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OVER THE LAST COUPLE OF DECADES, SEVERAL 
STUDIES HAVE USED FUNCTIONAL NEUROIMAGING 
TECHNIQUES TO INVESTIGATE THE CEREBRAL cor-
relates and consequences of primary sleep disorders in adult 
humans. By revealing the regional patterns of activation associ-
ated with specific sleep disorders, the data from positron emis-
sion tomography (PET) and magnetic resonance imaging (MRI) 
techniques complement and extend previous findings mainly 
based on electroencephalography (EEG) and brain-damaged 
patients. Here we review recent functional neuroimaging data 
gained from adult patients having sleep disorders. Our goal is to 
assess how these new data might improve our knowledge of the 
neural mechanisms involved in the pathophysiology of some 
major sleep disorders. Critical EEG results are also considered, 
but a comprehensive integration of electrical neuroimaging 
with metabolic and hemodynamic findings is beyond the scope 
of the current review.

We first report functional imaging studies in intrinsic sleep dis-
orders such as idiopathic insomnia, narcolepsy and obstructive 
sleep apnea. We then focus on neuroimaging findings in abnormal 
motor behavior during sleep (i.e., periodic limb movement dis-
order and REM sleep behavior disorder). We also consider brain 
functions in sleep disorders related to specific psychiatric disor-
ders. Rare sleep disorders and case reports are not reviewed here.

Each sleep disorder section starts with an introduction to the 
disorder, including possible pathophysiological brain mecha-
nisms, followed by a detailed review of the structural and func-
tional neuroimaging findings, and ends with a summary of the 
main findings.

IdIopathIc InsomnIa

Insomnia is characterized by complaints of difficulty in ini-
tiating or maintaining sleep or of nonrestorative sleep, which 
cause clinically significant distress or impairment in social, oc-
cupational, or other important areas of functioning.1 Insomnia 
therefore presents with subjective symptoms. Insomnia might 
arise directly from sleep/wake regulatory dysfunction or indi-
rectly from comorbid behavioral, psychiatric, neurological, im-
mune, or endocrine disorders, including disturbances secondary 
to the use of drugs. Insomnia appears to be a 24-h disorder be-
cause it is not restricted to sleep complaints alone but can af-
fect several aspects of daytime functioning as well. Importantly, 
insomnia is a common disorder in our society, with 10% to 20% 
of the general population reporting insomnia complaints and 
related impairment of daytime functioning.2

Depression is often associated with insomnia.3 In this sec-
tion, we also review the data pointing to some common under-
lying neurophysiological mechanisms for both sleep and mood 
regulation.

hyperarousal hypothesis in Insomnia

According to the International Classification of Sleep Disor-
ders (ICSD-2), idiopathic insomnia “is a lifelong inability to ob-
tain adequate sleep that is presumably due to an abnormality of 
the neurological control of the sleep-wake system.”4 Idiopathic 
insomnia is thought to reflect an imbalance between arousal and 
sleep promoting systems, which results in a global cortical hyper-
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activity as evidenced by EEG studies (see below). In line with the 
elevated arousal levels, several studies have reported increased 
alertness using the multiple sleep latency test as well as increased 
tension and anxiety during wakefulness, associated with a reduc-
tion of total sleep duration.5 Poor sleep may also have important 
consequences on daytime functioning such as altered mood and 
motivation, decreased attention and vigilance, low levels of en-
ergy and concentration, and increased daytime fatigue.5 In addi-
tion, insomnia increases the risk of major depression.3

Quantitative EEG recordings have confirmed an overall cortical 
hyperarousal in primary insomnia, characterized by an increase 
in beta/gamma activity at sleep onset and during NREM sleep.6 
Insomnia would therefore result from a conditioned state of cen-
tral nervous system (CNS) arousal, which enhances a variety of 
sensory and cognitive phenomena that are normally suppressed 

Idiopathic Insomnia

Metabolic increase during NREM Sleep

Metabolic decrease during NREM Sleep

Figure 1—Regional cerebral metabolism during NREM sleep 
in idiopathic insomnia. Nofzinger et al. found increased regional 
metabolism (18FDG PET) from waking to NREM sleep in patients 
with idiopathic insomnia.7 Smith et al. found reduced regional cer-found reduced regional cer-
ebral blood flow (SPECT) in the basal ganglia in insomniacs.11 1 = 
anterior cingulate, 2 = thalamus, 3 = hypothalamus, 4 = ascending 
reticular activating system, 5 = insula, 6 = medial temporal, 7 = 
basal ganglia.

or at least diminished at sleep onset. Uncommon high-frequency 
activity associated with sleep onset might thus contribute to the 
frequent misperception of insomniacs of not being asleep while 
objective EEG parameters indicate otherwise.6

Functional Imaging in Insomnia

To our knowledge, only a few studies have assessed the func-
tional neuroanatomy of idiopathic (or primary) insomnia disor-
der by recording brain activity during NREM sleep. Nofzinger et 
al. used 18fluorodeoxyglucose (18FDG) PET to measure regional 
brain metabolism (indexed by glucose consumption, CMRglu) in 
7 patients with idiopathic insomnia and 20 healthy age-matched 
and gender-matched subjects during waking and NREM sleep.7 
Insomnia patients showed increased global CMRglu during the 
transition from waking to sleep onset as compared to healthy 
subjects, suggesting that there is an overall cortical hyperarousal 
in insomnia. Moreover, insomniac patients exhibited less reduc-
tion of relative CMRglu from waking to NREM sleep in the 
ascending reticular activating system, hypothalamus, insular 
cortex, amygdala, hippocampus, anterior cingulate, and medial 
prefrontal cortices, as illustrated in Figure 1. Increased metabo-
lism was also observed in the thalamus, which might reflect per-
sistent sensory processing as well as subsequent shallower sleep. 
In contrast, during wakefulness decreased metabolism was found 
in subcortical (thalamus, hypothalamus, and brainstem reticular 
formation) as well as in cortical regions (prefrontal cortex bilater-
ally, left superior temporal, parietal, and occipital cortices). These 
findings suggest that insomnia might involve abnormally high 
regional brain activity during sleeping states, associated with re-
duced brain metabolism during waking. The observed reduction 
in prefrontal cortex activity during wakefulness is consistent with 
reduced attentional abilities and impaired cognitive flexibility 
resulting from inefficient sleep and is consistent with a chronic 
state of sleep deprivation.8-10

