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Abstract

Sleep disorders have been the subject of a number of positron emission tomogra-
phy and single-photon emission computed tomography studies. Narcoleptic 
patients with cataplexy displayed decreased hypothalamic and thalamic perfu-
sion during resting wakefulness, which may be related to hypocretinergic defi-
ciency and altered vigilance. However, nuclear imaging data on narcolepsy 
without cataplexy and idiopathic hypersomnia remain scarce. In restless legs 
syndrome and periodic limb movements, hypoactivity in pre- and postsynaptic 
dopaminergic transmission in the striatum and substantia nigra may underlie 
compulsive limb movements. Sleepwalking showed specific brain perfusion 
changes during slow wave sleep and wakefulness, possibly indicative of a dis-
sociated state. Rapid eye movement sleep behavior disorder patients showed 
changes in blood flow in the pons, frontal lobes, striatum, and hippocampus, 
linking this disorder to later onset of neurodegenerative diseases (synucleinopa-
thies). Localized brain metabolism increases during non-rapid eye movement 
sleep in insomnia and depression are in line with the “hyperarousal” hypothesis 
underlying sleep disturbances in these patients. Even with these insights, radio-
isotope imaging in sleep medicine is still in its infancy. Further research should 
aim to increase sample sizes, provide adequate control groups, and acquire addi-
tional timepoints for imaging, for instance, before, during, and after the onset of 
symptoms.

33.1  Introduction

The growing field of sleep medicine has seen an increase in the use of neuroimaging 
techniques to gain insight into the neurobiological bases of sleep disorders. Positron 
emission tomography (PET) is a functional brain imaging technique that requires 
the injection of positron-emitting isotopes into the bloodstream, in order to monitor 
the differential blood flow (regional cerebral blood flow, rCBF) or glucose con-
sumption (cerebral metabolic rate for glucose, CMRglu) in metabolically active 
areas, or to observe the distribution of a neurotransmitter receptor ligand. Single-
photon emission computed tomography (SPECT) also requires the injection of a 
radiolabeled compound. A gamma camera then detects the photons emitted 
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reflecting the distribution of the radioisotope according to the differential brain per-
fusion or neurotransmitter function. The use of PET and SPECT in sleep medicine 
has thus far been limited but is expanding rapidly.

These techniques were initially applied to the investigation of normal brain func-
tion across the sleep-wake cycle. Sleep can be separated into two stages: rapid eye 
movement (REM) sleep and non-REM (NREM) sleep. REM sleep in normal sub-
jects exhibits sustained neural activity and cerebral blood flow (Jones 1991). 
Compared to wakefulness and NREM sleep, REM sleep showed increased blood 
flow and glucose metabolism in the amygdala, thalamus, hippocampus, anterior 
cingulate cortex, temporo-occipital areas, basal forebrain, and brainstem (Maquet 
et al. 1990). Deactivations were present in the dorsolateral prefrontal cortex, poste-
rior cingulate gyrus, precuneus, and inferior parietal cortex (Maquet 1997, 2000; 
Maquet et al. 1990). In contrast to REM sleep, NREM sleep was mainly character-
ized by a decrease in cerebral blood flow, predominantly in the dorsal pons, mesen-
cephalon, thalami, basal ganglia, basal forebrain, anterior hypothalamus, medial 
prefrontal cortex, anterior cingulate cortex, and precuneus (Andersson et al. 1998; 
Braun et al. 1997; Kajimura et al. 1999; Maquet and Franck 1997; Maquet et al. 
1996, 2000).

In this chapter, PET and SPECT neuroimaging studies of sleep-related disorders 
will be discussed, namely, narcolepsy; restless legs syndrome (RLS), often associ-
ated with periodic limb movements (PLM); parasomnias, present during either 
REM sleep (e.g., REM sleep behavior disorder, RBD) or during NREM sleep (e.g., 
sleepwalking); and finally insomnia, often associated with depression. It is impor-
tant to understand the differential limitations of PET and SPECT measures in imag-
ing paroxysmal disorders such as disorders of sleep. Whereas metabolic measures 
(e.g., CMRglu, FDG PET) are suited to observing temporal changes between sleep 
states, measures of neurotransmission (e.g., dopamine) offer information about the 
integrity of these pathways, less likely to show variability across sleep state transi-
tions. Other neuroimaging techniques were also used in sleep research and sleep 
medicine and included anatomical studies with magnetic resonance imaging (MRI) 
and functional brain responses with functional MRI (fMRI). Such studies exceed 
the scope of the present chapter and are reviewed elsewhere (Cross and Dang-Vu 
2019; Dang-Vu et al. 2007, 2009; O’Byrne et al. 2014).

33.2  Central Hypersomnolence Disorders

Excessive daytime sleepiness, defined as episodes of irrepressible need to sleep 
during daytime, is a common experience that can be caused by several medical 
conditions, substance abuse, and more generally insufficient and/or disturbed 
sleep (Ohayon 2008). However, when not attributable to these conditions or to 
another sleep disorder such as sleep apnea, excessive daytime sleepiness is the 
main symptom of central hypersomnolence disorders (ICSD-3), (Sateia 2014) 
which include narcolepsy and idiopathic hypersomnia (IH). With an estimated 
prevalence of 0.03% (for narcolepsy) and 0.5% (for IH) (Hale et al. 2016), these 
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disabling neurological conditions can have severe complications ranging from 
increased risk of accidents to cognitive impairment and depression, leading to a 
poor quality of life (Ozaki et al. 2008).

33.2.1  Narcolepsy

Besides excessive daytime sleepiness, other frequent symptoms of narcolepsy 
include sleep paralysis, hypnagogic hallucinations, and sleep fragmentation, with 
frequent nighttime awakenings. Their sleep periods are also characterized by a pre-
mature entry into REM sleep (sleep-onset REM periods, SOREMPs). A common 
but unspecific biological marker that is found in narcolepsy is the human leukocyte 
antigen (HLA) subtype DQB1*0602. Narcolepsy is divided in two subtypes depend-
ing on the presence or not of cataplexy, which is defined by the sudden (partial or 
complete) loss of muscle tone triggered by emotional stimulation (Dauvilliers et al. 
2014). Approximately 70% of patients with narcolepsy are diagnosed with narco-
lepsy type 1 (NT1; previously called narcolepsy-cataplexy) characterized by a 
reduction in cerebral spinal fluid (CSF) hypocretin-1 levels (Thannickal et al. 2000). 
This deficit is thought to be caused by an autoimmune component damaging hypo-
cretin (also termed orexin)-producing neurons in the lateral hypothalamus, which 
would produce these cataplexy attacks (Liblau et al. 2015). Hypocretinergic dys-
function is thought to underlie the unstable sleep-wake transitions and impaired 
vigilance in NT1 (Dauvilliers et al. 2007). Narcolepsy patients who do not report 
cataplexy are grouped into the narcolepsy type 2 (NT2) subtype, in which there is no 
consistent CSF hypocretin-1 deficit (Mignot et al. 2002).

Neuroimaging techniques have been mainly applied to NT1 in order to decipher 
the neurobiological bases of this disorder. SPECT and PET studies looked at neuro-
modulatory changes (dopamine, DA; acetylcholine, ACh; serotonin, 5-HT), as well 
as glucose metabolism and brain perfusion, during the sleep-wake cycle. Research 
has proven largely inconclusive, particularly with regard to neurotransmission. 
However, several neuroimaging studies on NT1 have consistently demonstrated 
both structural and functional alterations of the hypothalamus, which is in line with 
the pathophysiological concept that NT1 underlies a deficiency of the hypocretin 
system. Moreover, several functional studies point to disturbed limbic activity, con-
sistent with reduced vigilance, hypocretinergic dysfunction, and abnormalities in 
emotional processing. A summary of these findings on NT1 is provided below and 
in Table 33.1 and Fig. 33.1. In contrast, NT2 did not receive much attention in the 
brain imaging field with only one study using nuclear imaging so far (see Sect. 
33.2.1.5).
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Table 33.1 SPECT and PET studies in narcolepsy-cataplexy

Study

Imaging 
technique 
employed Target

Number 
of 
patients/
controls

Patients 
receiving 
treatment/
total 
number of 
patients Results

Sudo et al. 
(1998)

PET 11C-MPB ACh 11/21 0/11 No change

Derry et al. 
(2006)

PET 
18F-MPPF

5HT-1A 14/0 12/14 Inconclusive in 
absence of control 
group

Eisensehr 
et al. 
(2003a, b)

SPECT 1PT Presynaptic 
DA binding

7/7 0/7 No change

Rinne et al. 
(2004)

PET 11C-CFT Presynaptic 
DA binding

10/15 0/10 No change

Eisensehr 
et al. 
(2003a, b)

SPECT IBZM Postsynaptic 
DA (D2) 
binding

7/7 0/7 Increased striatal 
DA

Hublin et al. 
(1994)

SPECT IBZM Postsynaptic 
DA (D2) 
binding

6/8 0/6 No change

Staedt et al. 
(1996)

SPECT IBZM Postsynaptic 
DA (D2) 
binding

10/10 0/10 No change

Rinne et al. 
(1995)

PET 
11C-raclopride

Postsynaptic 
DA (D2) 
binding

7/7 6/7 No change

Khan et al. 
(1994)

PET 
11C-raclopride

Postsynaptic 
DA (D2) 
binding

17/32 12/17 No change

MacFarlane 
et al. (1997)

PET 18F-PSP Postsynaptic 
DA (D2) 
binding

6/6 0/6 No change

Joo et al. 
(2004)

PET 18F-FDG CMRglu 24/24 0/24 Reduced CMRglu 
in hypothalami and 
thalamic nuclei

Dauvilliers 
et al. (2010)

PET 18F-FDG CMRglu 21/21 14/21 Increase of 
CMRglu in limbic 
cortex

Joo et al. 
(2004)

SPECT 
99mTc-ECD

rCBF 25/25 0/25 Reduced cerebral 
perfusion in 
hypothalami

(continued)
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33.2.1.1  Acetylcholine, Serotonin, and Dopamine Functions 
in Narcolepsy

Sudo et al. (1998) focused on ACh neurotransmission in narcolepsy-cataplexy. They 
used PET with the radioligand 11C-N-methyl-4-piperidyl-benzilate (11C-MPB) in 
order to target the muscarinic ACh receptor. When comparing 11 patients with nar-
colepsy-cataplexy to 21 controls, there was no difference in 11C-MPB binding in the 
thalamus, pons, striatum, or cerebral cortex.

Derry et  al. (2006) evaluated 5-HT neurotransmission in patients with narco-
lepsy-cataplexy. They used PET with 2′-methoxyphenyl-(N-2′-pyridinyl)-p-18F-
fluoro-benzamidoethylpiperazine (18F-MPPF) in order to study 5-HT1A receptors. 
This study found an increase in 18F-MPPF binding in the anterior cingulate, tempo-
ral, and mesio-temporal cortices in patients during sleep compared to wakefulness. 
However, this study is limited by the lack of a control group.

A few studies investigated presynaptic DA binding in narcolepsy-cataplexy 
using 123I-(N)-(3-iodopropene-2-yl)-2b-carbomethoxy-3b-(4-chlorophenyl)tropane 
(123I-IPT) SPECT (Eisensehr et  al. 2003a, b) and 11C-2b-carbomethoxy-3b-(4-
fluorophenyl)tropane (11C-CFT) PET (Rinne et al. 2004). However, there was no 
significant difference when comparing patients with narcolepsy-cataplexy and con-
trols. When looking at postsynaptic D2 receptor binding, a study found a difference 
between patients and controls using SPECT and 123I-(S)-2-hydroxy-3-iodo-6-
methoxy-([1-ethyl-2-pyrrolidinyl] methyl)benzamide (123I-IBZM). They found 

Table 33.1 (continued)

Study

Imaging 
technique 
employed Target

Number 
of 
patients/
controls

Patients 
receiving 
treatment/
total 
number of 
patients Results

Hong et al. 
(2006)

SPECT 
99mTc-ECD

rCBF during 
a cataplectic 
attack

2/0 0/2 Increased perfusion 
in limbic areas, 
basal ganglia, 
thalami, 
sensorimotor 
cortices and 
brainstem. 
Decreased 
perfusion in 
prefrontal cortex 
and occipital lobe

Chabas 
et al. (2007)

SPECT 
99mTc-ECD

rCBF during 
a cataplectic 
attack

1/0 0/1 Increased perfusion 
in cingulate cortex, 
orbitofrontal cortex, 
and right putamen

PET and SPECT studies in narcolepsy-cataplexy, including citation, the specific imaging tech-
nique employed, targeted physiology, the number of patients and controls, the number of partici-
pants receiving treatment out of the total number of patients, and a summary of the results
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increased D2 binding in the striatum in seven patients with narcolepsy-cataplexy. 
There was also a positive correlation between IBZM binding to the striatum and the 
incidence of sleep attacks and cataplexy (Eisensehr et al. 2003b). However, other 
studies using SPECT scans with IBZM were not able to replicate these findings 
(Hublin et al. 1994; Staedt et al. 1996). Khan et al. (1994) and Rinne et al. (1995) 
examined the relationship between dopamine and narcolepsy-cataplexy using a 

Narcolepsy-Cataplexy (NT1) 

Increased glucose metabolism at wake 

Hyperperfusion during cataplexy 

Decreased glucose metabolism at wake 

Joo 2004
1. Superior frontal
2. Rectal/subcallosal gyrus
3. Dorsal thalamus
4. Hypothalamus
Yeon Joo 2005
3. Dorsal thalamus
4. Hypothalamus
5. Cingulate
6. Post central/supramargina
Hong 2006
7. Cingulate gyrus
8. Thalamus
9. Brainstem
10. Premotor and motor cortex
11. Insula (right)
12. Amygdala (right)
Dauviliers 2010
13. Anterior and mid-cingulate
14. Right cuneus
15. Lingual gyrus

8

9

7

1

2

3

5

6

12

77 13

14

154

10

11

Fig. 33.1 Brain regions showing differences in CMRglu or rCBF during wakefulness in narco-
lepsy-cataplexy (NT1), as well as hyperperfusion (rCBF) during cataplectic attack. Adapted from 
Dang-Vu et al. (2014)
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PET study with 11C-raclopride, but their results were inconclusive. MacFarlane 
et  al. (1997) conducted a study using PET with l8F-fluoropropyl-spiperone (18F-
PSP) ligand and were not able to find a difference in the striatal binding of D2 in 
patients with narcolepsy-cataplexy.

33.2.1.2  Brain Glucose Metabolism and Perfusion 
in Narcoleptic Individuals

Another important aspect that several neuroimaging studies examined is the dif-
ference in narcoleptic brain activity during the day. Two studies concentrated on 
the assessment of CMRglu during resting wakefulness. One study assessed the 
CMRglu of 24 patients with narcolepsy (including 21 with cataplexy) and 24 
normal individuals using PET with 18F-fluorodeoxyglucose (18F-FDG). They 
found that patients had reduced CMRglu in the bilateral posterior hypothalami 
and mediodorsal thalamic nuclei (Joo et al. 2004). However, this study did not 
include EEG measurements, which weakens the strength of the findings. Another 
study used SPECT with Technetium-99m-ethylcysteinate dimer (99mTc-ECD) and 
found that there was hypoperfusion in the bilateral anterior hypothalami. This 
study also found decreased rCBF in the caudate, superior/middle frontal gyri, 
postcentral gyrus, parahippocampal gyrus, and cingulate cortex in patients with 
narcolepsy-cataplexy (Yeon Joo et al. 2005). Both studies concluded that altered 
hypothalamic activity could reflect hypocretin deficiency in patients with narco-
lepsy-cataplexy, while the other neuroimaging patterns could be related to dys-
functions in emotional and cognitive processes. In contrast, a study conducted by 
Dauvilliers et al. (2010) used PET with 18F-FDG and found an increase in CMRglu 
in the limbic cortex (more precisely in the anterior and midcingulate cortex), as 
well as in the right cuneus and lingual gyrus. However, this last study included 
patients treated with psychostimulants and did not use an objective assessment of 
vigilance with EEG.

