, Laruelle M 
(2008) Striatal dopamine D(2) receptor availability in OCD with and without comorbid social 
anxiety disorder: preliminary findings. Depress Anxiety 25:1–7

Schneier FR, Abi-Dargham A, Martinez D, Slifstein M, Hwang DR, Liebowitz MR, Laruelle M 
(2009) Dopamine transporters, D2 receptors, and dopamine release in generalized social anxi-
ety disorder. Depress Anxiety 2:411–418

Schunck T, Erb G, Mathis A, Gilles C, Namer IJ, Hode Y, Demaziere A, Luthringer R, Macher 
JP (2006) Functional magnetic resonance imaging characterization of CCK-4-induced panic 
attack and subsequent anticipatory anxiety. NeuroImage 31:1197–1208

Semple WE, Goyer P, McCormick R, Morris E, Compton B, Muswick G, Nelson D, Donovan B, 
Leisure G, Berridge M et al (1993) Preliminary report: brain blood flow using PET in patients 
with posttraumatic stress disorder and substance-abuse histories. Biol Psychiatry 3:115–118

Semple WE, Goyer PF, McCormick R, Donovan B, Muzic RF Jr, Rugle L, McCutcheon K, Lewis 
C, Liebling D, Kowaliw S, Vapenik K, Semple MA, Flener CR, Schulz SC (2000) Higher brain 
blood flow at amygdala and lower frontal cortex blood flow in PTSD patients with comorbid 
cocaine and alcohol abuse compared with normals. Psychiatry 63:65–74

Sergerie K, Chochol C, Armony JL (2008) The role of the amygdala in emotional processing: 
a quantitative meta-analysis of functional neuroimaging studies. Neurosci Biobehav Rev 
32:811–830

Sharma S, Powers A, Bradley B, Ressler KJ (2016) Gene x environment determinants of stress and 
anxiety related disorders. Annu Rev Psychol 67:239–261

Shin LM, Liberzon I (2010) The neurocircuitry of fear, stress, and anxiety disorders. 
Neuropsychopharmacology 35:169–191

Shin LM, Kosslyn SM, McNally RJ, Alpert NM, Thompson WL, Rauch SL, Macklin ML, Pitman 
RK (1997) Visual imagery and perception in posttraumatic stress disorder. A positron emission 
tomographic investigation. Arch Gen Psychiatry 54:233–241

Shin LM, McNally RJ, Kosslyn SM, Thompson WL, Rauch SL, Alpert NM, Metzger LJ, Lasko 
NB, Orr SP, Pitman RK (1999) Regional cerebral blood flow during script-driven imagery 
in childhood sexual abuse-related PTSD: a PET investigation. Am J Psychiatry 156:575–584

Shin LM, Orr SP, Carson MA, Rauch SL, Macklin ML, Lasko NB, Peters PM, Metzger LJ, 
Dougherty DD, Cannistraro PA, Alpert NM, Fischman AJ, Pitman RK (2004) Regional cere-
bral blood flow in the amygdala and medial prefrontal cortex during traumatic imagery in male 
and female Vietnam veterans with PTSD. Arch Gen Psychiatry 61:168–176

Spindelegger C, Lanzenberger R, Wadsak W, Mien LK, Stein P, Mitterhauser M, Moser U, Holik A, 
Pezawas L, Kletter K, Kasper S (2009) Influence of escitalopram treatment on 5-HT 1A recep-
tor binding in limbic regions in patients with anxiety disorders. Mol Psychiatry 14:1040–1050

Sullivan GM, Oquendo MA, Simpson N, Van Heertum RL, Mann JJ, Parsey RV (2005) Brain 
serotonin1A receptor binding in major depression is related to psychic and somatic anxiety. 
Biol Psychiatry 58:947–954

Talairach J, Tournoux P (1988) Co-planar stereotactic atlas of the human brain. Georg Thieme 
Verlag, Stuttgart

Tiihonen J, Kuikka J, Bergström K, Lepola U, Koponen H, Leinonen E (1997a) Dopamine reup-
take site densities in patients with social phobia. Am J Psychiatry 154:239–242

Tiihonen J, Kuikka J, Räsänen P, Lepola U, Koponen H, Liuska A, Lehmusvaara A, Vainio P, 
Könönen M, Bergström K, Yu M, Kinnunen I, Akerman K, Karhu J (1997b) Cerebral benzo-

10 PET and SPECT Studies in Anxiety Disorders



410

diazepine receptor binding and distribution in generalized anxiety disorder: a fractal analysis. 
Mol Psychiatry 2:463–471

Tillfors M, Furmark T, Ekselius L, Fredrikson M (2001a) Social phobia and avoidant personality 
disorder as related to parental history of social anxiety: a general population study. Behav Res 
Ther 39:289–298

Tillfors M, Furmark T, Marteinsdottir I, Fischer H, Pissiota A, Långström B, Fredrikson M (2001b) 
Cerebral blood flow in subjects with social phobia during stressful speaking tasks: a PET study. 
Am J Psychiatry 158:1220–1226

Tillfors M, Furmark T, Marteinsdottir I, Fredrikson M (2002) Cerebral blood flow during anticipa-
tion of public speaking in social phobia: a PET study. Biol Psychiatry 52:1113–1119

Veltman DJ, Tuinebreijer WE, Winkelman D, Lammertsma AA, Witter MP, Dolan RJ, Emmelkamp 
PM (2004) Neurophysiological correlates of habituation during exposure in spider phobia. 
Psychiatry Res 132:149–158

Warwick JM, Carey PD, Cassimjee N, Lochner C, Hemmings S, Moolman-Smook H, Beetge E, 
Dupont P, Stein DJ (2012) Dopamine transporter binding in social anxiety disorder: the effect 
of treatment with escitalopram. Metab Brain Dis 27:151–158

van der Wee NJ, van Veen JF, Stevens H, van Vliet IM, van Rijk PP, Westenberg HG (2008) 
Increased serotonin and dopamine transporter binding in psychotropic medication-naive 
patients with generalized social anxiety disorder shown by 123I-beta-(4-iodophenyl)-tropane 
SPECT. J Nucl Med 49:757–763

Wik G, Fredrikson M, Fischer H (1996) Cerebral correlates of anticipated fear: a PET study of 
specific phobia. Int J Neurosci 87:267–276

Wik G, Fredrikson M, Fischer H (1997) Evidence of altered cerebral blood-flow relationships in 
acute phobia. Int J Neurosci 91:253–263

Winterer G, Hariri AR, Goldman D, Weinberger DR (2005) Neuroimaging and human genetics. 
Int Rev Neurobiol 67:325–383

Zandieh S, Bernt R, Knoll P, Wenzel T, Hittmair K, Haller J, Hergan K, Mirzaei S (2016) Analysis 
of the metabolic and structural brain changes in patients with torture-related post-traumatic 
stress disorder (TR-PTSD) using 18FDG PET and MRI. Medicine 95:e3387

Zubieta JK, Chinitz JA, Lombardi U, Fig LM, Cameron OG, Liberzon I (1999) Medial frontal 
cortex involvement in PTSD symptoms: a SPECT study. J Psychiatr Res 33:259–264

V. Faria et al.


	10: PET and SPECT Studies in Anxiety Disorders
	10.1	 Anxiety, Genes, and Environment
	10.1.1	 Anxiety Etiology

	10.2	 Anxiety and Brain Imaging
	10.2.1	 Anxiety, Symptom Provocation, and the Fear Network
	10.2.2	 Anxiety and Neurotransmission
	10.2.3	 Anxiety Treatment and Brain Function

	10.3	 Multiple Mechanisms Mediating Anxiety
	References