Another preliminary study by Smith et al.,11 which compared 
5 insomniacs with 4 normal sleepers using single photon emis-
sion computed tomography (SPECT), found no significant re-
gional increase during NREM sleep but reduced regional cere-
bral blood flow (rCBF) in frontal medial, occipital, and parietal 
cortices, as well as in the basal ganglia (Figure 1). Interestingly, 
in Nofzinger’s study, decreases in activity in these same regions 
were also found in insomniacs, but during wakefulness. Howev-
er, some of the methodological limitations in the Smith’s study 
need to be considered. Firstly, the blood flow was only sampled 
during the first NREM cycle. Therefore, the observed decreased 
metabolism in insomniacs might reflect cortical hypoarousal 
during the initial phases of NREM sleep following sleep onset, 
while it remains possible that the patients were more aroused 
over later NREM sleep cycles, which would be more consistent 
with higher beta activity later at night (see above). Secondly, 
the blood flow was measured after a longer duration of NREM 
sleep in insomnia patients than in healthy subjects, leading 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 can-
not rule out the hyperarousal hypothesis of primary insomnia.

Four of the insomnia patients from the Smith’s study were 
rescanned after they had been treated by cognitive behavioral 
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therapy (which included sleep restriction and stimulus con-
trol12). After treatment, sleep latency was reduced by at least 
43%, and there was a global 24% increase in CBF with signifi-
cant increases in the basal ganglia. The authors proposed that 
such increase in brain activity might reflect the normalization 
of sleep homeostatic processes. These interesting initial results 
will inspire further investigation on the effects of psychothera-
py on brain functioning in insomnia.

depression and Insomnia

Depression is the most common primary diagnosis in patients 
suffering from insomnia.13 Of all psychiatric conditions associ-
ated with insomnia, depression (in particular unipolar depres-
sion) is the most frequently diagnosed one.3 Depressed patients 
frequently report increased daytime fatigue and tend to com-
pensate with daytime napping. Patients with bipolar disorder, 
on the other hand, report insomnia while depressed, but also 
hypersomnia, with extended nocturnal sleep periods, difficulty 
in awakening, and excessive daytime sleepiness.13 Thus, sleep 
disturbances appear to vary even across depression subtypes. 
In addition, depression is associated with other sleep disorders 
like OSAS (see OSAS section).14 Here, we only focus on the 
links between depression and insomnia. Indications of hyper-
arousal in both conditions suggest shared neurophysiological 
mechanisms underlying both sleep and mood regulation.15

hyperarousal hypothesis in depression

In depressed patients, modifications of the sleep architec-
ture is characterized by reduced slow wave sleep (SWS), early 
onset of the first episode of REM sleep, and increased phasic 
REM sleep.16 Gillin et al.17 postulated that depression is closely 
linked to an abnormal increase in some aspects of physiologi-
cal arousal. Consistent with this hypothesis, total scores on the 
Hamilton Depression Rating Scale (HDRS) as well as sleep dis-
turbance in depression, a distinct symptom cluster included in 
the HDRS, have been found to correlate with increased metabo-
lism and regional cerebral blood flow during wakefulness in a 
large set of cerebral areas including limbic structures, anterior 
cingulate, thalamus, and basal ganglia.18

Intriguingly, total sleep deprivation is the only known thera-
peutic intervention in depression that has proven antidepressant 
effects within 24 hours. Sleep deprivation has rapid beneficial 
effects, but unfortunately only for about half of the depressive 
population, with depressive symptoms reappearing after 1 night 
of recovery sleep.3 One hypothesis is that sleep deprivation can 
transiently counteract global hyperarousal in the responder 
population.19

Since hyperarousal has also been described in insomnia, this 
may be a common pathway underpinning the close relationship 
between sleep and mood disorders. Evidence for reciprocal rela-
tionship between sleep and depression is twofold: sleep distur-
bances often accompany depression whereas chronic insomnia 
is a risk factor for the development of depression.20 Subclinical 
sleep EEG alterations may persist in patients at risk for a de-
pressive episode, thus offering further evidence of a close link 
between sleep and mood regulation.

neuroimaging of sleep in depression

A pioneering study by Ho et al. examined NREM using PET 
in 10 patients with depression and 12 controls.21 The depressed 
patients showed higher CMRglu during NREM sleep in the 
pons, posterior cingulate, amygdala, hippocampus, and occipi-
tal and temporal cortices. There was a significant reduction of 
relative CMRglu in medial-orbital frontal and anterior cingu-
late cortices, caudate nucleus, and medial thalamus. These early 
findings support 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.22 More recent studies have 
confirmed that depressed patients have relatively persistent 
“elevated” activity measured by CMRglu across many brain 
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Metabolic increase during NREM Sleep
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Figure 2—Metabolic changes during REM and NREM sleep 
in depression. During NREM23 and REM,24 depressed patients 
show “elevated” activity measured by CMRglu across sev-
eral cortical and subcortical regions sleep compared to presleep 
wakefulness.23,24 1 = frontoparietal, 2 = posterior parietal, 3 = sup-
plementary motor area, 4 = ascending reticular activating system, 
5 = insula, 6 = ventral pallidum, 7 = medial prefrontal, 8 = thala-
mus, 9 = posterior cingulate.
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low a better understanding of the neural mechanisms underly-
ing the recovery from primary insomnia.

narcolepsy

Narcolepsy is a sleep/wake disorder characterized by the 
clinical tetrad of excessive daytime sleepiness, sudden loss of 
muscle tone (cataplexy), sleep paralysis, and hypnagogic hal-
lucinations. Nocturnal sleep disruption is typical in narcolepsy. 
Almost all patients with narcolepsy (with cataplexy subgroup) 
are positive for the human leukocyte antigen (HLA) subtype 
DQB1*0602; this HLA subtype is much less frequent in the 
general population.31 Additional biological markers include 
sleep-onset REM periods (SOREMPs) on multiple sleep la-
tency tests (MSLT) and low level of cerebrospinal fluid (CSF) 
hypocretin-1 (orexin A).