33.2.1.3  Neural Correlates of Cataplexy
Given the inherent difficulty in “catching” a patient with narcolepsy in the scanner 
during a cataplectic episode, few studies have examined brain activity during cata-
plexy (loss of muscle tone). A study was conducted using 99mTc-ECD SPECT on 
two individuals suffering from narcolepsy with cataplexy. Scans obtained during a 
cataplexy episode were compared to those recorded during wakefulness and REM 
sleep. Cataplexy was associated with increased perfusion in limbic areas (amyg-
dala, cingulate gyrus), basal ganglia, thalami, sensorimotor cortices, and the brain-
stem. Conversely, perfusion decreased in the prefrontal cortex and the occipital lobe 
(Hong et al. 2006). Increased activity in the cingulate cortex and amygdala may 
underlie abnormalities in the neural processing of emotions (which typically trigger 
cataplectic episodes), but the small sample limits the interpretation of findings. A 
case study using SPECT with 99mTc-ECD found an increased perfusion in the cin-
gulate cortex and basal ganglia during an episode of cataplexy, in agreement with 
the previous report (Chabas et al. 2007). Dauvilliers et al. (2010) finally scanned 
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two patients with narcolepsy-cataplexy with PET with 18F-FDG during a cataplectic 
attack, but did not find any significant difference when cataplexy scans were com-
pared to the corresponding baseline wakefulness scans of the same patients.

33.2.1.4  Pharmacological Treatment of Narcolepsy
Since the main symptom of narcolepsy is excessive sleepiness, medications that 
promote vigilance are vital in narcolepsy treatment. Psychostimulants are known to 
induce enhanced wakefulness as well as improvements in physical functioning; 
hence this class of drugs has seen much use in treating narcolepsy. Studies involving 
functional neuroimaging techniques such as SPECT and PET have investigated the 
neural effects of these drugs in patients with narcolepsy.

Methylphenidate
Methylphenidate, an amphetamine derivative, is commonly used for treating narco-
lepsy. One SPECT study used 133Xe inhalation to examine rCBF in patients with 
narcolepsy before and after treatment with methylphenidate for about 2  weeks. 
Administration of the drug increased rCBF during the awake state in the brainstem 
and cerebellar region (Meyer et al. 1980). The specificity of this finding to narco-
lepsy cannot be assessed, because controls were omitted in this study. Moreover, 
whether the patients had a history of cataplexy was not mentioned.

Modafinil
Modafinil is another psychostimulant drug used to promote wakefulness in patients 
with sleep disorders. In one experiment, 99mTc-ECD SPECT was performed when 
patients with narcolepsy-cataplexy were in the awake state, both before and after a 
4-week treatment with either modafinil or a placebo (Joo et al. 2008). Modafinil 
caused a significant reduction in subjective daytime sleepiness, while the placebo 
did not, and patients in the on-modafinil condition showed an increase in rCBF in 
the bilateral prefrontal cortices (Joo et  al. 2008). Thirty-two narcolepsy patients 
took part in this experiment, but in the absence of controls, the findings cannot be 
specifically applied to narcolepsy. Another experiment employed 18F-FDG PET to 
measure CMRglu in patients with narcolepsy-cataplexy (Dauvilliers et al. 2010). 
Some of the patients were given modafinil and/or antidepressants (for treating cata-
plexy). Narcoleptics who received the treatment had a higher CMRglu in the cere-
bellum and the primary sensorimotor cortex compared to untreated patients, which 
contrasts with the SPECT study by Joo et al. (2008), in which modafinil was associ-
ated with a decrease in rCBF in the cerebellum. Researchers conducted another 
study using 18F-FDG PET to assess changes in CMRglu after the administration of 
modafinil (Kim et al. 2007). Eight patients with narcolepsy (including six with cata-
plexy) completed the experiment. After 2 weeks of treatment with modafinil, the left 
hippocampus of narcoleptics exhibited an increase in CMRglu compared to pre-
treatment scans. Given that similar neuroimaging pattern was found with modafinil 
treatment in healthy volunteers (Joo et al. 2008), the specificity of this finding to 
narcolepsy might be questioned.
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33.2.1.5  Narcolepsy Type 2
So far, only one study investigated NT2 using nuclear imaging. Huang et al. (2018) 
compared 29 patients with NT2, 26 healthy sleepers, and 104 drug-free and newly 
diagnosed patients with NT1 using 18F-FDG PET during wakefulness. They found 
increased metabolic rate in the fusiform, striatum, thalamus, hippocampus, basal 
ganglia, and cerebellum in NT1 compared to NT2. However, hypometabolism was 
more prominent in patients with type 2 in the Heschl’s gyrus and paracentral lobule 
compared to NT1. Moreover, the hypo- and hypermetabolism seen in NT1 patients 
compared to healthy controls were not observed in patients with NT2. They found 
that in both types of narcoleptic patients, the alteration in brain metabolism was 
correlated with performance in neurocognitive tests (i.e., Continuous Performance 
Test and Wisconsin Card Sorting Test). This study concluded that NT2 patients 
exhibit less brain metabolism alterations and less severe cognitive impairment due 
to preserved hypothalamus integrity (Huang et al. 2018).

33.2.1.6  Summary
Generally, SPECT and PET studies did not demonstrate a consistent difference in 
ACh, DA, or 5-HT neurotransmission in narcolepsy-cataplexy. Patients had reduced 
activity in the bilateral, hypothalamic, and thalamic nuclei, in agreement with a 
dysfunction of the hypocretinergic system and an impairment of vigilance. 
Importantly, alterations of limbic structures were found and are in agreement with 
abnormalities in emotional processing. Furthermore, these imaging data are in 
agreement with neuropsychological studies finding symptoms of narcolepsy in 
patients with hypothalamic lesions (Dempsey et al. 2003; Muller 2010). Although 
studies showed functional brain changes in narcoleptic patients posttreatment with 
the drugs discussed above, the meaning and significance of these differences still 
remain unclear, especially given the general lack of control and/or placebo groups. 
Further studies are thus needed to provide information on the specificity of these 
drug effects to patients with narcolepsy. Moreover, given the recent clinical distinc-
tion between NT1 and NT2, further investigation on the neural mechanisms distin-
guishing these two disorders needs to be performed.

33.2.2  Idiopathic Hypersomnia

Idiopathic hypersomnia (IH) is characterized by excessive daytime sleepiness but, 
in contrast to narcolepsy, does not involve cataplexy, SOREM periods, or hypocre-
tin-1 deficiency. Compared to NT1, IH has been less investigated, and the neural 
correlates of IH remain unclear. So far, only one study investigated IH using MRI 
(Pomares et al. 2019) and SPECT (Boucetta et al. 2017), and one study used PET 
(Dauvilliers et al. 2017). Boucetta and colleagues scanned 13 patients with IH and 
16 healthy sleepers using 99mTc-ECD SPECT to assess cerebral blood flow during 
resting wakefulness. Patients with IH exhibited lower rCBF in the medial prefrontal 
and posterior cingulate cortices. The altered rCBF levels in the medial prefrontal 
cortex were correlated with higher self-reported daytime sleepiness (Boucetta et al. 
2017). As these regions belong to the default mode network (DMN), which plays a 

J. O’Byrne et al.



1013

key role in the maintenance of conscious awareness (Greicius et  al. 2003), their 
lower function in IH might contribute to the impaired vigilance of IH patients dur-
ing the daytime. In addition, the altered rCBF in these regions was strikingly similar 
to the rCBF distribution found during NREM sleep in good sleepers (Dang-Vu et al. 
2005) reflecting the possible intrusion of NREM sleeplike patterns into wakefulness 
in IH (See Fig. 33.2).

Metabolic decrease at wake  

Idiopathic Hypersomnia 

Boucetta 2017

1. Posterior cingulate

2. Medial prefrontal

3. Putamen

4. Amygdala

5. Inferior occipital gyrus

6. Inferior temporal gyrus

1

2

3

Metabolic increase at wake  

4 5

6

Fig. 33.2 Brain regions showing hyperperfusion or hypoperfusion in rCBF during wake in 
patients with idiopathic hypersomnia (IH). The rCBF decrease during wake in IH is strikingly 
similar to the decrease in rCBF observed during NREM sleep in good sleepers (Dang-Vu 
et al. 2005)
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In contrast, using 18F-FDG PET scanner in 9 IH, 16 NT1, and 19 healthy controls 
during wakefulness, Dauvilliers et al. (2017) revealed no hypometabolism in both 
IH and NT1 patients compared to healthy controls but hypermetabolism in similar 
regions in both disorders, including bilateral middle cingulate and fusiform regions, 
the Rolandic operculum, and the temporal and insula lobes. Given the similar altera-
tions found in IH and NT1, they suggested that their results might reflect the neural 
correlates of excessive daytime sleepiness rather than specific features of each dis-
order (Dauvilliers et al. 2017).

The difference in sample characteristics and techniques used might contribute to 
these divergent findings. Further investigation needs to be performed between the 
different types of central hypersomnolence disorders, in order to understand the 
common and distinct alterations underlying each disorder.

33.3  Restless Legs Syndrome and Periodic Limb Movements

Restless legs syndrome (RLS) and periodic limb movements (PLM) are distinct yet 
overlapping sensorimotor disorders. RLS is characterized by an overwhelming urge to 
move the legs (and less often, the arms), especially when at rest and in the evening or 
at night. The compulsion is associated with persistent feelings of discomfort from 
deep inside the limbs (AASM 2005; Allen et al. 2003). PLM is distinguished by inter-
mittent episodes of repeated and highly stereotyped limb movements when at rest, 
typically during NREM sleep (PLMS), but also occurring during wakefulness 
(PLMW). The same patient can exhibit both PLMS and PLMW. The movement typi-
cally consists of an extension of the big toe and partial flexion of the ankle, knee, and, 
less often, hip. While these movements disturb sleep and can result in arousal or awak-
ening, patients are mostly unaware of the movements or even that their sleep has been 
disturbed. Diagnosis requires a polysomnographic recording in combination with a 
complaint such as “unrefreshing” sleep (AASM 2005; Pennestri et al. 2006).

Epidemiological studies estimate a 5–20% prevalence of RLS (Allen et al. 2003) 
and a 3.9% prevalence of PLMS in the general population (Ohayon and Roth 2002). 
RLS-related symptoms are responsible for sleep-onset insomnia and nocturnal 
awakenings in 94% of patients (Montplaisir et al. 1997). RLS can occur in an iso-
lated form (idiopathic) or can be secondary to (or associated with) other medical 
conditions, such as iron deficiency anemia, neuropathy, and Parkinson’s disease 
(PD) (AASM 2005; Allen et al. 2003; Pedroso et al. 2013). Depression and anxiety-
related psychiatric illnesses are more prevalent in RLS and PLM patients than in 
healthy individuals (Pennestri et al. 2006; Picchietti 2006).

RLS and PLM frequently co-occur. However, PLM is nonspecific, occurring in 
isolation in healthy individuals, or comorbid with other sleep disorders such as nar-
colepsy, RBD, and sleep apnea (Pennestri et al. 2006). Since both disorders are so 
closely associated, few neuroimaging studies have examined PLM alone, and 
instead RLS and PLM are most often considered in concert. The following section 
will first describe neuroimaging studies centered on RLS and will end by covering 
the few studies of PLM alone.
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33.3.1  Restless Legs Syndrome

There are few functional neuroimaging studies of RLS. A PET study by Trenkwalder 
et  al. (1999) involving six RLS patients and six age-matched controls measured 
CMRglu with 18F-FDG and found no significant differences. It is noteworthy that 
the patients were scanned outside of the symptomatic period.

Most PET and SPECT studies of RLS have looked for neurotransmission 
abnormalities using radioligands for DA and opioids. It has been shown that DA 
antagonists exacerbate RLS symptoms, whereas DA agonists and opioids are the 
major form of therapy for RLS (Stiasny-Kolster et al. 2005; Trenkwalder et al. 
2008). DA studies focused mainly on the striatum, examining both presynaptic 
DA transporter (DAT) and postsynaptic D2 receptor binding. Striatal DAT can be 
taken as an indicator of DA neuron density in the substantia nigra (SN). Some 
PET studies showed decreased presynaptic DA function in the striatum of RLS 
patients versus controls, using either 6-[18F]fluoro-l-dopa (18F-dopa) (Ruottinen 
et  al. 2000; Turjanski et  al. 1999) or 11C-methylphenidate (Earley et  al. 2011). 
However, an early PET study using 18F-dopa found no such difference, albeit with 
a limited sample of patients (Trenkwalder et al. 1999). Furthermore, a number of 
SPECT studies found no difference in DAT in RLS versus controls, using 
123I-2beta-carbomethoxy-3beta-(4-iodophenyl)tropane (123I-β-CIT) (Michaud 
et al. 2002; Mrowka et al. 2005) or 123I-IPT (Eisensehr et al. 2001; Linke et al. 
2004). Recently, Lin and colleagues used 99mTechnetium-[2-[[2-[[[3-
(4-chlorophenyl)-8-methyl-8-azabicyclo(3,2,1)oct-2-yl] methyl](2mercapto-
ethyl)amino]ethyl]amino]ethanethiolato(3-)-N2,N2,S2,S2]oxo-[1R-(exo-exo)] 
(99mTc-TRODAT) SPECT and revealed significant decrease in DAT striatal bind-
ing in 22 early-stage RLS patients compared to 12 healthy controls. Specifically, 
they showed uptake deficits in both sides of the caudate nucleus and striatum (Lin 
et al. 2016).

The discrepancy in these findings may be attributable to particular pharmacoki-
netic properties of radioligands used in PET and SPECT. Earley et al. (2011), in the 
aforementioned study, scanned their patients in the morning (n = 20) and evening 
(n = 16) and found no difference in DA according to time of day. Hence, time of day 
does not seem to modulate DAT binding. There was also no significant correlation 
between severity of RLS symptoms and DAT. Kim et al. (2012) employed SPECT 
with 123I-β-CIT and 123I-IBZM and, in contrast with all previous presynaptic DA 
studies, found an increase in DAT density in the striatum, as well as the caudate and 
posterior putamen.