Lately, narcolepsy has been linked to a loss of hypothalamic 
neurons producing hypocretin (also called orexin), a neuro-
peptide implicated in arousal systems.32 Hypocretin neurons 
are localized in the lateral hypothalamus and have widespread 
projections throughout the brain. Hypocretin neurons receive 
inputs from excitatory (glutaminergic) and inhibitory (nora-
drenergic, serotonergic and GABAergic) neurons.32 Hypocretin 
neurons have been found to be implicated in maintaining wake-
fulness, as well as in the regulation of motor functions (locomo-
tion, muscle tone), energy expenditure, and sympathetic activi-
ty.32 Postmortem autopsy studies showed a loss of hypocretin 
messenger ribonucleic acid (mRNA) and a reduction or loss of 
hypocretin peptides. Low CSF hypocretin-1 levels is an usual 
finding in narcolepsy with definite cataplexy.31 In contrast, in 
most patients with narcolepsy without cataplexy and in other 
primary sleep-wake disorders (such as insomnia or restless legs 
syndrome), CSF hypocretin-1 levels are normal. However, low 
CSF hypocretin-1 levels can also be found in several neurologi-
cal disorders irrespective of sleep habits.

Over the past decade, brain imaging studies have provided 
major insights into the functional neuroanatomy of normal hu-
man waking state, REM sleep or SWS. Yet, only a few stud-
ies looked at how brain activity might be altered in narcoleptic 
patients. Moreover, the neural correlates of other characteristic 
symptoms in narcoleptic patients such as cataplexy, hypnopom-
pic/hypnagogic hallucinations or sleep paralysis remain largely 
unknown.

structural abnormalities in narcolepsy

Because it controls transitions between sleep states, the pon-
tine tegmentum was first proposed as a possible main site of an-
atomical or functional impairments in narcolepsy. While Plazzi 
and coworkers33 had reported pontine tegmentum abnormalities 
(T2 hyperintensity) in 3 patients with narcolepsy using MRI, 2 
other structural MRI studies34,35 found no pontine abnormalities 
in idiopathic narcolepsy (except in 2 out of 12 patients who had 
longstanding hypertension35). However, the MRI abnormali-
ties found in the study of Plazzi and colleagues could reflect 
nonspecific age-related pontine vascular changes rather than 
a narcolepsy-related phenomenon, as they were indistinguish-
able from ischemic changes and were associated with similar 
anomalies in the hemispheres.

regions during sleep compared to presleep wakefulness (REM: 
24 depressed patients compared to 14 controls;23 NREM: 12 
depressed patients compared to 13 controls,24 see Figure 2). 
Regions more activated during REM sleep included frontal, 
parietal, premotor, and sensorimotor cortices, as well as the 
insula, the ventral pallidum, and the midbrain reticular forma-
tion.23 Regions more activated during NREM sleep included 
the temporal and occipital cortices, as well as the insula, poste-
rior cingulate, cerebellum, and thalamus.24 However, increased 
metabolism was also found in prefrontal cortex (unlike21). 
These results are again consistent with a general hyperactiva-
tion of arousal systems in depression that may underlie both 
sleep disturbances such as insomnia as well as nonrestorative 
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.25 In humans, REMs bursts are 
classically thought to reflect ponto-geniculo-occipital (PGO) 
waves, possibly associated with orienting responses and arousal 
processes during sleep.26,27 An 18FDG PET study assessed cere-
bral glucose consumption in a group of 13 medication-free de-
pressed patients during REM sleep.28 The average REM count 
(an automated analog of REM density) was found to positively 
correlate with the 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 
posterior parietal cortex).29 Whether increased activity in these 
regions may drive hyperarousal during REM sleep remains un-
clear. These results might not be specific to depression because 
no control data were provided in that study and because the 
observed activation pattern overlapped with results of healthy 
controls from other studies.26,30

summary

Because currently available data are limited and not perfectly 
consistent, any conclusion about the cerebral correlates of insom-
nia during NREM sleep has to remain tentative. Whilst there is 
some evidence for decreased activity in cortical areas during 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 tran-
sition from waking to sleep states. The available data generally 
support the hyperarousal theory of insomnia with increased neu-
ronal activity during NREM sleep being a possible key factor con-
tributing to sleep misperception and disturbances in insomnia.

Depression is often associated with insomnia, as well as 
with hyperarousal characterized by persistent “elevated” activ-
ity across many brain regions during NREM sleep. Strong evi-
dence for hyperarousal in both idiopathic insomnia and depres-
sion, together with persistent alterations in sleep architecture in 
remitted depression, corroborate common neurophysiological 
mechanisms underlying sleep and mood regulation.

Changes in brain functions after insomnia treatments have 
to be assessed more carefully in future neuroimaging studies. 
Indeed, functional imaging could be coupled with pharmaco-
logical or psychotherapeutic treatments in order to assess the 
neurophysiological response to such interventions, and thus al-
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Differences in brain morphology that are not identifiable by 
routine inspection of individual structural MRI can be inves-
tigated using voxel-based morphometry (VBM). VBM allows 
between-group, statistical comparisons of tissue composition 
(gray and white matter) across all brain regions, based on 
high-resolution scans. To date, VBM studies reported equivo-
cal results in narcoleptic patients. An early study found no 
structural change in brains of patients with hypocretin-defi-
cient narcolepsy,36 suggesting that functional abnormalities 
of hypocretin neurons could either be associated with mi-
croscopic alterations undetectable by VBM or not be associ-
ated with any structural changes whatsoever. Two subsequent 
studies did find cortical gray matter reduction in patients with 

narcolepsy, predominantly in frontal brain regions37 as well 
as in inferior temporal regions38 (Figure 3). Relative global 
gray matter loss was independent of disease duration or medi-
cation history and there were no significant subcortical gray 
matter alterations.38 Significant gray matter concentration de-
creases were found in the hypothalamus, cerebellum (vermis), 
superior temporal gyrus and right nucleus accumbens in 29 
narcoleptic patients relative to unaffected healthy controls.39 
Given the major projection sites of hypocretin-1 (the hypo-
thalamus among others) and hypocretin-2 (the nucleus accum-
bens among others), the decreases in gray matter could reflect 
secondary neuronal losses due to the destruction of specific 
hypocretin projections. A recent VBM study corroborated sig-

Narcolepsy

Gray matter decreases

Metabolic decreases during wakefulness

Metabolic increases during cataplexy

Figure 3—(a) Anatomical brain changes in narcoleptic patients assessed by VBM. In narcoleptic patients, cortical gray matter loss was found 
to affect frontal brain regions,37 temporal regions,38 as well as hypothalamus, cerebellum (vermis) and ventral striatum39 (see also40). However, 
hypothalamus damage is not systematically found in VBM studies.36 (b) Functional brain changes in narcolepsy. Narcoleptic patients show 
reduced baseline activity during wakefulness (18FDG PET, SPECT) in several regions including the hypothalamus and mediodorsal thalamic 
nuclei.45,46 During cataplexy, one SPECT study reported hyperperfusion in several brain regions including limbic area, brainstem and motor 
regions51 (but see also52). 1 = hypothalamus, 2 = nucleus accumbens (right), 3 = frontomesial, 4 = prefrontal (right), 5 = inferior temporal, 6 
= inferior frontal, 7 = superior frontal, 8 = inferior parietal lobule, 9 = rectal/subcallosal gyrus, 10 = dorsal thalamus, 11 = hypothalamus, 12 
= cingulate, 13 = post central/supramarginal, 14 = caudate, 15 = premotor and motor cortex, 16 = cingulate, 17 = thalamus, 18 = brainstem, 
19 = insula (right), 20 = amygdala (right).
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on 12 narcoleptic patients and 12 controls while they watched 
sequences of humorous pictures. Both patients and controls were 
similar in humor appreciation and activated regions known to 
contribute to humor processing, including limbic and striatal re-
gions. A direct statistical comparison between patients and con-
trols revealed that humorous pictures elicited reduced hypotha-
lamic response together with enhanced amygdala response in 
the patients. These results suggest that hypothalamic HCRT 
activity physiologically modulates the processing of emotional 
inputs within the amygdala, and that suprapontine mechanisms 
of cataplexy might involve a dysfunction of hypothalamic–
amygdala interactions triggered by positive emotions.50

neural correlates of cataplexy

There are very few data describing the neural correlates of 
cataplexy in narcoleptic patients. One study reported prelimi-
nary SPECT data on 2 patients during a cataplexy episode com-
pared to REM sleep or baseline wakefulness.51 During cata-
plexy, perfusion increased in limbic areas (including amygdala, 
insula and cingulate gyri) and basal ganglia, thalami, premotor 
cortices, sensorimotor cortices and brainstem, whereas perfu-
sion decreased in prefrontal cortex and occipital lobe (Figure 
3). Increased cingulate and amygdala activity may relate to 
concomitant emotional processing that is usually reported as a 
powerful trigger of cataplexy. However, such hyperperfusion in 
the pons, thalami and amygdaloid complexes was not found in a 
recent single case report,52 which revealed increased activity in 
several cortical areas including cingulate cortex, orbitofrontal 
cortex and right putamen during an episode of cataplexy (here, 
during status cataplecticus). Future studies using well-designed 
fMRI protocols on larger samples of patients would be particu-
larly suited to better characterize this complex symptom.50

neurotransmission in narcolepsy: ligand neuroimaging studies

Given the role of acetylcholine as an important neurotrans-
mitter in the generation of REM sleep, it was hypothesized that 
narcolepsy might also involve disturbances within the cholin-
ergic system. However at present, this hypothesis is not support-
ed by the available PET data which could not show any change 
in muscarinic cholinergic receptors in narcoleptic patients.53 
Recently, the release of endogenous serotonin was measured 
during wakefulness and sleep in human brain using a serotonin 
antagonist as PET ligand (18FMPPF in 14 narcoleptic patients).54 
Serotonin receptor availability increased in sleep compared to 
wakefulness in narcoleptic patients. Unfortunately, as there was 
no control group, these results can only support the fact that 
serotonin release promotes wakefulness and suppresses REM 
sleep, as suggested by previous animal data.55

Likewise, the dopamine system has been probed by PET 
in narcoleptic patients because increased dopamine D2 (dop-
amine receptor 2) binding was shown in the brain of deceased 
narcoleptic patients.56,57 One SPECT study found D2-receptor 
binding in the striatal dopaminergic system correlated with the 
frequency of cataplectic episodes and sleep attacks in 7 patients 
with narcolepsy.58 However, this finding was not confirmed 
by other PET59,60 or SPECT studies.61,62 Interestingly, although 
binding levels of IBZM (iodobenzamide, dopamine D2 recep-

nificant reduction in hypothalamic gray matter volume in 19 
patients compared with 16 controls.40

Proton magnetic resonance spectroscopy (1H-MRS) was 
also used to assess the N-acetylaspartate (NAA) and creatinine 
plus phosphocreatinine (Cr+PCr) content in the hypothalamus 
of narcoleptic patients. An analysis of spectral peak area ratios 
revealed a decrease in the NAA/Cr+PCr ratio in the hypothala-
mus of 23 narcoleptic patients compared with 10 control sub-
jects.41 An earlier study found similar NAA/Cr+PCr ratios in 
the ventral pontine areas of 12 narcoleptic patients compared 
to 12 controls.42 Reduced NAA/Cr+PCr ratio indicates reduced 
neuronal function which could reflect neuronal loss (i.e., fewer 
neurons), but could also be due to reduced activity of exist-
ing neurons. Decreased NAA concentration is typically seen in 
neurodegenerative, inflammatory, or vascular disorders.43 The 
partial reversibility of NAA deficit during recovery from acute 
brain pathology44 suggests that reduced brain NAA may be not 
only related to neuronal loss, but also to neuronal dysfunction.