Postsynaptic D2 receptor binding studies are also rather equivocal. A few SPECT 
studies used 123I-IBZM. Most found no difference (Eisensehr et al. 2001; Tribl et al. 
2002, 2004), while one found a slight decrease in striatal D2 receptor binding in RLS 
patients versus controls (Michaud et al. 2002). Two PET studies using 11C-raclopride 
found divergent results: Turjanski et al. (1999) found a decrease and Cervenka et al. 
(2006) an increase in striatal D2 receptor binding. This discrepancy may be explained 
by the inclusion of a sample of RLS patients previously exposed to DA drugs in the 
study by Turjanski et al. (1999), whereas patients in the other study were drug-naïve 
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(Cervenka et al. 2006). It has in fact been shown that D2 receptors can be downregu-
lated by chronic drug treatment, hence decreasing ligand binding (Stanwood et al. 
2000). Cervenka et al. (2006) measured D2 receptor binding in extrastriatal struc-
tures by scanning 16 RLS patients with 11C-FLB457 and found increased binding 
potential in the striatum as well as in the insula, thalamus, and anterior cingulate 
cortex. The areas showing increased D2 receptor binding are part of the medial noci-
ceptive system, which regulates the affective component of pain. If this system were 
to undergo endogenous DA depletion, one could expect upregulation of D2 recep-
tors, just as the study showed. The authors also took measurements in the morning 
and the evening and found no diurnal changes in D2 binding potential. Furthermore, 
no significant correlation was found between RLS symptom rating and D2 binding 
potential. Hence diurnal changes in RLS symptom severity cannot be accounted for 
by presynaptic DA transmission (Earley et  al. 2011) or postsynaptic D2 binding 
(Cervenka et al. 2006). In a later PET study using 11C-raclopride, Earley et al. (2013) 
found that RLS patients had lower D2 receptor binding potential in the putamen, as 
well as the caudate but not ventral striatum. Interestingly, in light of the divergent 
results of previous PET and SPECT studies, the authors of the study deemed D2 
receptor binding potential of questionable value to RLS research.

Since RLS seems to be a disorder of the nociceptive system, it follows that the 
opioid system, which modulates pain, may play a role in RLS. Indeed, opioid recep-
tor agonists have been shown to improve RLS symptoms (Walters 2002). This effect 
may however be mediated by DA and may not necessarily reflect a deficiency in 
endogenous opioids (Barriere et al. 2005). In support of this, one PET study has 
examined opioids in RLS, using 11C-diprenorphine (a nonselective opioid receptor 
ligand), and found no differences between patients and controls, although the 
authors did find some correlations between RLS severity or pain scores and opioid 
binding in several brain areas (von Spiczak et al. 2005).

In addition to nigrostriatal abnormalities in DA neurotransmission, descending 
dopaminergic projections to the lower brainstem and spinal cord, as well as opioid 
receptors in the spinal cord, are also thought to play an important role in RLS patho-
physiology. In addition, spinal cord lesions and peripheral neuropathies are associ-
ated with RLS (Trenkwalder and Paulus 2010). However, limitations in the 
resolution of PET and SPECT in these areas preclude further investigation using 
these imaging techniques.

33.3.2  Periodic Limb Movements

Dopaminergic transmission has been studied in relation to PLM. At the presynaptic 
level, Happe et al. (2003) measured DA transmission in 11 patients with Parkinson’s 
disease (PD) using SPECT with 123I-β-CIT. Patients with PD showed a stark reduc-
tion in striatal binding compared to controls, as expected. By also measuring PLMS 
by polysomnography, the authors detected a negative correlation between the num-
ber of PLMS and striatal DA binding values. This suggests a possible role of pre-
synaptic DA deficiency in PD-induced PLMS.  Staedt and colleagues examined 
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postsynaptic D2 receptor binding in the striatum of PLMS patients in a few studies 
using SPECT and 123I-IBZM (Staedt et al. 1993, 1995a, b) and found decreased D2 
receptor occupancy (Staedt et al. 1993, 1995a). DA replacement therapy can reverse 
this pattern and restore sleep quality (Staedt et al. 1995b).

33.3.3  Summary

PET and SPECT studies on RLS and PLM seem to indicate a hypoactivity of DA 
neurotransmission underlying these disorders, both at the presynaptic and postsyn-
aptic levels. DA deficiency, in concert with CNS iron depletion, may unbalance the 
sensorimotor control of pain. Further research into RLS and PLM brain activation 
during sleep is needed to confirm these findings and shed further light on these little 
explored disorders.

33.4  Parasomnias

Parasomnias are characterized by undesirable physical events and experiences 
occurring during entry into sleep, within sleep, or during arousals from sleep 
(AASM 2005). They are divided into two categories: REM and NREM parasom-
nias. Although some forms are benign, others may result in injury and sleep disrup-
tion, severely affecting one’s life. PET and SPECT bring important contributions to 
the pathophysiology of parasomnias.

33.4.1  Sleepwalking

One common type of NREM parasomnia is sleepwalking, formally known as som-
nambulism. It “consists of a series of complex behaviors that are usually initiated 
during arousals and slow wave sleep (SWS; i.e., deep NREM sleep) and culminate 
in walking around with an altered state of consciousness and impaired judgment” 
(AASM 2005). Bassetti et al. (2000) hypothesized that sleepwalking is a dissociated 
state, consisting of both mental and motor arousal. Using SPECT, recordings were 
taken from a 16-year-old man in two conditions: one recording during SWS, the 
other 24 s after the occurrence of a sleepwalking episode arising from SWS. In both 
conditions, the patient was injected with 99mTc-ECD.  Compared to undisturbed 
SWS, there was an increase in rCBF post-sleepwalking, particularly in the posterior 
cingulate cortex and the anterior cerebellum (Bassetti et  al. 2000). Interestingly, 
these areas showed a decrease in activity in healthy volunteers during SWS com-
pared to wakefulness (Maquet et al. 2000). Furthermore, Bassetti et al. compared 
their data to those of control subjects and observed that the patient demonstrated a 
decrease in perfusion in the frontoparietal associative cortices during the sleepwalk-
ing episode compared to wakefulness in controls. This hypoperfusion was inter-
preted as reflecting a lack of self-related awareness and the inability to recall the 
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events of the sleepwalking episode. In contrast, the hyperperfusion of the posterior 
cingulate and cerebellum were thought to reflect persistent arousal patterns, which 
is in line with the hypothesis of a dissociated state. These findings should be inter-
preted with caution as they were based on a single individual with sleepwalking.

More recent studies investigated brain function of sleepwalkers during wakeful-
ness. Using 99mTc-ECD SPECT, Dang Vu et al. scanned 10 adult sleepwalkers dur-
ing wakefulness in the morning as compared to 12 control subjects and found no 
difference in brain perfusion between groups (Dang-Vu et al. 2014). However, when 
scanning again a subsample of these individuals (eight sleepwalkers and nine con-
trols) after a night of total sleep deprivation, they observed a hypoperfusion of the 
inferior temporal cortex compared to controls. While increased sleep propensity 
(i.e., sleep deprivation) is known to promote sleepwalking episodes in the following 
sleep period (Zadra et al. 2008), these SPECT findings revealed a pattern of neural 
dysfunction characterizing wakefulness in sleepwalkers after sleep deprivation 
(Dang-Vu et al. 2014). A few years later, the same team revealed that after total 
sleep deprivation, sleepwalkers (ten adults) showed reduced rCBF in left parietal 
and temporal regions and increased rCBF in right parahippocampal gyrus during 
resting-state wakefulness compared to ten control subjects (Desjardins et al. 2018). 
Moreover, during the SWS period following the total sleep deprivation, sleepwalk-
ers displayed reduced perfusion in the left insula, postcentral gyrus, and superior 
temporal gyrus (Desjardins et al. 2018). Combined with the findings from 2015, 
these results are in line with the increased vulnerability of sleepwalkers to sleep 
deprivation.

33.4.2  REM Sleep Behavior Disorder

Within REM parasomnias, RBD is accompanied by a loss of skeletal muscle atonia 
usually present during REM sleep and involves complex motor activity occurring 
specifically in association with dream mentation. The disorder is characterized by 
unpleasant dreams and dream enactment, which could be disturbing to the patient or 
the bed partner (AASM 2005). RBD can exist with or without a medical condition, 
respectively known as secondary RBD or idiopathic RBD (iRBD). Parkinson’s dis-
ease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA) 
tend to develop in patients with RBD several years later (Postuma et al. 2009) with 
an estimate of 41% risk 5 years after RBD clinical manifestations (Postuma et al. 
2015) and more than 90% after 14 years (Iranzo et al. 2014). SPECT and PET have 
played a significant role in highlighting the brain regions involved in RBD patho-
physiology and clinical evolution. A summary of these findings on idiopathic RBD 
is provided in Fig. 33.3.

33.4.2.1  Hypo- and Hyperperfusions in RBD
A study performed by Shirakawa et al. (2002) compared 20 male iRBD patients to 
7 healthy male subjects using N-isopropyl-p-123I-iodoamphetamine (123I-IMP) 
SPECT. Compared to the control group, a statistically significant decrease of rCBF 
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was found in the right and left upper portion of the frontal lobe and in the pons. The 
scans were performed at night, although it was not clear which state of vigilance the 
subjects were experiencing. A few years later, Mazza et al. (2006) conducted a study 
using 99mTc-ECD SPECT, which included eight iRBD patients and nine healthy 
control subjects. In contrast to Shirakawa et al. (2002), significant hyperperfusions 
were found in the pons, as well as in the putamen and the right hippocampus. 
Interestingly, increased rCBF is also present in the latter two regions during the 

Idiopathic RBD 

Mazza 2006 
1. Superior frontal lobe

2. Pons

3. Right hippocampus

4. Parietal lobe

Vendette 2011
1. Superior frontal lobe

2. Pons

3. Hippocampus (bilaterally)

4. Precuneus

Hanyu 2011
4. Precuneus

5. Cerebellum

Dang-Vu 2012
2. Pons

3. Hippocampus (bilaterally)

Ge 2015
6. Occipital lobe

7. Cingulate

8. Supplementary motor area
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Fig. 33.3 Brain regions showing hyperperfusion or hypoperfusion in rCBF during wake in iRBD 
patients. Many of these changes in rCBF mirror those observed in several synucleinopathies. 
Adapted from Dang-Vu et al. (2014)
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early stages of PD (Imon et al. 1999). In addition, decreased perfusion was found in 
the frontal lobe, particularly in motor cortices, and in the temporoparietal cortices. 
A larger study of 20 iRBD patients and 20 control subjects exhibited similar results 
(Vendette et al. 2011). Once again using 99mTc-ECD SPECT, hyperperfusion was 
displayed in the pons, the putamen, and bilaterally the hippocampus and hypoperfu-
sion in frontal and medial parietal areas.

Hanyu et al. (2011) monitored rCBF using 123I-IMP SPECT in 24 patients with 
iRBD.  In contrast with previous studies, they did not find significant differences 
between patients and controls in the brainstem and frontal areas. Results did how-
ever display hypoperfusion in iRBD patients, in the precuneus, cerebellum, and 
uncus regions, also identified by Vendette et al. (2011).

In order to investigate longitudinal rCBF alterations, Sakurai et al. (2014) per-
formed repeated 123I-IMP SPECT sessions on nine iRBD patients with a mean inter-
val of 22 ± 9 months between the two scans. Patients were taking medication to treat 
their symptoms during both scans. They found a decreased rCBF in medial parieto-
occipital lobe and in the right posterior cingulate during the follow-up SPECT ses-
sion compared to baseline, in line with a progressing neurodegenerative process. 
However, they did not reveal any changes in neuropsychological tests (e.g., Geriatric 
Depression Scale-15, Frontal Assessment Battery Test, Wechsler Memory Scale-
Revised: Logical Memory I and II) between the two sessions. It is important to note 
that most patients were taking medication (e.g., clonazepam) at both sessions to 
decrease RBD symptoms (Sakurai et al. 2014).

Two studies led by Caselli et  al. (2006) and Fujishiro et  al. (2010) assessed 
CMRglu with 18F-FDG PET in subjects with dream enactment behavior. These sub-
jects displayed decreased CMRglu in multiple cortical areas, such as occipital, fron-
tal, parietal, temporal, and cingulate. No polysomnographic recording was 
performed to confirm a diagnosis of RBD; rather, patients were selected based on 
questionnaires and interviews only, hence diminishing the validity of the study. 
However, in 2015, Ge and colleagues confirmed the decreased metabolism in the 
occipital cortex and lingual gyrus using 18F-FDG PET in 21 iRBD patients and 21 
healthy controls. They also found increased metabolism in the supplementary motor 
area, cingulate, pons, and hippocampus/parahippocampus compared to controls, 
similarly to perfusion SPECT studies. Interestingly, change in metabolism corre-
lated with clinical measures, including a negative correlation between RDB dura-
tion and metabolism in the medial frontal gyrus but a positive correlation between 
RBD duration and metabolism in the anterior vermis (Ge et al. 2015).

SPECT with 99mTc-ECD was used to predict the onset of PD and DLB in 20 
iRBD patients (Dang-Vu et al. 2012). The average follow-up of 3 years revealed that 
PD or DLB emerged in ten of the patients; interestingly, only these ten patients 
showed an increase in hippocampal rCBF at baseline. It can thus be proposed that 
the progression of idiopathic RBD into PD or DLB can be predicted via abnormal 
perfusion in the hippocampus.

While the studies above described functional neuroimaging acquired in iRBD 
patients mainly during wakefulness, only two studies reported brain activations 
associated with RBD behavioral manifestations. The first one was conducted on a 
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single man, with multiple system atrophy and RBD, and compared to two healthy 
control subjects (Dauvilliers et al. 2011). After injecting 99mTc-ECD during a RBD 
episode, compared to wakefulness, the patient showed increased perfusion in the 
supplementary motor area, suggesting this area’s involvement in the onset of dream 
enactment behaviors. The effect was not present in controls when contrasting REM 
sleep vs. wakefulness. Another study performed ictal SPECT with 99mTc-ECD tracer 
injected after 10 s of a RBD episode in four RBD patients, including one iRDB 
patient, one RBD patient with PD, and two RBD patients with narcolepsy. They 
found activations in the bilateral premotor areas, periaqueductal area, pons, and 
anterior lobe of the cerebellum in all patients (Mayer et al. 2015). No SPECT data 
has been obtained so far during REM sleep per se (outside motor manifestations) in 
RBD patients.

33.4.2.2  Dopaminergic Imaging
Due to the relationship between RBD and PD, multiple system atrophy, and other 
conditions associated with DA dysfunction (Gagnon et al. 2009), there have been 
numerous SPECT and PET ligand studies in the last decade analyzing the nigros-
triatal DA system in RBD patients. It has been suggested that substantia nigra alter-
ation and reduced DAT update in RBD would be predictive markers for conversion 
to synucleinopathy. After De Marzi and colleagues found that more than 65% of 
iRBD patients displayed loss of nigral hyperintensity similar to PD patients using 
3.0-T susceptibility-weighted (SW) MRI (De Marzi et al. 2016), Bae et al. (2018) 
compared the loss of nigral hyperintensity with SW MRI and DAT uptake with 
iodine 123–2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)nortropane 
(123I-FP-CIT) SPECT to determine whether substantia nigra alteration could predict 
RBD patients at risk for conversion to PD in 18 patients with iRBD, 18 PD patients, 
and 18 healthy controls. They found that nigral hyperintensity and DAT uptake 
ratios were lower in 11 iRBD patients compared to controls but still higher than PD 
patients. Within these 11 iRBD patients with low nigral hyperintensity, 5 developed 
symptoms of synucleinopathy within 18 months, suggesting that SW imaging might 
be a useful tool to detect RBD patients with high risk for short-term conversion (Bae 
et al. 2018).