Several factors can explain inconsistencies across both VBM 
and spectroscopy studies such as inhomogeneous patient groups, 
history of treatment or, for VBM, pre-statistical image process-
ing and limited sensitivity of this technique (which means that 
large sample sizes are needed to obtain reliable results). VBM 
studies with larger samples of drug-naive patients are required 
to identify reliably structural abnormalities in narcolepsy.

Functional Imaging in narcolepsy

Baseline activity during wakefulness was assessed with 
18FDG PET by measuring CMRGlu in 24 narcoleptic patients 
and 24 normal controls.45 Narcoleptic patients had reduced 
CMRGlu in bilateral precuneus, bilateral posterior hypothalami 
and mediodorsal thalamic nuclei45 (see Figure 3). A subsequent 
SPECT study showed hypoperfusion in bilateral anterior hy-
pothalami.46 These two studies indicate lower waking baseline 
activity in narcolepsy.

Other studies have compared regional brain activity during 
wakefulness and sleep states. An early study using 133Xe inhala-
tion showed that during wakefulness, brainstem and cerebellar 
blood flow was lower in narcoleptic patients than in normal sub-
jects.47 In contrast, rCBF increased in all areas after sleep onset 
as compared to wakefulness, in particular in temporo-parietal 
regions, possibly related to visual dreaming or hypnagogic hal-
lucinations. More recently, a 99mTC-HMPAO (technetium 99m-
hexamethylpropyleneamine oxime) SPECT study in 6 narcolep-
tic patients found no difference between waking state and REM 
sleep suggesting similar overall cortical activity across these two 
states.48 However, the lack of control data significantly limits the 
interpretation of this result. Further studies are needed to con-
firm these findings on a larger narcoleptic population including 
systematic comparisons with matched controls.

Brain responses to visual and auditory stimuli were studied 
in 12 narcoleptic patients and 12 control subjects using func-
tional MRI (fMRI).49 There was no group difference in spatial 
extent of cortical activation between control and narcoleptic 
subjects.

Finally, based on the clinical observation that cataplexy epi-
sodes are often triggered by positive emotions (e.g., hearing or 
telling jokes), a recent event-related fMRI study was performed 
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summary

Although human narcolepsy is associated with hypothalamic 
hypocretin/orexin dysfunction, no clear evidence for hypotha-
lamic or pontine tegmentum abnormalities emerges from the 
structural imaging studies reviewed here, including MRI and 
spectroscopy data. By contrast, the few available functional 
imaging studies have consistently found hypoactivity in the 
hypothalamus. These findings suggest that narcolepsy is asso-
ciated with abnormal hypothalamic function in the absence of 
consistent structural alterations detectable by current imaging 
methods. Higher-field MRI scanners with improved signal and 
spatial resolution might provide a more refined picture of the 
structural changes in narcolepsy. Neuroimaging data of narco-
lepsy during active tasks testing specific brain circuits,50 as well 
as during different sleep states are very promising.

One of the cardinal symptoms of narcolepsy, i.e., cataplexy, 
has been found to be associated with increased activity in areas 
involved in emotion and reward processing. These data collect-
ed on a total of 3 patients still need confirmation.

In addition to a hypocretin/orexin dysfunction, it has been 
suggested that the dopamine system might also be involved in 
pathophysiology of narcolepsy, based on postmortem studies 
showing an increase in striatal dopamine binding. However, the 
available neuroimaging results on living patients indicate that 
increases in dopamine activity might be due to long-term ef-
fects of prior treatment rather than intrinsic modifications due 
to the pathophysiology of narcolepsy.

oBstructIVe sleep apnea syndrome (osas)

Obstructive sleep apnea syndrome (OSAS) is characterized by 
repetitive episodes of upper airway obstruction that occur during 
sleep and are usually associated with a reduction in blood oxygen 
saturation. These nocturnal respiratory disturbances result in brief 
arousals from sleep (i.e., sleep fragmentation) that considerably 
disturb sleep architecture and may lead to an almost complete 
deprivation of REM sleep and stages 3 and 4 of NREM sleep. 
Both sleep disturbances and hypoxemia contribute to excessive 
daytime sleepiness, a common symptom of the syndrome. OSAS 
is associated with significant morbidity, such as hypertension, 
cardiovascular disease, stroke and also motor vehicle accidents. 
Large epidemiologic studies revealed that OSAS affects 2% of 
women and 4% of men of the general adult population69 and up 
to 25% of the elderly (i.e., over 60 years).70

The pathophysiology of OSAS is complex and not yet com-
pletely understood. Several studies suggest that OSAS in all age 
groups is due to a combination of both anatomic airway narrow-
ing and alterations in upper airway neuromuscular tone.71 The 
pathophysiology of OSAS also includes enhanced chemoreflex 
sensitivity and an exaggerated ventilatory response during hy-
poxemic episodes.72