A group performed two SPECT studies with 123I-IPT demonstrating a decrease in 
DAT at the presynaptic site of the striatum in iRBD patients compared to age- and 
sex-matched controls (Eisensehr et al. 2000, 2003a). Additionally, these two studies 
also included an assessment of postsynaptic D2 receptor binding using 123I-IBZM 
SPECT and found no significant change in iRBD compared to controls and PD. This 
suggests that DA dysfunction in the striatum is restricted to the presynaptic level in 
RBD patients, in line with a loss of DA midbrain neurons, and similarly to findings 
in PD (Tatsch et  al. 1997). Similar results were found when using 
11C-dihydrotetrabenazine (11C-DTBZ) PET in 6 iRBD patients compared to 19 con-
trols (Albin et al. 2000). Similarly, a PET study was performed using (+)-[11C]dihy-
drotetrabenazine (11C-DTBZ) tracer to measure presynaptic striatal binding and 
(-)-5-[123I]iodobenzovesamicol ([123I]IBVM) SPECT to assess thalamic cholinergic 
binding in 13 patients with probable MSA and presence of RBD. Compared to 27 
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healthy controls, the MSA-RBD patients showed a decrease in thalamic cholinergic 
binding as well as a decrease in striatal binding, which was negatively correlated 
with the severity of REM atonia (Gilman et al. 2003). Whether it is the degeneration 
of nigrostriatal DA neurons that contribute to RBD symptoms in MSA needs to be 
investigated with a comparison between MSA patients with and without RDB 
symptoms.

In agreement with the studies conducted by Eisensehr et al. (2000, 2003a, b), the 
density of striatal DAT was measured, and a decrease in presynaptic binding was 
found, most prominently in the posterior putamen. This was later confirmed by Li 
and colleagues who used 99mTc-TRODAT-1 SPECT on 43 patients with iRBD. They 
found that the 18 patients with decrease DAT uptake in the left striatum and puta-
men at baseline converted to a full-blown synucleinopathy (i.e., 2 DLB, 3 MSA, 13 
PD) after a median of 4.1 years of follow-up (median interval of 10.5 years from the 
estimated iRBD symptoms onset) (Li et  al. 2017). Using 18F-DOPA PET on 20 
patients with iRBD and 19 healthy controls, Stokholm and colleagues investigated 
nigrostriatal dopaminergic function and also revealed reduced uptake bilaterally in 
the putamen but not in caudate (Stokholm et al. 2017). Moreover, using 11C-(R)-(2-
chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carboxamide (11C-
PK11195) PET on the same patients, they investigated whether neuroinflammation 
(i.e., increase in peripheral benzodiazepine receptor translocator protein binding 
expressed by activated microglia) usually shown in synucleinopathies was also 
present in RBD. They found increased microglial activation in the left substantia 
nigra but not in the putamen and caudate. They did not find correlation between 
dopaminergic deficit and neuroinflammation. Because only a subset of patients 
actually revealed abnormally high level of microglial activation in the substantial 
nigra, they proposed that future studies should investigate whether the presence of 
neuroinflammation in RDB patients might represent a marker of conversion to 
synucleinopathies (Stokholm et  al. 2017). Four studies examined DAT in RBD 
patients using SPECT with 123I-2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-
fluoropropyl)nortropane (123I-FP-CIT). Two studies in particular concluded that an 
insignificant number of RBD patients demonstrated a decrease of striatal DAT 
(Stiasny-Kolster et al. 2005; Unger et al. 2008).

Another report compared 14 idiopathic RBD patients, 14 early-stage Parkinson’s 
disease, and 12 controls (Kim et al. 2010). Further confirming the studies performed 
by Eisensehr and colleagues (2000, 2003a), the RBD patients showed lower binding 
in the striatum compared to control subjects, more specifically in the putamen. This 
binding was however higher compared to Parkinson’s disease patients, suggesting a 
progressive DA impairment from RBD to Parkinson’s disease. In a more recent 
123I-FP-CIT SPECT study, 43 idiopathic RBD and 18 controls were examined lon-
gitudinally for striatal DAT (Iranzo et al. 2010). It was found that there was reduced 
binding in 40% of the RBD patients. This study included a follow-up demonstrating 
that a neurodegenerative disorder developed in eight of the IRBD patients within 
2.5 years after the imaging took place. Interestingly, six of these eight patients had 
reduced DAT at baseline, highlighting the significance of lowered DAT in the pre-
diction of disease evolution.
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A case study involving a 73-year-old man used 11C-CFT to assess changes of 
nigrostriatal presynaptic DA 1 year and 3.5 years after the onset of RBD (Miyamoto 
et al. 2010). Compared to controls, the first year’s results displayed only a minor 
decrease in the posterior putamen, yet after 3.5 years, there was a more pronounced 
decrease of 4–6% per year. Similarly, a recent 3-year study used 123I-FP-CIT SPECT 
on 20 IRBD patients (Iranzo et al. 2011). Complementary to the case report, there 
was a reduction in binding over time (compared to controls) in all striatal regions 
with the exception of the right caudate nucleus, further demonstrating a progressive 
nigrostriatal dopaminergic dysfunction. Alteration in the substantia nigra over time 
has been reported with diverse neuroimaging techniques including MRI (De Marzi 
et al. 2016).

Overall, these data suggest that iRBD are in line with the concept of RBD as a 
“prodromal” phase of synucleinopathies. However, RDB can also occur after PD 
diagnosis or never at all, which lead to the question whether a distinct RBD pheno-
type of PD might exist. Arnaldi and colleagues (2015a, b) investigated dopaminer-
gic deafferentation using 123I-FP-CIT-SPECT in 12 patients with iRBD, 16 PD 
patients without RBD (at baseline and at clinical follow-up), and 24 PD patients 
with RBD (symptoms at baseline or present during follow-up). They found that PD 
patients with presence of RBD revealed lower DAT striatal binding and more severe 
motor impairment than PD patients without RBD. Moreover, by computing caudate 
specific binding ratio (caudate SBR; i.e., caudate DAT uptake minus background 
DAT uptake), they observed that PD patients without RBD showed preserved nigro-
caudate functioning compared to iRBD patients and PD patients with RBD suggest-
ing that nigro-caudate deafferentation could be the hallmark of RBD. In comparison, 
nigro-putamen deafferentation (i.e., putamen SBR) observed in PD patients with 
and without RBD would represent an hallmark of PD severity as it is relatively pre-
served in iRBD patients but progressively altered in PD along with progressive 
motor impairment (Arnaldi et al. 2015b). Future studies might take into consider-
ation the presence or absence of RBD in PD patients as it might explain some of the 
divergent results found in studies comparing iRBD and PD patients.

Because of its relationship with synucleinopathies, iRBD has been extensively 
studied with a focus on DA dysfunction. However, only one study investigated pos-
sible alteration in the serotonergic system in iRBD. Indeed, it has been shown that 
antidepressants, especially serotonin reuptake inhibitors (SSRI), can lead to loss of 
atonia during REM (induced-RDB) suggesting possible abnormal serotonergic sys-
tem integrity. Using 123I-FP-CIT-SPECT in 20 iRBD patients and 23 healthy con-
trols, they assessed DAT uptake in caudate and putamen as well as serotonin 
transporter (SERT) uptake in the midbrain, pons, and thalamus. As expected, they 
found lower striatal binding in iRBD compared to controls but found no difference 
in SERT uptake at the brainstem and thalamic levels (Arnaldi et al. 2015a).

33.4.2.3  Metabolic Brain Networks
Beyond single region alterations, recent studies focused on metabolic brain net-
works using ECD-SPECT and/or FDG PET imaging. More specifically PD exhibits 
stereotyped changes in brain structure and function that is associated with a highly 
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reproducible disease-related metabolic brain network called PD-related covariance 
pattern (PDRP) and includes increased metabolic activity in the internal globus pal-
lidus, thalamus, pons, and cerebellum as well as reduction in premotor and parietal 
regions. This increased PDRP expression is associated with progressive motor 
impairment (Eidelberg 2009). Recent studies found that PDRP expression is 
increased in some patients with RBD suggesting higher risk for conversion to 
PD. More precisely, Holtbernd and colleagues used resting-state 18F-FDG PET on a 
cohort of 10 iRBD patients and 10 healthy controls as well as resting-state 99mTc-
ECD SPECT on a cohort of 17 iRBD patients and 17 healthy controls and per-
formed annual follow-up clinical assessment for 4.6 (±2.5) years after baseline 
imaging. They found that PDRP expression (i.e., metabolic activities in pons, cere-
bellum, putamen/globus pallidus, thalamus, sensorimotor, lateral premotor, and 
parietal association cortex) was increased in iRBD patients compared to controls in 
both PET and SPECT imaging. Moreover, 8 iRBD patients (out of the 17 with fol-
low-up) were diagnosed with PD or DLB, and 3 developed signs of probable MSA 
(Holtbernd et al. 2014). In another study also using 18FDG PET, Meles et al. (2017) 
also found higher PDRP expression in 21 iRBD compared to 19 healthy controls but 
lower compared to 20 PD patients and 22 patients with DLB. Interestingly, more 
than half of the RBD subjects revealed PDRP expression in the range of PD patients. 
In the same study, they also used DAT-SPECT and olfactory testing to offer a more 
complete assessment of iRBD patients at risk for conversion. Indeed, both loss of 
DAT binding and hyposmia symptoms have been associated with high risk for 
developing synucleinopathies (Mahlknecht et  al. 2015). PDRP and striatal DAT 
binding were not significantly correlated in iRBD patients, but they found that 
PDRP expression was higher in iRBD patients presenting hyposmia (N = 9) com-
pared to iRDB without hyposmia (Meles et al. 2017). Whether the presence of high 
PDRP expression, low striatal DAT binding, and hyposmia might reflect higher risk 
for phenoconversion needs to be assessed.

Beyond PDRP expression, Wu et al. (2014) showed that RBD patients might also 
exhibit its own unique metabolic network as well. Indeed, using 18FDG PET on 21 
iRBD patients and 21 healthy controls, they found that iRBD-related metabolic 
network would be characterized by increased metabolic activity in pons, thalamus, 
medial frontal areas, hippocampus, supramarginal/inferior temporal gyri, and pos-
terior cerebellum with reduced activity in occipital and superior temporal regions. 
When compared with 21 hemi-PD patients (i.e., early PD with only one clinically 
symptomatic side) and 16 patients with moderate PD, they found that the iRBD-
related metabolic network was also increased in hemi-PD patients compared to con-
trols and slightly lower compared to iRBD (although not significant). Compared to 
iRBD, moderate PD showed a decreased expression in iRBD-related metabolic net-
work compared to iRBD but higher PDRP expression compared to iRBD and hemi-
PD (Wu et  al. 2014). Future studies need to assess whether this iRBD-related 
metabolic network might reflect a prodromal phase of PD and predict those with 
higher risk of phenoconversion.
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33.4.3  Summary

Sleepwalking demonstrates brain patterns reminiscent of both SWS and wakeful-
ness states, therefore appearing as a dissociated state. Moreover, alterations in brain 
perfusion during wakefulness and SWS after sleep deprivation might reflect the 
neural correlates underlying the increased propensity of sleepwalking episodes 
when lacking sleep. Additional studies are needed to further qualify the role of SWS 
alterations in somnambulism.

In iRBD patients, SPECT and PET have shown a presynaptic dysfunction of DA 
nigrostriatal pathways, further indicating that iRBD represents the early stages of 
PD, DLB, and multiple system atrophy. Moreover, the risk of progression from 
iRBD to other neurodegenerative disorders can be estimated using 
SPECT. Hypoperfusions found in the pons agree with human studies involving pon-
tine lesions in RBD pathophysiology (Culebras and Moore 1989; Gomez-Choco 
et al. 2007; Kimura et al. 2000; Limousin et al. 2009; Plazzi and Montagna 2002; 
Provini et al. 2004; Schenck and Mahowald 2002; Tippmann-Peikert et al. 2006; Xi 
and Luning 2009; Zambelis et al. 2002). The role of structures such as the hippo-
campus and cognitive aspects of RBD should be further investigated. Finally, brain 
activity patterns during behavioral episodes and during sleep should be further 
examined to shed new light on the pathophysiology of RBD.

33.5  Insomnia

33.5.1  Primary Insomnia

Primary insomnia is defined by as a dissatisfaction with sleep quality and com-
plaints of difficulties falling asleep and/or maintaining sleep and/or waking up early 
with the incapacity to fall back asleep occurring more than three times a week for 
over a month. Moreover, often accompanied by a feeling of fatigue and daytime 
functioning impairments, these difficulties cannot be attributed to any medical or 
psychiatric cause, drug abuse, or other sleep disorders (e.g., sleep apnea) (Sateia 
2014). The diagnosis of primary chronic insomnia is applied when the patient com-
plains of sleep difficulties at least three times a week for more than 3  months 
(ICSD-3). Sleep loss—especially when it becomes chronic—is impairing, as it can 
have consequences on physical and mental health (Bonnet and Arand 2007), includ-
ing increased risk for depression (Tsuno et al. 2005). Insomnia affects about 40% of 
the population on a temporary basis and more than 10% of the population in a per-
sistent/chronic manner (Chung et  al. 2015) and thereby represents a major 
health issue.

Electroencephalography (EEG) and functional and structural imaging have con-
tributed much to the current scientific knowledge of insomnia. Many studies have 
been conducted using functional and structural MRI, with various applications 
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(e.g., voxel-based morphometry (VBM) and proton magnetic resonance spectros-
copy (1H-MRS) (Cross and Dang-Vu 2019; Desseilles et al. 2011; O’Byrne et al. 
2014)). In this section we will focus on the studies using PET and SPECT in pri-
mary insomnia (see Fig. 33.4) and then fatal familial insomnia.

Only a few studies have recorded brain activity during NREM sleep in order to 
assess the functional neuroanatomy of primary insomnia. In order to measure 
regional brain metabolism (indexed by CMRglu) during waking and NREM sleep, 
Nofzinger et al. (2004b) used 18F-FDG PET in 7 patients with primary insomnia 

Nofzinger 2004
1. Anterior cingulate
2. Thalamus
3. Hypothalamus
4. Ascending reticular

activating system
5. Insula
6. Medial temporal
Smith 2002, 2005
7. Basal ganglia
Kay, 2016
8. Precuneus/Posterior cingulate
9. Middle frontal
10. Superior parietal lobule

Primary Insomnia 

Higher brain metabolism during NREM sleep 

Lower brain metabolism during NREM sleep 
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Fig. 33.4 Regional cerebral metabolism reduction and increase during NREM sleep in primary 
insomnia compared to good sleepers. Kay and colleagues suggested that the smaller decline in 
glucose metabolism from wake to NREM might represent an impaired disengagement during 
NREM sleep. Adapted from Dang-Vu et al. (2014)
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(i.e., sleep difficulties for more than 1  month) and 20 healthy age-matched and 
gender-matched subjects. During the transition from waking to NREM sleep, 
insomnia patients showed (1) a global CMRglu increase as compared to healthy 
subjects, suggesting that there is an overall cortical hyperarousal in insomnia; (2) 
less reduction of relative CMRglu in the ascending reticular activating system, 
hypothalamus, insular cortex, amygdala, hippocampus, anterior cingulate, and 
medial prefrontal cortices; and (3) an increased metabolism in the thalamus, which 
might reflect persistent sensory processing and information processing as well as 
subsequent shallower sleep. In contrast, during wakefulness, patients with insomnia 
showed a decreased metabolism in subcortical (thalamus, hypothalamus, and brain-
stem reticular formation) as well as in cortical regions (prefrontal cortex bilaterally, 
left superior temporal, parietal, and occipital cortices).

In 2016, the same team used 18F-FDG PET to scan a larger sample, including 44 
patients with primary insomnia and 40 good sleepers, during both morning wakeful-
ness and NREM sleep at night. They did not find any whole-brain glucose metabo-
lism difference between groups, and both groups showed significantly lower 
whole-brain glucose metabolism during NREM sleep than during wake. However, 
they found group-by-state interactions in relative regional CMRglu in the precu-
neus/posterior cingulate cortex, left middle frontal gyrus, left inferior/superior pari-
etal lobules, left lingual/fusiform/occipital gyri, and right lingual gyrus, suggesting 
that insomniacs have a smaller decline than healthy sleepers during NREM sleep 
compared to wake or a smaller increase during wake compared to NREM sleep in 
these clusters. They argue that such smaller decline from wake to NREM might 
represent an impaired disengagement during NREM and consequently a lack of 
regionally restorative sleep in these specific regions. Consequently, this could 
explain the daytime cognitive-affective symptoms of insomnia as these regions are 
involved in cognitive (i.e., left frontoparietal), self-referential (i.e., precuneus/poste-
rior cingulate), and affective (i.e., left middle frontal, fusiform/lingual gyri) pro-
cesses (Kay et al. 2016).

If we consider these findings together, they indicate that insomnia might involve 
elevated regional brain activity during sleep due to smaller differences in brain 
metabolism between NREM and wake. In both studies, the smaller increase in pre-
frontal cortex activity during wakefulness compared to controls is consistent with 
(1) reduced attentional abilities and impaired cognitive flexibility resulting from 
inefficient sleep and (2) a chronic state of sleep deprivation (Drummond et al. 2001; 
Durmer and Dinges 2005; Thomas et al. 2000).

In order to estimate rCBF during NREM sleep, another early study by Smith 
et al. (2002) compared five patients with chronic primary insomnia (in this study, 
defined by sleep difficulties for more than 6  months) with four normal sleepers 
using SPECT, employing technetium-99m-hexamethylene-propyleneamine oxime 
(99mTc-HMPAO). No significant regional increase has been shown during this 
period, but a reduced rCBF was observed in frontal medial, occipital, and parietal 
cortices, as well as in the basal ganglia. This result suggests that primary insomnia 
is associated with an abnormal pattern of regional brain function during NREM 
sleep that particularly involves basal ganglia. It is interesting to notice that Nofzinger 
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et al. (2004b) had also found decreases in activity in these same regions in patients 
with primary insomnia, but during wakefulness. It is necessary to consider two 
methodological limitations in Smith’s study. Both concern the timing of blood flow 
measurement: (1) it was only sampled during the first NREM cycle, and (2) it was 
measured after a longer duration of NREM sleep in insomniac patients than in 
healthy subjects. The consequence of the first limitation is that the decreased metab-
olism in insomniac patients might reflect a cortical hypoarousal during the initial 
phases of NREM sleep following sleep onset. However, it is still possible that the 
patients were more aroused over later NREM sleep cycles, which would be more 
consistent with higher beta activity later at night (Perlis et al. 2001). The second 
limitation leads to a possible underestimation of activity in the patients because 
blood flow decreases over long NREM periods. Because of such methodological 
limitations, these preliminary results cannot rule out the hyperarousal hypothesis of 
idiopathic insomnia. Cognitive behavioral therapy including sleep restriction and 
stimulus control was applied in the Smith’s study, and four of the insomniac patients 
were rescanned after they had been treated by this therapy (Smith et al. 2005). After 
treatment, there was a reduction of at least 43% in the sleep latency, and a global 
24% increase in CBF, with a significant increase in the basal ganglia. The authors 
proposed that such an increase in brain activity might reflect the normalization of 
sleep homeostatic processes. These promising results will certainly inspire further 
investigations on the effects of psychotherapy on brain functioning in insomnia.

33.5.2  Fatal Familial Insomnia

Fatal familial insomnia (FFI) is a hereditary or sporadic disease caused by a prion 
protein gene mutation. This illness is invariably lethal (Lugaresi et al. 1986). It is 
characterized by insomnia, autonomic hyperactivity, and motor abnormalities 
(Lugaresi et al. 1986; Montagna et al. 2003). The disrupted sleep pattern is charac-
terized by a loss of sleep spindles and SWS and enacted dreams during REM sleep 
(Montagna et al. 2003).

In a study by Perani et al. (1993), four awake patients were investigated using 
PET and 18F-FDG. The analysis revealed a prominent hypometabolism in the ante-
rior part of the thalamus. There were two types of clinical presentation. Two patients 
exhibited symptoms restricted to insomnia and dysautonomia. Thalamic hypome-
tabolism was found isolated in one subject, accompanied by a frontal, anterior cin-
gulate and temporal polar hypometabolism in the other. In the two patients with a 
more complex clinical presentation, hypometabolism was more widespread and 
involved many cortical areas, the basal ganglia and the cerebellum. This widespread 
pattern was already present at an early stage of the disease and was found signifi-
cantly aggravated as the disease progressed in one patient, examined twice several 
months apart. However, it is not known whether this widespread hypometabolism is 
indicative of the more advanced stages of the disease or whether it indicates two 
forms of this disorder, one thalamic and the other disseminated.
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In another study by Cortelli et al. (1997), seven patients with FFI were investi-
gated using 18F-FDG and PET to examine regional cerebral glucose utilization. 
All FFI patients presented a severely reduced glucose utilization of the thalamus 
and a mild hypometabolism of the cingulate cortex. In six of these subjects, brain 
hypometabolism also affected the basal and lateral frontal cortex, the caudate 
nucleus, and the middle and inferior temporal cortex. Further comparison between 
homozygous (n = 4) or heterozygous (n = 3) patients at codon 129 showed that the 
hypometabolism was more widespread in the heterozygous group, which had a 
significantly longer symptom duration at the time of 18F-FDG PET study. 
Comparison between neuropathological and 18F-FDG PET findings in six patients 
showed that areas with neuronal loss were also hypometabolic. However, cerebral 
hypometabolism was more widespread than expected from histopathological 
changes and significantly correlated with the presence of protease-resistant prion 
protein. Neuroimaging results indicate that hypometabolism of the thalamus and 
cingulate cortex is a common feature of FFI, while the involvement of other brain 
regions depends on the duration of symptoms and some unknown factors specific 
to each patient (Cortelli et  al. 1997). Even in a case of atypical FFI, thalamic 
hypometabolism was confirmed as an early marker, while cortical changes vary 
with clinical presentation and stage (Bar et  al. 2002). More recently, serotonin 
transporters of two FFI patients were examined with 123I-β-CIT SPECT as com-
pared to age-expected control values (Kloppel et al. 2002). This study showed a 
reduced availability of serotonin transporters of 57% and 73%, respectively, in a 
diencephalic region of the two FFI patients. Although this finding suggests an 
involvement of serotonin neurotransmission, it is not clear whether it is causal in 
FFI pathogenesis (Kloppel et al. 2002).

In another study by Cortelli et al. (2006), 9 asymptomatic carriers of the D178N 
mutation, 10 noncarriers belonging to the same family, and 19 age-matched con-
trols were studied over several years in order to examine how and when the degen-
erative process begins. The CMRglu was measured with 18F-FDG PET in parallel 
with detailed clinical, neuropsychological examinations and polysomnography 
with EEG spectral analyses. All cases at the beginning of the study had a normal 
CMRglu as well as normal clinical and electrophysiological examinations. 
Concerning the mutation carriers, four of them developed typical FFI over the 
course of the study. On the other hand, their CMRglu and their clinical and elec-
trophysiological examinations remained normal 63, 56, 32, and 21 months before 
disease onset. The carrier whose tests were normal 32  months before disease 
onset was reexamined 13 months before onset. A selective hypometabolism in the 
thalamus was shown at that time, while an abnormality in thalamic sleep spindle 
formation was detected by spectral EEG analysis. Following clinical disease 
onset, CMRglu was reduced in the thalamus in all three patients examined. The 
data of the study suggest that the neurodegenerative process associated with FFI 
begins in the thalamus between 13 and 21 months before clinical presentation of 
the disease.
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33.5.3  Neuroimaging of Sleep in Depression

A pioneering study by Ho et  al. (1996) examined the first NREM period in 10 
unmedicated patients with unipolar depression and in 12 healthy controls. The 
depressed patients showed higher CMRglu during NREM sleep in the pons, poste-
rior cingulate, amygdala, hippocampus, and occipital and temporal cortices. There 
was a significant reduction of relative CMRglu in medial orbital frontal and anterior 
cingulate cortices, caudate nucleus, and medial thalamus. These early findings sup-
port the hypothesis that hyperarousal in depression affects a network of limbic and 
posterior cortical regions, but also that the decreased medial frontal and striatal 
metabolism may be a hallmark of depression (Drevets et al. 1997).

In a first study by Nofzinger et al. (1999), six unipolar depressed subjects and 
eight healthy subjects underwent separate 18F-FDG PET scans during waking and 
during their first REM period of sleep. Changes in CMRglu from waking to REM 
sleep were assessed in each group as well as interactions in patterns of change 
between groups. Compared to the control subjects, depressed patients in this study 
did not show increases in CMRglu in anterior paralimbic structures in REM sleep 
compared to waking. Depressed subjects did, however, show greater increases from 
waking to REM sleep in CMRglu in the tectal area and a series of left hemispheric 
areas including the sensorimotor cortex, inferior temporal cortex, uncal gyrus-
amygdala, and subicular complex than did the control subjects. These observations 
suggest that changes in limbic and paralimbic function from waking to REM sleep 
differed significantly between normal and depressed patients.

The second Nofzinger et  al. investigation (2000) focused on the association 
between EEG measures and 18F-FDG PET measures in depressed patients. The 
study was undertaken in 9 healthy controls and 12 depressed subjects. The main 
findings were that beta power negatively correlated with subjective sleep quality for 
both healthy and depressed subjects. Beta frequency oscillations in EEG are high-
frequency, low-amplitude neural oscillations associated with behavioral arousal and 
attentional processes, observed mostly in waking and REM sleep (Nofzinger et al. 
2000). In both depressed and healthy subjects, beta EEG was positively associated 
with CMRglu in the ventromedial prefrontal and lateral inferior occipital cortices. 
There was a trend, in the depressed group, for beta power to correlate positively 
with relative whole-brain metabolism during NREM sleep (first NREM sleep cycle). 
For the depressed group only, beta EEG was also positively correlated with CMRglu 
in the left dorsolateral prefrontal cortex and amygdala/uncal gyrus regions.

More recent studies have confirmed that depressed patients have relatively per-
sistent “elevated” activity measured by CMRglu across many brain regions during 
sleep compared to pre-sleep wakefulness (REM, 24 depressed patients compared to 
14 controls; NREM, 12 depressed patients compared to 13 controls). As shown in 
Fig. 33.5, regions more activated during REM sleep included frontal, parietal, pre-
motor, and sensorimotor cortices, as well as the insula, the ventral pallidum, and the 
midbrain reticular formation (Nofzinger et al. 2004a). Regions more activated dur-
ing NREM sleep included the temporal and occipital cortices, as well as the insula, 
posterior cingulate, cerebellum, and thalamus (Germain et  al. 2004). However, 
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increased metabolism was also found in prefrontal cortex, unlike Ho et al. (1996). 
These results are again consistent with a general hyperactivation of arousal systems 
in depression that may underlie both sleep disturbances such as insomnia and non-
restorative sleep complaints in depressed patients.

Increased rapid eye movement density (number of REMs per minute of REM 
sleep) was found to correlate with depression severity and clinical outcomes (Buysse 
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Fig. 33.5 Metabolic changes during REM and NREM sleep in depression. During NREM 
(Germain et al. 2004) and REM (Nofzinger et al. 2004a), depressed patients showed “elevated” 
activity measured by CMRglu across several cortical and subcortical regions in sleep compared to 
pre-sleep wakefulness. Adapted from Dang-Vu et al. (2014)
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et al. 1999).In humans, REM bursts are classically thought to reflect ponto-geni-
culo-occipital (PGO) waves, possibly associated with orienting responses and 
arousal processes during sleep (Peigneux et al. 2001; Wehrle et al. 2005). An 18F-
FDG PET study assessed cerebral glucose consumption in a group of 13 medica-
tion-free depressed patients during REM sleep (Germain et al. 2004). The average 
REM count (an automated analog of REM density) was found to positively corre-
late with metabolism in a network of regions involved in emotional regulation and 
emotion-induced arousal (medial and ventrolateral prefrontal cortex) as well as in 
regions linking emotion and attention systems (striate cortex, precuneus, and poste-
rior parietal cortex). Whether increased activity in these regions drives hyperarousal 
during REM sleep remains unclear. These results might not be specific to depres-
sion, because no control data were provided in that study and because the observed 
activation pattern overlapped with results of healthy controls from other studies 
(Braun et al. 1998; Peigneux et al. 2001).

33.5.4  Summary

Because currently available data are limited and not perfectly consistent, any con-
clusion about the cerebral correlates of insomnia during NREM sleep must remain 
tentative. While there is some evidence for decreased activity in cortical areas dur-
ing early NREM sleep as well as during wakefulness, several subcortical regions 
involved in sleep/wake regulation, including limbic and paralimbic regions, were 
found to be more active during the transition from waking to sleep states. Current 
data generally support the hyperarousal theory of insomnia, with increased neuronal 
activity during NREM sleep as a possible key factor contributing to sleep misper-
ception and disturbances occurring in insomnia.

Depression is often associated with insomnia, as well as with hyperarousal char-
acterized by persistent “elevated” activity across many brain regions during NREM 
sleep, but also during REM sleep. Strong evidence for hyperarousal in both primary 
insomnia and depression, together with persistent alterations in sleep architecture in 
remitted depression, corroborate common neurophysiological mechanisms underly-
ing sleep and mood regulation.

33.6  General Conclusions

Functional neuroimaging is a compelling tool that provides unprecedented possi-
bilities to explore brain function during normal and pathological sleep. PET and 
SPECT studies have provided many insights into the neurobiological bases of sleep 
pathologies, which are strongly linked to the regulation of mood, emotion, and deci-
sion-making. Narcoleptic patients seem to have decreased hypothalamic and tha-
lamic activity, in line with a hypocretin dysfunction and altered vigilance, with 
increased activity in the amygdala and cingulate cortex, which may be related to 
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abnormal emotional processing. Nuclear imaging in narcolepsy type 2 (i.e., without 
cataplexy) remains to be investigated. Recent findings in idiopathic hypersomnia 
suggested preserved hypocretinergic system but lower activity in medial prefrontal 
cortex and posterior cingulate cortices, suggesting possible intrusion of NREM-like 
features during wakefulness in idiopathic hypersomnia. For RLS and PLM, hypoac-
tivity in pre- and postsynaptic DA transmission in the striatum and SN may underlie 
the compulsive limb movements. RBD patients show changes in activity in the 
pons, hippocampus, frontal lobes, and striatum, suggesting that an altered nigros-
triatal dopaminergic activity in RBD might predict conversion to Parkinson’s dis-
ease and Lewy body dementia. Hyperactivity throughout many brain regions during 
NREM sleep in insomnia is also observed in depression, suggesting common patho-
physiological mechanisms underlying both disorders.

Even with these insights, functional neuroimaging in sleep medicine is still in its 
infancy. Methodological issues such as small sample sizes and omitted control 
groups limit the reliability of some studies, including case studies. Furthermore, 
technical issues involved in imaging patients during sleep, particularly in movement 
disorders, have impeded the progress of new studies. As the field matures, advanced 
multimodal neuroimaging and improved experimental designs will allow observa-
tions to be made at additional timepoints of these disorders, with larger sample sizes 
and control groups, and will therefore further characterize the pathophysiological 
mechanisms of sleep disorders and the functional consequences of long-term sleep 
disruption. PET and SPECT will finally be essential to examine and monitor the 
neural effects of current and future pharmacological compounds targeting sleep 
disorders.