Alterations of cognitive processes, behavior and interper-
sonal relations are commonly observed in OSAS patients. 
Both hypoxemia and fragmented sleep are proposed as the 
main factors leading to neurocognitive impairments during 
wakefulness. Several studies emphasized the deterioration of 
executive functions in OSAS patients, including the inability 
to initiate new mental processes, as well as deficits in work-

tor ligand) might be similar in narcoleptic patients and normal 
controls, treatment by stimulants and/or antidepressants for 3 
months have been shown to significantly increase the ligand up-
take in 4 out of 5 patients as compared to pretreatment scans.62 
Therefore, a potential explanation for discrepancies with the 
postmortem studies might be related to the drug treatment of 
narcoleptic patients. Consistent with this hypothesis, Rinne et 
al.63 found no evidence of altered striatal dopamine transporter 
availability in 10 drug-free narcoleptics (without any treatment 
in the past) compared to 15 healthy controls with PET using 
a dopamine transporter ligand (11C-CFT). Collectively, these 
neuroimaging results suggest that the reported postmortem in-
crease in dopamine binding might be due to long-term effects 
of prior treatment rather than intrinsic modifications due to the 
pathophysiology of narcolepsy.

neural consequences of treatment in narcolepsy

Madras et al. studied the neurochemical substrate of 
modafinil, a stimulant drug used in the treatment of narcolepsy, 
in vivo (in rhesus monkey) and in vitro (in human embryonic 
kidney cells).64 They found that modafinil occupies striatal dop-
amine transporter sites and thalamic norepinephrine transporter 
sites in vivo and modulates transporters of both catecholamines 
as well as serotonin in vitro. These results suggest that the ther-
apeutic action of modafinil is mediated by the modulation of 
catecholamine receptors.

Moreover, the effects of stimulant drugs on cerebral function 
in narcoleptic patients were assessed by 2 fMRI studies. The first 
one tested the effect of modafinil on 8 narcoleptic patients and 
8 control subjects while they were presented with multiplexed 
visual and auditory stimulation.49 Modafinil administration effi-
ciently increased self-reported levels of alertness in 7 of 8 narco-
leptic subjects but did not modify the average level of activation 
in either controls or narcoleptics. Another fMRI study assessed 
the effects of amphetamines in 2 patients with narcolepsy and 
3 healthy controls.65 Whereas the extent of the brain response 
to auditory and visual stimulation decreased after amphetamine 
administration in controls, the reverse pattern was observed in 
narcoleptic patients, with increased response in primary and as-
sociation sensory cortices. This latter finding suggests that the 
beneficial effects of amphetamine may be mediated by some en-
hancement of sensory processing in arousal-deficient subjects. 
These early neuroimaging results on the effects of stimulant 
drugs still need to be replicated over larger samples of patients.

One EEG study used advanced methods of distributed source 
localization (based on intracerebral current density estimates, 
LORETA66) to analyze waking EEG recordings in 15 narcolep-
tic patients before and after 3 weeks of modafinil or placebo.67 
Cognitive performance (calculation task) was significantly bet-
ter after modafinil and correlated with a decrease in prefrontal 
delta, theta, and alpha-1 power, suggesting that modafinil might 
influence medial prefrontal processes. Interestingly, Thomas 
and Kwong68 showed that modafinil can counteract the nega-
tive effects of a single night of sleep deprivation on working 
memory, but only when the difficulty of the task remains mod-
erate (2-back task). This was associated with the recruitment of 
areas in the executive network including prefrontal and parietal 
regions.
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patients with OSAS. An early study found regional gray matter 
loss in OSAS patients (n = 21) compared to healthy controls 
(n = 21) in regions involved in various cognitive functions and 
motor regulation of the upper airway, including frontal, tempo-
ral, and parietal regions, anterior cingulate, hippocampus, and 
cerebellum79 (see Figure 4). By contrast, another VBM study 
showed lower gray matter concentration limited to the left hip-
pocampus in 7 OSAS patients compared to 7 controls, with no 
difference in total gray matter volume between the two groups.80 
A more recent study on 25 OSAS patients and 23 controls found 
neither gray matter volume deficits nor focal structural changes 
in severe OSAS patients.81 Comparing both neuropathological 
and neuropsychological effects of hypoxia in patients with ei-
ther carbon monoxide poisoning or OSAS, Gale and Hopkins82 
reported hippocampal atrophy in both groups. Importantly, 
hippocampal volume correlated with performance on nonver-

ing memory, selective attention and continuous attention.73 A 
recent meta-analysis showed that untreated patients with OSAS 
had negligible deficits in intellectual and verbal functioning but 
a substantial impairment of vigilance and executive function-
ing.74 ‘Cognitive reserve’ might protect against OSAS-related 
cognitive decline.75

It is still unclear whether the cognitive consequences of 
OSAS are reversible or not.76,77 Structural alterations may indi-
cate irreversible cerebral changes that would underpin perma-
nent cognitive impairments, although this proposal remains a 
matter of debate in the literature.78

structural changes in osas

Several studies used voxel-based morphometry (VBM) on 
high-resolution MRI scans to assess structural brain changes in 

Gray matter decreases

BOLD decreases during working memory task

BOLD increases during verbal learning task

Obstructive Sleep Apnea Syndrome

Figure 4—(a) Regional gray matter loss in OSAS patients. VBM results in OSAS patients revealed gray matter loss limited to the left hip-
pocampus80 or extending to regions involved in cognitive functions and motor regulation of the upper airway.79 (b) Task-related activation in 
OSAS patients. Functional MRI in OSAS patients during a 2-back working memory task was associated with reduced dorsolateral prefrontal 
activity,87 while verbal learning was associated with increases in frontal cortex, thalamus and cerebellum.88 1 = left anterior cingulate cortex, 
2 = posterior lateral parietal cortex, 3 = inferior temporal gyrus, 4 = parahippocampal gyrus, 5 = right quadrangular lobule, 6 = left hippocam-6 = left hippocam-
pus, 7 = dorsolateral prefrontal cortex, 8 = inferior/middle frontal, 9 = thalamus, 10 = cingulate gyrus, 11 = cerebellum.
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reflect dynamic, compensatory changes in cerebral activation 
during a task after sleep deprivation.89