References

AASM (2005) International classification of sleep disorders, 2nd edn. Diagnostic and coding man-
ual. American Academy of Sleep Medicine, Westchester

Albin RL, Koeppe RA, Chervin RD, Consens FB, Wernette K, Frey KA, Aldrich MS (2000) 
Decreased striatal dopaminergic innervation in REM sleep behavior disorder. Neurology 
55(9):1410–1412

Allen RP, Picchietti D, Hening WA, Trenkwalder C, Walters AS, Montplaisir J (2003) Restless legs 
syndrome: diagnostic criteria, special considerations, and epidemiology: a report from the rest-
less legs syndrome diagnosis and epidemiology workshop at the National Institutes of Health. 
Sleep Med 4(2):101–119

Sateia MJ (2014) International classification of sleep disorders. Chest 146(5):1387–1394
Andersson JL, Onoe H, Hetta J, Lidstrom K, Valind S, Lilja A et al (1998) Brain networks affected 

by synchronized sleep visualized by positron emission tomography. J Cereb Blood Flow Metab 
18(7):701–715

Arnaldi D, De Carli F, Picco A, Ferrara M, Accardo J, Bossert I et  al (2015a) Nigro-caudate 
dopaminergic deafferentation: a marker of REM sleep behavior disorder? Neurobiol Aging 
36:3300–3305. https://doi.org/10.1016/j.neurobiolaging.2015.08.025

Arnaldi D, Fama F, De Carli F, Morbelli S, Ferrara M, Picco A et  al (2015b) The role of the 
serotonergic system in REM sleep behavior disorder. Sleep 38(9):1505–1509. https://doi.
org/10.5665/sleep.5000

33 Sleep Disorders

https://doi.org/10.1016/j.neurobiolaging.2015.08.025
https://doi.org/10.5665/sleep.5000
https://doi.org/10.5665/sleep.5000


1034

Bae YJ, Kim J-M, Kim KJ, Kim E, Park HS, Kang SY et al (2018) Loss of substantia nigra 
hyperintensity at 3.0-T MR imaging in idiopathic REM sleep behavior disorder: com-
parison with 123I-FP-CIT SPECT.  Radiology 287:285–293. https://doi.org/10.1148/
radiol.2017162486

Bar KJ, Hager F, Nenadic I, Opfermann T, Brodhun M, Tauber RF et al (2002) Serial positron 
emission tomographic findings in an atypical presentation of fatal familial insomnia. Arch 
Neurol 59(11):1815–1818

Barriere G, Cazalets JR, Bioulac B, Tison F, Ghorayeb I (2005) The restless legs syndrome. Prog 
Neurobiol 77(3):139–165. https://doi.org/10.1016/j.pneurobio.2005.10.007

Bassetti C, Vella S, Donati F, Wielepp P, Weder B (2000) SPECT during sleepwalking. Lancet 
356(9228):484–485

Bonnet MH, Arand DL (2007) Cardiovascular implications of poor sleep. Sleep Med Clin 
2:529–538. https://doi.org/10.1016/j.jsmc.2007.07.007

Boucetta S, Montplaisir J, Zadra A, Lachapelle F, Soucy JP, Gravel P, Dang-Vu TT (2017) Altered 
regional cerebral blood flow in idiopathic hypersomnia. Sleep 40(10). https://doi.org/10.1093/
sleep/zsx140

Braun AR, Balkin TJ, Wesenten NJ, Carson RE, Varga M, Baldwin P et  al (1997) Regional 
cerebral blood flow throughout the sleep-wake cycle. An H2(15)O PET study. Brain 120(Pt 
7):1173–1197

Braun AR, Balkin TJ, Wesensten NJ, Gwadry F, Carson RE, Varga M et al (1998) Dissociated pat-
tern of activity in visual cortices and their projections during human rapid eye movement sleep. 
Science 279(5347):91–95

Buysse DJ, Tu XM, Cherry CR, Begley AE, Kowalski J, Kupfer DJ, Frank E (1999) Pretreatment 
REM sleep and subjective sleep quality distinguish depressed psychotherapy remitters and 
nonremitters. Biol Psychiatry 45(2):205–213

Caselli RJ, Chen K, Bandy D, Smilovici O, Boeve BF, Osborne D et  al (2006) A preliminary 
fluorodeoxyglucose positron emission tomography study in healthy adults reporting dream-
enactment behavior. Sleep 29(7):927–933

Cervenka S, Palhagen SE, Comley RA, Panagiotidis G, Cselenyi Z, Matthews JC et  al (2006) 
Support for dopaminergic hypoactivity in restless legs syndrome: a PET study on D2-receptor 
binding. Brain 129(Pt 8):2017–2028. https://doi.org/10.1093/brain/awl163

Chabas D, Habert MO, Maksud P, Tourbah A, Minz M, Willer JC, Arnulf I (2007) Functional 
imaging of cataplexy during status cataplecticus. Sleep 30(2):153–156

Chung KF, Yeung WF, Ho FYY, Yung KP, Yu YM, Kwok CW (2015) Cross-cultural and compara-
tive epidemiology of insomnia: the Diagnostic and Statistical Manual (DSM), International 
Classification Of Diseases (ICD) and International Classification Of Sleep Disorders (ICSD). 
Sleep Med 16:477–482. https://doi.org/10.1016/j.sleep.2014.10.018

Cortelli P, Perani D, Parchi P, Grassi F, Montagna P, De Martin M et al (1997) Cerebral metabolism 
in fatal familial insomnia: relation to duration, neuropathology, and distribution of protease-
resistant prion protein. Neurology 49(1):126–133

Cortelli P, Perani D, Montagna P, Gallassi R, Tinuper P, Provini F et al (2006) Pre-symptomatic 
diagnosis in fatal familial insomnia: serial neurophysiological and 18FDG-PET studies. Brain 
129(Pt 3):668–675

Cross N, Dang-Vu T (2019) Imaging of the sleep-disordered brain. In: Dringenberg HC (ed) 
Handbook of behavioral neuroscience, vol 30. Academic, Amsterdam, pp 569–591

Culebras A, Moore JT (1989) Magnetic resonance findings in REM sleep behavior disorder. 
Neurology 39(11):1519–1523

Dang-Vu TT, Desseilles M, Laureys S, Degueldre C, Perrin F, Phillips C et al (2005) Cerebral cor-
relates of delta waves during non-REM sleep revisited. Neuroimage 28(1):14–21

Dang-Vu TT, Desseilles M, Petit D, Mazza S, Montplaisir J, Maquet P (2007) Neuroimaging in 
sleep medicine. Sleep Med 8(4):349–372

Dang-Vu TT, Desseilles M, Schwartz S, Maquet P (2009) Neuroimaging of narcolepsy. CNS 
Neurol Disord Drug Targets 8(4):254–263

J. O’Byrne et al.

https://doi.org/10.1148/radiol.2017162486
https://doi.org/10.1148/radiol.2017162486
https://doi.org/10.1016/j.pneurobio.2005.10.007
https://doi.org/10.1016/j.jsmc.2007.07.007
https://doi.org/10.1093/sleep/zsx140
https://doi.org/10.1093/sleep/zsx140
https://doi.org/10.1093/brain/awl163
https://doi.org/10.1016/j.sleep.2014.10.018


1035

Dang-Vu TT, Gagnon JF, Vendette M, Soucy JP, Postuma RB, Montplaisir J (2012) Hippocampal 
perfusion predicts impending neurodegeneration in REM sleep behavior disorder. Neurology 
79(24):2302–2306. https://doi.org/10.1212/WNL.0b013e318278b658

Dang-Vu TT, O’Byrne J, Mikolajczak G, Malhi O, Reed L, Arcelin A, Desseilles M (2014) 
PET and SPECT in sleep disorders. In PET and SPECT in Psychiatry. Springer, Berlin, 
Heidelberg. 759–788

Dauvilliers Y, Arnulf I, Mignot E (2007) Narcolepsy with cataplexy. Lancet 369(9560):499–511. 
https://doi.org/10.1016/S0140-6736(07)60237-2

Dauvilliers Y, Comte F, Bayard S, Carlander B, Zanca M, Touchon J (2010) A brain PET study in 
patients with narcolepsy-cataplexy. J Neurol Neurosurg Psychiatry 81(3):344–348. https://doi.
org/10.1136/jnnp.2009.175786

Dauvilliers Y, Boudousq V, Lopez R, Gabelle A, Cochen De Cock V, Bayard S, Peigneux P (2011) 
Increased perfusion in supplementary motor area during a REM sleep behaviour episode. Sleep 
Med 12(5):531–532

Dauvilliers Y, Siegel JM, Lopez R, Torontali ZA, Peever JH (2014) Cataplexy—clinical aspects, 
pathophysiology and management strategy. Nat Rev Neurol 10:386–395. https://doi.
org/10.1038/nrneurol.2014.97

Dauvilliers Y, Evangelista E, de Verbizier D, Barateau L, Peigneux P (2017) [18F]fludeox-
yglucose-positron emission tomography evidence for cerebral hypermetabolism in the 
awake state in narcolepsy and idiopathic hypersomnia. Front Neurol 8:1–8. https://doi.
org/10.3389/fneur.2017.00350

De Marzi R, Seppi K, Högl B, Müller C, Scherfler C, Stefani A et al (2016) Loss of dorsolateral 
nigral hyperintensity on 3.0 tesla susceptibility-weighted imaging in idiopathic rapid eye move-
ment sleep behavior disorder. Ann Neurol 79:1026–1030. https://doi.org/10.1002/ana.24646

Dempsey OJ, McGeoch P, de Silva RN, Douglas NJ (2003) Acquired narcolepsy in an acromegalic 
patient who underwent pituitary irradiation. Neurology 61(4):537–540

Derry C, Benjamin C, Bladin P, le Bars D, Tochon-Danguy H, Berkovic SF et al (2006) Increased 
serotonin receptor availability in human sleep: evidence from an [18F]MPPF PET study in 
narcolepsy. NeuroImage 30(2):341–348. https://doi.org/10.1016/j.neuroimage.2005.09.052

Desjardins MÈ, Baril AA, Soucy JP, Dang-Vu TT, Desautels A, Petit D et al (2018) Altered brain 
perfusion patterns in wakefulness and slow-wave sleep in sleepwalkers. Sleep 41:1–9. https://
doi.org/10.1093/sleep/zsy039

Desseilles M, Dang-Vu TT, Sterpenich V, Schwartz S (2011) Cognitive and emotional pro-
cesses during dreaming: a neuroimaging view. Conscious Cogn 20(4):998–1008. https://doi.
org/10.1016/j.concog.2010.10.005

Drevets WC, Price JL, Simpson JR Jr, Todd RD, Reich T, Vannier M, Raichle ME (1997) Subgenual 
prefrontal cortex abnormalities in mood disorders. Nature 386(6627):824–827. https://doi.
org/10.1038/386824a0

Drummond SP, Gillin JC, Brown GG (2001) Increased cerebral response during a divided attention 
task following sleep deprivation. J Sleep Res 10(2):85–92

Durmer JS, Dinges DF (2005) Neurocognitive consequences of sleep deprivation. Semin Neurol 
25(1):117–129. https://doi.org/10.1055/s-2005-867080

Earley CJ, Kuwabara H, Wong DF, Gamaldo C, Salas R, Brasic J et al (2011) The dopamine trans-
porter is decreased in the striatum of subjects with restless legs syndrome. Sleep 34(3):341–347

Earley CJ, Kuwabara H, Wong DF, Gamaldo C, Salas RE, Brasic JR et al (2013) Increased syn-
aptic dopamine in the putamen in restless legs syndrome. Sleep 36(1):51–57. https://doi.
org/10.5665/sleep.2300

Eidelberg D (2009) Metabolic brain networks in neurodegenerative disorders: a functional imag-
ing approach. Trends Neurosci 32(10):548–557. https://doi.org/10.1016/j.tins.2009.06.003

Eisensehr I, Linke R, Noachtar S, Schwarz J, Gildehaus FJ, Tatsch K (2000) Reduced striatal 
dopamine transporters in idiopathic rapid eye movement sleep behaviour disorder. Comparison 
with Parkinson’s disease and controls. Brain 123(Pt 6):1155–1160

33 Sleep Disorders

https://doi.org/10.1212/WNL.0b013e318278b658
https://doi.org/10.1016/S0140-6736(07)60237-2
https://doi.org/10.1136/jnnp.2009.175786
https://doi.org/10.1136/jnnp.2009.175786
https://doi.org/10.1038/nrneurol.2014.97
https://doi.org/10.1038/nrneurol.2014.97
https://doi.org/10.3389/fneur.2017.00350
https://doi.org/10.3389/fneur.2017.00350
https://doi.org/10.1002/ana.24646
https://doi.org/10.1016/j.neuroimage.2005.09.052
https://doi.org/10.1093/sleep/zsy039
https://doi.org/10.1093/sleep/zsy039
https://doi.org/10.1016/j.concog.2010.10.005
https://doi.org/10.1016/j.concog.2010.10.005
https://doi.org/10.1038/386824a0
https://doi.org/10.1038/386824a0
https://doi.org/10.1055/s-2005-867080
https://doi.org/10.5665/sleep.2300
https://doi.org/10.5665/sleep.2300
https://doi.org/10.1016/j.tins.2009.06.003


1036

Eisensehr I, Wetter TC, Linke R, Noachtar S, von Lindeiner H, Gildehaus FJ et al (2001) Normal 
IPT and IBZM SPECT in drug-naive and levodopa-treated idiopathic restless legs syndrome. 
Neurology 57(7):1307–1309

Eisensehr I, Linke R, Tatsch K, Kharraz B, Gildehaus JF, Wetter CT et al (2003a) Increased muscle 
activity during rapid eye movement sleep correlates with decrease of striatal presynaptic dopa-
mine transporters. IPT and IBZM SPECT imaging in subclinical and clinically manifest idio-
pathic REM sleep behavior disorder, Parkinson’s disease, and controls. Sleep 26(5):507–512

Eisensehr I, Linke R, Tatsch K, von Lindeiner H, Kharraz B, Gildehaus FJ et al (2003b) Alteration 
of the striatal dopaminergic system in human narcolepsy. Neurology 60(11):1817–1819

Fujishiro H, Iseki E, Murayama N, Yamamoto R, Higashi S, Kasanuki K et  al (2010) Diffuse 
occipital hypometabolism on [18 F]-FDG PET scans in patients with idiopathic REM sleep 
behavior disorder: prodromal dementia with Lewy bodies? Psychogeriatrics 10(3):144–152. 
https://doi.org/10.1111/j.1479-8301.2010.00325.x

Gagnon JF, Vendette M, Postuma RB, Desjardins C, Massicotte-Marquez J, Panisset M, 
Montplaisir J (2009) Mild cognitive impairment in rapid eye movement sleep behavior disorder 
and Parkinson’s disease. Ann Neurol 66(1):39–47. https://doi.org/10.1002/ana.21680

Ge J, Wu P, Peng S, Yu H, Zhang H, Guan Y et al (2015) Assessing cerebral glucose metabolism 
in patients with idiopathic rapid eye movement sleep behavior disorder. J Cereb Blood Flow 
Metab 35:2062–2069. https://doi.org/10.1038/jcbfm.2015.173

Germain A, Nofzinger EA, Kupfer DJ, Buysse DJ (2004) Neurobiology of non-REM sleep in 
depression: further evidence for hypofrontality and thalamic dysregulation. Am J Psychiatry 
161(10):1856–1863