Cognitive performance may improve with nasal continu-
ous positive airway pressure (nCPAP) treatment, but evidence 
suggests that some cognitive impairments may be permanent. 
For instance, improved attention and vigilance is commonly 
reported after nCPAP treatment in OSAS patients, but no such 
improvement is found for constructional abilities or psychomo-
tor functioning.76 Intrinsic neural dysfunction may explain the 
neuropsychological deterioration in OSAS patients.90 In addi-
tion, several studies have linked OSAS and depression.14 Over-
laps of structural and functional deficits in the hippocampus, 
anterior cingulate, and frontal cortex (areas consistently show-
ing abnormal structure or function in the depression literature91) 
provide several potential biological links between OSAS and 
mood disorders. Regardless of the mechanism, nCPAP therapy 
in OSAS patients can decrease depression scores and overall 
psychopathology, thus providing further evidence for a rela-
tionship between both these pathologies.92

neural correlates of autonomic dysfunction and Impaired 
Ventilatory control

The apneas in OSAS patients have considerable hemody-
namic consequences, involving a complex cascade of physi-
ological events. Repetitive episodes of apnea trigger marked 
fluctuations in both blood pressure and heart rate and affect 
cardiovascular regulation. Several important regulatory mecha-
nisms in cardiovascular homeostasis seem to be impaired in 
OSAS patients—for instance, the ventilatory response to car-
bon dioxide is elevated in OSAS patients.72 This may be as-
sociated with an altered autonomic balance and result in the 
subsequent development of cardiovascular diseases in patients 
with OSAS.

Several fMRI studies have been conducted to characterize the 
response to sympathetic challenge or respiratory stress in OSAS 
patients. Based on the observation that OSAS patients exhibit al-
tered sympathetic outflow, Harper et al.93 used fMRI to assess 
changes in brain activity during a forehead cold pressor chal-
lenge, which typically elicits respiratory slowing, bradycardia, 
and enhanced sympathetic outflow. Compared with 16 control 
subjects, 10 OSAS patients exhibited signal increases in cingulate 
and cerebellar and frontal cortex; whereas fMRI signal decreased 
in medullary, midbrain areas, and cerebellar nuclei, as well as 
in ventral thalamus, hippocampus, and insula (with such signal 
modulation often paralleling changes in breathing and heart rate). 
In another study conducted in 8 drug-free OSAS patients (com-
pared with 15 controls), the fMRI response to Valsalva maneuver 
revealed reduced brain response in parietal, temporal, and pos-
terior insular cortex, as well as in the cerebellum and hippocam-
pus; while activity was enhanced in the lateral precentral gyrus, 
anterior cingulate, and superior frontal cortex in OSAS.94 These 
findings suggest that OSAS impacts on cerebellar, limbic, and 
motor areas involved in the control of airway muscles that medi-
ate a compensatory response to the Valsalva maneuver. Another 
fMRI study investigated brain activity changes during baseline 
and expiratory loading conditions in 9 OSAS and 16 controls.95 
Both groups developed similar expiratory loading pressures, but 
OSAS patients failed to show the appropriate autonomic cerebral 

bal tasks (Wechsler Adult Intelligence Scale–Revised Block 
Design) in both groups. There was no significant correlation 
between hippocampal volume and global memory performance 
but in the OSAS group only, there was a linear relationship be-
tween hippocampal volume and a subset of memory tests (e.g., 
delayed recall on the Rey-Osterrieth Complex Figure Design, 
Trial 6 of the Rey Auditory Verbal Learning Test). This sug-
gests a link between hippocampus damage and some memory 
performance in OSAS.

Single voxel proton magnetic resonance spectroscopy (1H-
MRS) has also been used to assess whether OSAS can induce 
axonal loss or dysfunction, or myelin metabolism impairment. 
An early study using 1H-MRS in 23 OSAS patients showed that 
the N-acetylaspartate/choline ratio (NAA/Cr) in cerebral white 
matter was significantly lower in patients with moderate to se-
vere OSAS than in patients with mild OSAS and healthy sub-
jects.83 In a more recent study, magnetic resonance spectra were 
obtained from prefrontal cortex, parieto-occipital, and frontal 
periventricular white matter. The NAA/Cr and choline/creatine 
(Cho/Cr) ratios as well as absolute concentrations of NAA 
and Cho were significantly lower in the frontal white matter 
of OSAS patients when compared to controls.84 These findings 
may explain some of the deficits in executive function associ-
ated with OSAS, but it is still unclear whether hypoxia or sleep 
fragmentation is the primary cause of such dysfunction.

Consistent with the VBM results above, decreases in abso-
lute creatine-containing compounds in the left hippocampal area 
correlated with increased OSAS severity and worse neurocog-
nitive performance.85 Interestingly, a recent study of Halbower 
et al.86 showed decreased NAA/Cho ratio in the left hippocam-
pus and in the right frontal cortex using the same technique in a 
pediatric population with OSAS.

Taken together these VBM and spectroscopy studies point 
to an atrophy and/or dysfunction of hippocampal regions in 
OSAS.