Gilman S, Koeppe RA, Chervin RD, Consens FB, Little R, An H et al (2003) REM sleep behavior 
disorder is related to striatal monoaminergic deficit in MSA. Neurology 61(1):29–34

Gomez-Choco MJ, Iranzo A, Blanco Y, Graus F, Santamaria J, Saiz A (2007) Prevalence of 
restless legs syndrome and REM sleep behavior disorder in multiple sclerosis. Mult Scler 
13(6):805–808. https://doi.org/10.1177/1352458506074644

Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in the resting 
brain: a network analysis of the default mode hypothesis. PNAS 100:253–258. https://doi.
org/10.1073/pnas.0135058100

Hale L, Guan S, Emanuele E (2016) Epidemiology of narcolepsy. In narcolepsy. Springer, 
Cham. 37–43

Hanyu H, Inoue Y, Sakurai H, Kanetaka H, Nakamura M, Miyamoto T et al (2011) Regional cere-
bral blood flow changes in patients with idiopathic REM sleep behavior disorder. Eur J Neurol 
18(5):784–788

Happe S, Pirker W, Klosch G, Sauter C, Zeitlhofer J (2003) Periodic leg movements in patients 
with Parkinson’s disease are associated with reduced striatal dopamine transporter binding. J 
Neurol 250(1):83–86. https://doi.org/10.1007/s00415-003-0957-8

Ho AP, Gillin JC, Buchsbaum MS, Wu JC, Abel L, Bunney WE Jr (1996) Brain glucose metabo-
lism during non-rapid eye movement sleep in major depression. A positron emission tomogra-
phy study. Arch Gen Psychiatry 53(7):645–652

Holtbernd F, Postuma RB, Tang CC, Feigin A, Eidelberg D, Montplaisir J (2014) Abnormal meta-
bolic network activity in REM sleep behavior disorder. Neurology 82:620–627

Hong SB, Tae WS, Joo EY (2006) Cerebral perfusion changes during cataplexy in narcolepsy 
patients. Neurology 66(11):1747–1749

Huang Y-S, Hsiao I-T, Liu F-Y, Hwang F-M, Lin K-L, Huang W-C, Guilleminault C (2018) 
Neurocognition, sleep, and PET findings in type 2 vs type 1 narcolepsy. Neurology 
90(17):e1478–e1487. https://doi.org/10.1212/WNL.0000000000005346

Hublin C, Launes J, Nikkinen P, Partinen M (1994) Dopamine D2-receptors in human narcolepsy: 
a SPECT study with 123I-IBZM. Acta Neurol Scand 90(3):186–189

Imon Y, Matsuda H, Ogawa M, Kogure D, Sunohara N (1999) SPECT image analysis using statis-
tical parametric mapping in patients with Parkinson’s disease. J Nucl Med 40(10):1583–1589

J. O’Byrne et al.

https://doi.org/10.1111/j.1479-8301.2010.00325.x
https://doi.org/10.1002/ana.21680
https://doi.org/10.1038/jcbfm.2015.173
https://doi.org/10.1177/1352458506074644
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1007/s00415-003-0957-8
https://doi.org/10.1212/WNL.0000000000005346


1037

Iranzo A, Lomena F, Stockner H, Valldeoriola F, Vilaseca I, Salamero M et al (2010) Decreased 
striatal dopamine transporter uptake and substantia nigra hyperechogenicity as risk mark-
ers of synucleinopathy in patients with idiopathic rapid-eye-movement sleep behaviour 
disorder: a prospective study. Lancet Neurol 9(11):1070–1077. https://doi.org/10.1016/
S1474-4422(10)70216-7

Iranzo A, Valldeoriola F, Lomena F, Molinuevo JL, Serradell M, Salamero M et al (2011) Serial 
dopamine transporter imaging of nigrostriatal function in patients with idiopathic rapid-eye-
movement sleep behaviour disorder: a prospective study. Lancet Neurol 10(9):797–805. https://
doi.org/10.1016/S1474-4422(11)70152-1

Iranzo A, Fernandez-Arcos A, Tolosa E, Serradell M, Molinuevo JL, Valldeoriola F et al (2014) 
Neurodegenerative disorder risk in idiopathic REM sleep behavior disorder: study in 174 
patients. PLoS One 9(2):e89741. https://doi.org/10.1371/journal.pone.0089741

Jones BE (1991) Paradoxical sleep and its chemical/structural substrates in the brain. Neuroscience 
40(3):637–656

Joo EY, Tae WS, Kim JH, Kim BT, Hong SB (2004) Glucose hypometabolism of hypothalamus 
and thalamus in narcolepsy. Ann Neurol 56(3):437–440

Joo EY, Tae WS, Jung KY, Hong SB (2008) Cerebral blood flow changes in man by wake-promot-
ing drug, modafinil: a randomized double blind study. J Sleep Res 17(1):82–88

Kajimura N, Uchiyama M, Takayama Y, Uchida S, Uema T, Kato M et al (1999) Activity of mid-
brain reticular formation and neocortex during the progression of human non-rapid eye move-
ment sleep. J Neurosci 19(22):10065–10073

Kay DB, Karim HT, Soehner AM, Hasler BP, Wilckens KA, James JA et al (2016) Sleep-wake 
differences in relative regional cerebral metabolic rate for glucose among patients with insom-
nia compared with good sleepers. Sleep 39(10):1779–1794. https://doi.org/10.5665/sleep.6154

Khan N, Antonini A, Parkes D, Dahlitz MJ, Meier-Ewert K, Weindl A, Leenders KL (1994) Striatal 
dopamine D2 receptors in patients with narcolepsy measured with PET and 11C-raclopride. 
Neurology 44(11):2102–2104

Kim YK, Yoon IY, Shin YK, Cho SS, Kim SE (2007) Modafinil-induced hippocampal activation in 
narcolepsy. Neurosci Lett 422(2):91–96

Kim YK, Yoon IY, Kim JM, Jeong SH, Kim KW, Shin YK et al (2010) The implication of nigros-
triatal dopaminergic degeneration in the pathogenesis of REM sleep behavior disorder. Eur J 
Neurol 17(3):487–492

Kim KW, Jhoo JH, Lee SB, Lee SD, Kim TH, Kim SE et al (2012) Increased striatal dopamine 
transporter density in moderately severe old restless legs syndrome patients. Eur J Neurol 
19(9):1213–1218. https://doi.org/10.1111/j.1468-1331.2012.03705.x

Kimura K, Tachibana N, Kohyama J, Otsuka Y, Fukazawa S, Waki R (2000) A discrete pontine 
ischemic lesion could cause REM sleep behavior disorder. Neurology 55(6):894–895

Kloppel S, Pirker W, Brucke T, Kovacs GG, Almer G (2002) Beta-CIT SPECT demonstrates 
reduced availability of serotonin transporters in patients with Fatal Familial Insomnia. J Neural 
Transm 109(7–8):1105–1110

Li Y, Kang W, Yang Q, Zhang L, Zhang L, Dong F et al (2017) Predictive markers for early con-
version of iRBD to neurodegenerative synucleinopathy diseases. Neurology 88:1493–1500. 
https://doi.org/10.1212/WNL.0000000000003838

Liblau RS, Vassalli A, Seifinejad A, Tafti M (2015) Hypocretin (orexin) biology and the patho-
physiology of narcolepsy with cataplexy. Lancet Neurol 14:318–328. https://doi.org/10.1016/
S1474-4422(14)70218-2

Limousin N, Dehais C, Gout O, Heran F, Oudiette D, Arnulf I (2009) A brainstem inflammatory 
lesion causing REM sleep behavior disorder and sleepwalking (parasomnia overlap disorder). 
Sleep Med 10(9):1059–1062

Lin C-C, Fan Y-M, Lin G-Y, Yang F-C, Cheng C-A, Lu K-C et al (2016) Tc-TRODAT-1 SPECT 
as a potential neuroimaging biomarker in patients with restless legs syndrome. Clin Nucl Med 
41:14–17. https://doi.org/10.1097/RLU.0000000000000916

33 Sleep Disorders

https://doi.org/10.1016/S1474-4422(10)70216-7
https://doi.org/10.1016/S1474-4422(10)70216-7
https://doi.org/10.1016/S1474-4422(11)70152-1
https://doi.org/10.1016/S1474-4422(11)70152-1
https://doi.org/10.1371/journal.pone.0089741
https://doi.org/10.5665/sleep.6154
https://doi.org/10.1111/j.1468-1331.2012.03705.x
https://doi.org/10.1212/WNL.0000000000003838
https://doi.org/10.1016/S1474-4422(14)70218-2
https://doi.org/10.1016/S1474-4422(14)70218-2
https://doi.org/10.1097/RLU.0000000000000916


1038

Linke R, Eisensehr I, Wetter TC, Gildehaus FJ, Popperl G, Trenkwalder C et al (2004) Presynaptic 
dopaminergic function in patients with restless legs syndrome: are there common features with 
early Parkinson’s disease? Mov Disord 19(10):1158–1162

Lugaresi E, Medori R, Montagna P, Baruzzi A, Cortelli P, Lugaresi A et al (1986) Fatal familial 
insomnia and dysautonomia with selective degeneration of thalamic nuclei. N Engl J Med 
315(16):997–1003

MacFarlane JG, List SJ, Moldofsky H, Firnau G, Chen JJ, Szechtman H et al (1997) Dopamine D2 
receptors quantified in vivo in human narcolepsy. Biol Psychiatry 41(3):305–310

Mahlknecht P, Iranzo A, Högl B, Frauscher B, Müller C, Santamaría J et  al (2015) Olfactory 
dysfunction predicts early transition to a Lewy body disease in idiopathic RBD. Neurology 
84(7):654–658. https://doi.org/10.1212/WNL.0000000000001265

Maquet P (1997) Positron emission tomography studies of sleep and sleep disorders. J Neurol 
244(4 Suppl 1):S23–S28

Maquet P (2000) Functional neuroimaging of normal human sleep by positron emission tomogra-
phy. J Sleep Res 9(3):207–231

Maquet P, Franck G (1997) REM sleep and amygdala. Mol Psychiatry 2(3):195–196
Maquet P, Dive D, Salmon E, Sadzot B, Franco G, Poirrier R et al (1990) Cerebral glucose utiliza-

tion during sleep-wake cycle in man determined by positron emission tomography and [18F]2-
fluoro-2-deoxy-D-glucose method. Brain Res 513(1):136–143

Maquet P, Peters J, Aerts J, Delfiore G, Degueldre C, Luxen A, Franck G (1996) Functional neuro-
anatomy of human rapid-eye-movement sleep and dreaming. Nature 383(6596):163–166

Maquet P, Laureys S, Peigneux P, Fuchs S, Petiau C, Phillips C et al (2000) Experience-dependent 
changes in cerebral activation during human REM sleep. Nat Neurosci 3(8):831–836

Mayer G, Bitterlich M, Kuwert T, Ritt P, Stefan H (2015) Ictal SPECT in patients with rapid 
eye movement sleep behaviour disorder. Brain 138(Pt 5):1263–1270. https://doi.org/10.1093/
brain/awv042

Mazza S, Soucy JP, Gravel P, Michaud M, Postuma R, Massicotte-Marquez J et al (2006) Assessing 
whole brain perfusion changes in patients with REM sleep behavior disorder. Neurology 
67(9):1618–1622

Meles S, Vadasz D, Renken R, Sittig-Wiegand E, Mayer G, Depboylu C et al (2017) FDG PET, 
dopamine transporter SPECT, and olfaction: combining biomarkers in REM sleep behavior 
disorder. Mov Disord 32:1–5. https://doi.org/10.1002/mds.27094

Meyer JS, Sakai F, Karacan I, Derman S, Yamamoto M (1980) Sleep apnea, narcolepsy, and 
dreaming: regional cerebral hemodynamics. Ann Neurol 7(5):479–485

Michaud M, Soucy JP, Chabli A, Lavigne G, Montplaisir J (2002) SPECT imaging of striatal pre- 
and postsynaptic dopaminergic status in restless legs syndrome with periodic leg movements 
in sleep. J Neurol 249(2):164–170

Mignot E, Lammers G, Ripley B, Okun M, Nevsimalova S, Overeem S et al (2002) The role of 
cerebrospinal fluid hypocretin measurement in the diagnosis of narcolepsy and other hyper-
somnias. Arch Neurol 59:1553–1562

Miyamoto T, Orimo S, Miyamoto M, Hirata K, Adachi T, Hattori R et al (2010) Follow-up PET 
studies in case of idiopathic REM sleep behavior disorder. Sleep Med 11(1):100–101. https://
doi.org/10.1016/j.sleep.2009.05.006

Montagna P, Gambetti P, Cortelli P, Lugaresi E (2003) Familial and sporadic fatal insomnia. 
Lancet Neurol 2(3):167–176

Montplaisir J, Boucher S, Poirier G, Lavigne G, Lapierre O, Lesperance P (1997) Clinical, poly-
somnographic, and genetic characteristics of restless legs syndrome: a study of 133 patients 
diagnosed with new standard criteria. Mov Disord 12(1):61–65

Mrowka M, Jobges M, Berding G, Schimke N, Shing M, Odin P (2005) Computerized move-
ment analysis and beta-CIT-SPECT in patients with restless legs syndrome. J Neural Transm 
112(5):693–701. https://doi.org/10.1007/s00702-004-0217-9

Muller HL (2010) Increased daytime sleepiness in patients with childhood craniopharyngioma and 
hypothalamic tumor involvement: review of the literature and perspectives. Int J Endocrinol 
2010:519607. https://doi.org/10.1155/2010/519607

J. O’Byrne et al.

https://doi.org/10.1212/WNL.0000000000001265
https://doi.org/10.1093/brain/awv042
https://doi.org/10.1093/brain/awv042
https://doi.org/10.1002/mds.27094
https://doi.org/10.1016/j.sleep.2009.05.006
https://doi.org/10.1016/j.sleep.2009.05.006
https://doi.org/10.1007/s00702-004-0217-9
https://doi.org/10.1155/2010/519607


1039

Nofzinger EA, Nichols TE, Meltzer CC, Price J, Steppe DA, Miewald JM et al (1999) Changes in 
forebrain function from waking to REM sleep in depression: preliminary analyses of [18F]FDG 
PET studies. Psychiatry Res 91(2):59–78

Nofzinger EA, Price JC, Meltzer CC, Buysse DJ, Villemagne VL, Miewald JM et  al (2000) 
Towards a neurobiology of dysfunctional arousal in depression: the relationship between beta 
EEG power and regional cerebral glucose metabolism during NREM sleep. Psychiatry Res 
98(2):71–91

Nofzinger EA, Buysse DJ, Germain A, Carter C, Luna B, Price JC et al (2004a) Increased activa-
tion of anterior paralimbic and executive cortex from waking to rapid eye movement sleep 
in depression. Arch Gen Psychiatry 61(7):695–702. https://doi.org/10.1001/archpsyc.61.7.695

Nofzinger EA, Buysse DJ, Germain A, Price JC, Miewald JM, Kupfer DJ (2004b) Functional 
neuroimaging evidence for hyperarousal in insomnia. Am J Psychiatry 161(11):2126–2128

O’Byrne JN, Berman Rosa M, Gouin JP, Dang-Vu TT (2014) Neuroimaging findings in primary 
insomnia. Pathol Biol (Paris) 62(5):262–269. https://doi.org/10.1016/j.patbio.2014.05.013

Ohayon MM (2008) From wakefulness to excessive sleepiness: what we know and still need to 
know. Sleep Med Rev 12(2):129–141. https://doi.org/10.1016/j.smrv.2008.01.001

Ohayon MM, Roth T (2002) Prevalence of restless legs syndrome and periodic limb movement 
disorder in the general population. J Psychosom Res 53(1):547–554

Ozaki A, Inoue Y, Nakajima T, Hayashida K, Honda M, Komada Y, Takahashi K (2008) Health-
related quality of life among drug-naïve patients with narcolepsy with cataplexy, narcolepsy 
without cataplexy, and idiopathic hypersomnia without long sleep time. J Clin Sleep Med 
4:572–578. https://doi.org/10.1016/j.sleep.2011.07.014

Pedroso JL, Braga-Neto P, Felicio AC, Minett T, Yamaguchi E, Prado LB et  al (2013) Sleep 
disorders in Machado-Joseph disease: a dopamine transporter imaging study. J Neurol Sci 
324(1–2):90–93. https://doi.org/10.1016/j.jns.2012.10.008

Peigneux P, Laureys S, Fuchs S, Delbeuck X, Degueldre C, Aerts J et al (2001) Generation of rapid 
eye movements during paradoxical sleep in humans. Neuroimage 14(3):701–708

Pennestri MH, Whittom S, Adam B, Petit D, Carrier J, Montplaisir J (2006) PLMS and 
PLMW in healthy subjects as a function of age: prevalence and interval distribution. Sleep 
29(9):1183–1187

Perani D, Cortelli P, Lucignani G, Montagna P, Tinuper P, Gallassi R et al (1993) [18F]FDG 
PET in fatal familial insomnia: the functional effects of thalamic lesions. Neurology 
43(12):2565–2569

Perlis ML, Merica H, Smith MT, Giles DE (2001) Beta EEG activity and insomnia. Sleep Med 
Rev 5(5):363–374

Picchietti D (2006) Periodic limb movements in sleep: irrelevant epiphenomenon, marker for a 
potential problem, or a disorder? J Clin Sleep Med 2(4):446–447

Plazzi G, Montagna P (2002) Remitting REM sleep behavior disorder as the initial sign of multiple 
sclerosis. Sleep Med 3(5):437–439

Pomares FB, Boucetta S, Lachapelle F, Steffener J, Montplaisir J, Cha J et  al (2019) Beyond 
sleepy: structural and functional changes of the default-mode network in idiopathic hypersom-
nia. Sleep 42(11):zsz156. https://doi.org/10.1093/sleep/zsz156

Postuma RB, Gagnon JF, Vendette M, Fantini ML, Massicotte-Marquez J, Montplaisir J (2009) 
Quantifying the risk of neurodegenerative disease in idiopathic REM sleep behavior disorder. 
Neurology 72(15):1296–1300. https://doi.org/10.1212/01.wnl.0000340980.19702.6e

Postuma RB, Iranzo A, Hogl B, Arnulf I, Ferini-Strambi L, Manni R et al (2015) Risk factors for 
neurodegeneration in idiopathic rapid eye movement sleep behavior disorder: a multicenter 
study. Ann Neurol 77(5):830–839. https://doi.org/10.1002/ana.24385

Provini F, Vetrugno R, Pastorelli F, Lombardi C, Plazzi G, Marliani AF et al (2004) Status disso-
ciatus after surgery for tegmental ponto-mesencephalic cavernoma: a state-dependent disorder 
of motor control during sleep. Mov Disord 19(6):719–723. https://doi.org/10.1002/mds.20027

Rinne JO, Hublin C, Partinen M, Ruottinen H, Ruotsalainen U, Nagren K et al (1995) Positron 
emission tomography study of human narcolepsy: no increase in striatal dopamine D2 recep-
tors. Neurology 45(9):1735–1738

33 Sleep Disorders

https://doi.org/10.1001/archpsyc.61.7.695
https://doi.org/10.1016/j.patbio.2014.05.013
https://doi.org/10.1016/j.smrv.2008.01.001
https://doi.org/10.1016/j.sleep.2011.07.014
https://doi.org/10.1016/j.jns.2012.10.008
https://doi.org/10.1093/sleep/zsz156
https://doi.org/10.1212/01.wnl.0000340980.19702.6e
https://doi.org/10.1002/ana.24385
https://doi.org/10.1002/mds.20027


1040

Rinne JO, Hublin C, Nagren K, Helenius H, Partinen M (2004) Unchanged striatal dopamine 
transporter availability in narcolepsy: a PET study with [11C]-CFT.  Acta Neurol Scand 
109(1):52–55

Ruottinen HM, Partinen M, Hublin C, Bergman J, Haaparanta M, Solin O, Rinne JO (2000) An 
FDOPA PET study in patients with periodic limb movement disorder and restless legs syn-
drome. Neurology 54(2):502–504

Sakurai H, Hanyu H, Inoue Y, Kanetaka H, Nakamura M, Miyamoto T et al (2014) Longitudinal 
study of regional cerebral blood flow in elderly patients with idiopathic rapid eye movement 
sleep behavior disorder. Geriatr Gerontol Int 14:115–120. https://doi.org/10.1111/ggi.12068

Schenck CH, Mahowald MW (2002) REM sleep behavior disorder: clinical, developmen-
tal, and neuroscience perspectives 16 years after its formal identification in SLEEP.  Sleep 
25(2):120–138

Shirakawa S, Takeuchi N, Uchimura N, Ohyama T, Maeda H, Abe T et  al (2002) Study of 
image findings in rapid eye movement sleep behavioural disorder. Psychiatry Clin Neurosci 
56(3):291–292

Smith MT, Perlis ML, Chengazi VU, Pennington J, Soeffing J, Ryan JM, Giles DE (2002) 
Neuroimaging of NREM sleep in primary insomnia: a Tc-99-HMPAO single photon emission 
computed tomography study. Sleep 25(3):325–335

Smith MT, Perlis ML, Chengazi VU, Soeffing J, McCann U (2005) NREM sleep cerebral blood 
flow before and after behavior therapy for chronic primary insomnia: preliminary single photon 
emission computed tomography (SPECT) data. Sleep Med 6(1):93–94

Staedt J, Stoppe G, Kogler A, Munz D, Riemann H, Emrich D, Ruther E (1993) Dopamine D2 
receptor alteration in patients with periodic movements in sleep (nocturnal myoclonus). J 
Neural Transm Gen Sect 93(1):71–74

Staedt J, Stoppe G, Kogler A, Riemann H, Hajak G, Munz DL et al (1995a) Nocturnal myoclonus 
syndrome (periodic movements in sleep) related to central dopamine D2-receptor alteration. 
Eur Arch Psychiatry Clin Neurosci 245(1):8–10

Staedt J, Stoppe G, Kogler A, Riemann H, Hajak G, Munz DL et al (1995b) Single photon emission 
tomography (SPET) imaging of dopamine D2 receptors in the course of dopamine replacement 
therapy in patients with nocturnal myoclonus syndrome (NMS). J Neural Transm Gen Sect 
99(1–3):187–193

Staedt J, Stoppe G, Kogler A, Riemann H, Hajak G, Rodenbeck A et al (1996) [123I]IBZM SPET 
analysis of dopamine D2 receptor occupancy in narcoleptic patients in the course of treatment. 
Biol Psychiatry 39(2):107–111

Stanwood GD, Lucki I, McGonigle P (2000) Differential regulation of dopamine D2 and D3 
receptors by chronic drug treatments. J Pharmacol Exp Ther 295(3):1232–1240

Stiasny-Kolster K, Doerr Y, Moller JC, Hoffken H, Behr TM, Oertel WH, Mayer G (2005) 
Combination of ‘idiopathic’ REM sleep behaviour disorder and olfactory dysfunction as 
possible indicator for alpha-synucleinopathy demonstrated by dopamine transporter FP-CIT-
SPECT. Brain 128(Pt 1):126–137

Stokholm MG, Iranzo A, Østergaard K, Serradell M, Otto M, Svendsen KB et  al (2017) 
Assessment of neuroinflammation in patients with idiopathic rapid-eye-movement sleep 
behaviour disorder: a case-control study. Lancet Neurol 16:789–796. https://doi.org/10.1016/
S1474-4422(17)30173-4

Sudo Y, Suhara T, Honda Y, Nakajima T, Okubo Y, Suzuki K et al (1998) Muscarinic cholinergic 
receptors in human narcolepsy: a PET study. Neurology 51(5):1297–1302

Tatsch K, Schwarz J, Mozley PD, Linke R, Pogarell O, Oertel WH et al (1997) Relationship between 
clinical features of Parkinson’s disease and presynaptic dopamine transporter binding assessed 
with [123I]IPT and single-photon emission tomography. Eur J Nucl Med 24(4):415–421

Thannickal TC, Moore RY, Nienhuis R, Ramanathan L, Gulyani S, Aldrich M et  al (2000) 
Reduced number of hypocretin neurons in human narcolepsy. Neuron 27:469–474. https://doi.
org/10.1016/S0896-6273(00)00058-1

J. O’Byrne et al.

https://doi.org/10.1111/ggi.12068
https://doi.org/10.1016/S1474-4422(17)30173-4
https://doi.org/10.1016/S1474-4422(17)30173-4
https://doi.org/10.1016/S0896-6273(00)00058-1
https://doi.org/10.1016/S0896-6273(00)00058-1


1041

Thomas M, Sing H, Belenky G, Holcomb H, Mayberg H, Dannals R et al (2000) Neural basis of 
alertness and cognitive performance impairments during sleepiness. I. Effects of 24 h of sleep 
deprivation on waking human regional brain activity. J Sleep Res 9(4):335–352

Tippmann-Peikert M, Boeve BF, Keegan BM (2006) REM sleep behavior disorder initiated by 
acute brainstem multiple sclerosis. Neurology 66(8):1277–1279

Trenkwalder C, Paulus W (2010) Restless legs syndrome: pathophysiology, clinical presentation 
and management. Nat Rev Neurol 6(6):337–346. https://doi.org/10.1038/nrneurol.2010.55

Trenkwalder C, Walters AS, Hening WA, Chokroverty S, Antonini A, Dhawan V, Eidelberg 
D (1999) Positron emission tomographic studies in restless legs syndrome. Mov Disord 
14(1):141–145

Trenkwalder C, Hening WA, Montagna P, Oertel WH, Allen RP, Walters AS et al (2008) Treatment 
of restless legs syndrome: an evidence-based review and implications for clinical practice. Mov 
Disord 23(16):2267–2302. https://doi.org/10.1002/mds.22254

Tribl GG, Asenbaum S, Klosch G, Mayer K, Bonelli RM, Auff E et al (2002) Normal IPT and 
IBZM SPECT in drug naive and levodopa-treated idiopathic restless legs syndrome. Neurology 
59(4):649–650

Tribl GG, Asenbaum S, Happe S, Bonelli RM, Zeitlhofer J, Auff E (2004) Normal striatal D2 
receptor binding in idiopathic restless legs syndrome with periodic leg movements in sleep. 
Nucl Med Commun 25(1):55–60

Tsuno N, Besset A, Ritchie K (2005) Sleep and depression. J Clin Psychiatry 66(10):1254–1269
Turjanski N, Lees AJ, Brooks DJ (1999) Striatal dopaminergic function in restless legs syndrome: 

18F-dopa and 11C-raclopride PET studies. Neurology 52(5):932–937
Unger MM, Moller JC, Stiasny-Kolster K, Mankel K, Berg D, Walter U et al (2008) Assessment 

of idiopathic rapid-eye-movement sleep behavior disorder by transcranial sonography, olfac-
tory function test, and FP-CIT-SPECT. Mov Disord 23(4):596–599. https://doi.org/10.1002/
mds.21908

Vendette M, Gagnon JF, Soucy JP, Gosselin N, Postuma RB, Tuineag M et al (2011) Brain perfu-
sion and markers of neurodegeneration in rapid eye movement sleep behavior disorder. Mov 
Disord 26(9):1717–1724. https://doi.org/10.1002/mds.23721

von Spiczak S, Whone AL, Hammers A, Asselin MC, Turkheimer F, Tings T et  al (2005) The 
role of opioids in restless legs syndrome: an [11C]diprenorphine PET study. Brain 128(Pt 
4):906–917. https://doi.org/10.1093/brain/awh441

Walters AS (2002) Review of receptor agonist and antagonist studies relevant to the opiate system 
in restless legs syndrome. Sleep Med 3(4):301–304

Wehrle R, Czisch M, Kaufmann C, Wetter TC, Holsboer F, Auer DP, Pollmacher T (2005) Rapid 
eye movement-related brain activation in human sleep: a functional magnetic resonance imag-
ing study. Neuroreport 16(8):853–857

Wu P, Yu H, Peng S, Dauvilliers Y, Wang J, Ge J et al (2014) Consistent abnormalities in meta-
bolic network activity in idiopathic rapid eye movement sleep behaviour disorder. Brain 
137:3122–3128. https://doi.org/10.1093/brain/awu290

Xi Z, Luning W (2009) REM sleep behavior disorder in a patient with pontine stroke. Sleep Med 
10(1):143–146. https://doi.org/10.1016/j.sleep.2007.12.002

Yeon Joo E, Hong SB, Tae WS, Kim JH, Han SJ, Cho YW et al (2005) Cerebral perfusion abnor-
mality in narcolepsy with cataplexy. Neuroimage 28(2):410–416

Zadra A, Pilon M, Montplaisir J (2008) Polysomnographic diagnosis of sleepwalking: effects of 
sleep deprivation. Ann Neurol 63(4):513–519. https://doi.org/10.1002/ana.21339

Zambelis T, Paparrigopoulos T, Soldatos CR (2002) REM sleep behaviour disorder associated with 
a neurinoma of the left pontocerebellar angle. J Neurol Neurosurg Psychiatry 72(6):821–822

33 Sleep Disorders

https://doi.org/10.1038/nrneurol.2010.55
https://doi.org/10.1002/mds.22254
https://doi.org/10.1002/mds.21908
https://doi.org/10.1002/mds.21908
https://doi.org/10.1002/mds.23721
https://doi.org/10.1093/brain/awh441
https://doi.org/10.1093/brain/awu290
https://doi.org/10.1016/j.sleep.2007.12.002
https://doi.org/10.1002/ana.21339

	33: Sleep Disorders
	33.1	 Introduction
	33.2	 Central Hypersomnolence Disorders
	33.2.1	 Narcolepsy
	33.2.1.1	 Acetylcholine, Serotonin, and Dopamine Functions in Narcolepsy
	33.2.1.2	 Brain Glucose Metabolism and Perfusion in Narcoleptic Individuals
	33.2.1.3	 Neural Correlates of Cataplexy
	33.2.1.4	 Pharmacological Treatment of Narcolepsy
	Methylphenidate
	Modafinil

	33.2.1.5	 Narcolepsy Type 2
	33.2.1.6	 Summary

	33.2.2	 Idiopathic Hypersomnia

	33.3	 Restless Legs Syndrome and Periodic Limb Movements
	33.3.1	 Restless Legs Syndrome
	33.3.2	 Periodic Limb Movements
	33.3.3	 Summary

	33.4	 Parasomnias
	33.4.1	 Sleepwalking
	33.4.2	 REM Sleep Behavior Disorder
	33.4.2.1	 Hypo- and Hyperperfusions in RBD
	33.4.2.2	 Dopaminergic Imaging
	33.4.2.3	 Metabolic Brain Networks

	33.4.3	 Summary

	33.5	 Insomnia
	33.5.1	 Primary Insomnia
	33.5.2	 Fatal Familial Insomnia
	33.5.3	 Neuroimaging of Sleep in Depression
	33.5.4	 Summary

	33.6	 General Conclusions
	References