Brain Imaging of cognitive Functions in osas

Cognition in OSAS patients has been extensively studied, 
yet little is known about associated functional cerebral changes. 
Thomas et al.87 used fMRI to study 16 OSAS patients (8 of 
them were rescanned after treatment with positive airway pres-
sure) and 16 healthy controls during a 2-back verbal working 
memory task. Both performance on the task and dorsolateral 
prefrontal activity were reduced in the patients’ population, re-
gardless of nocturnal hypoxia (Figure 4). After treatment, reso-
lution of subjective sleepiness and the partial recovery of pos-
terior parietal activation contrasted with persistent performance 
deficits and lack of prefrontal activation. Another fMRI study 
examined the cerebral correlates of learning and memory in 12 
nontreated OSAS patients and 12 matched healthy controls.88 
Verbal learning performance was similar for both groups, but 
OSAS patients showed increased brain activation in different 
regions, including bilateral inferior frontal and middle frontal 
gyri, cingulate gyrus, thalamus, and cerebellum. The recruit-
ment of additional brain areas during the task in OSAS patients 
reflect an adaptive compensatory recruitment response.88 This 
hypothesis is consistent with increased brain activity seen after 
sleep deprivation in healthy subjects which has been thought to 
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summary

The reviewed studies suggest that neuropsychological im-
pairments in OSAS are attributable to functional alterations in 
prefrontal, anterior cingulate, hippocampal, and parietal corti-
ces. Even if abnormal brain activations are sometimes revers-
ible under nCPAP, persistent structural brain changes have been 
reported in OSAS patients. Consistent with such findings, sev-
eral studies have suggested that not all neuropsychological im-
pairments disappear after nCPAP treatment. Although the basic 
mechanisms underlying OSAS are not completely understood, 
a dysregulation in autonomic functions might contribute to the 
neural pathophysiology of OSAS. However, it is important to 
note that some of the deficits observed in OSAS patients may 
also be attributable to other concomitant factors such as age, 
elevated body mass index, or depression.

aBnormal motor BehaVIor (1): perIodIc lImB 
moVements and restless legs syndrome

Periodic limb movements in sleep (PLMS) and restless 
legs syndrome (RLS) are distinct but overlapping syndromes. 
PLMS is characterized by periodic episodes of repetitive and 
highly stereotyped limb movements that occur during sleep 
(mainly NREM sleep).4,101 To date, the largest epidemiological 
study evaluating the simultaneous presence of PLMS and sleep 
complaints reported a 3.9% prevalence in 18,980 subjects from 
the general population between 15 and 100 years of age.102

The diagnosis of PLMS requires the presence of PLMS on 
polysomnography as well as an associated sleep complaint 
such as “unrefreshing sleep.” Partial arousal or even awaken-
ing frequently accompanies movements, but the patient is usu-
ally unaware of these movements or sleep disruption. Periodic 
limb movements are themselves nonspecific, occurring dur-
ing sleep—(PLMS) with RLS and with other sleep disorders 
(e.g., narcolepsy, sleep apnea syndrome, REM sleep behavior 
disorder)—or during wakefulness (PLMW) and also in healthy 
subjects.103 Thus, the diagnosis of PLMS requires the exclusion 
of other potential causes for the associated sleep complaint.

Restless legs syndrome (RLS) is a disorder characterized 
by uncomfortable leg sensations, usually prior to sleep onset 
or during the night, which cause an almost irresistible urge to 
move the legs.4,101 The prevalence of RLS is estimated at 5% to 
20%.101 The diagnosis of RLS, by contrast to PLMS, is essen-
tially made on clinical grounds. In addition, most of the patients 
who suffer from RLS also have PLMS. Psychiatric illnesses 
such as depression and anxiety have been associated with 
chronic sleep loss20,104 and appear to be more prevalent in those 
with RLS and PLMS than with normal controls.105,106 Interest-
ingly, several genetic variants associated with susceptibility 
to PLMS107 and RLS108 were discovered recently. As RLS and 
PLMS are not always distinguished in the literature, our review 
below will cover both RLS and PLMS together.

structural abnormalities

Recently structural cerebral abnormalities have been reported 
in patients with idiopathic RLS. High-resolution T1-weighted 
MRI of 51 patients compared with 51 controls using VBM re-

responses. Indeed, OSAS patients had reduced activation within 
the frontal cortex, anterior cingulate, cerebellar dentate nucleus, 
dorsal pons, anterior insula, and lentiform nuclei, together with 
increased activation in the ventral pons, midbrain, quadrangu-
lar cerebellar lobule, and hippocampus. Moreover, activity in 
the fastigial nuclei of the cerebellum and the amygdala showed 
substantial variability increase in OSAS subjects. A more recent 
fMRI study evaluated brain activity changes during baseline and 
inspiratory loading in 7 patients with OSAS and 11 controls.96 
A number of cortical and subcortical areas mediating sensory, 
motor, and autonomic processes were affected in OSAS patients, 
with abnormal activation in primary sensory thalamus and sen-
sory cortex, supplementary motor cortex, cerebellar cortex and 
deep nuclei, cingulate, medial temporal, and insular cortices, 
right hippocampus, and midbrain.96 Taken together, these fMRI 
results indicate abnormal brain responses to experimentally in-
duced respiratory and cardiovascular stresses in OSAS, most 
frequently affecting the cerebellum, insula, cingulate, and motor 
cortices. This altered pattern of brain activity in OSAS patients 
during physiologic stress also suggests that similar brain dys-
functions may occur during pathological apneas in sleep, which 
could lead to permanent neural changes over time. Interestingly, 
an fMRI study showed significant signal increases in hippocam-
pus, frontal cortex, precentral gyrus, frontal cortex, mediodorsal 
thalamus, and cerebellar cortex and decreases in the anterior cin-
gulate cortex and postcentral gyrus, coincident with apnea during 
Cheyne-Stokes breathing (characterized by repeated episodes of 
apnea followed by increasing and declining respiratory efforts 
during sleep) in 2 patients.97

neural consequences of treatment in osas

A few studies have assessed the long-term neural conse-
quences of nasal continuous positive airway pressure (nCPAP) 
treatment in OSAS. In an early 99mTC-HMPAO SPECT study 
in 14 adult OSAS patients, tracer injections were performed be-
tween 02:00 and 04:00 during stage 2 sleep, when numerous 
episodes of obstructive apnea were observed.98 Reduced perfu-
sion in the left parietal region was found, which was completely 
reversed under effective nCPAP therapy, suggesting that some 
deleterious effects of OSAS on brain activity might be revers-
ible.87 In another study using 1H-MRS in 14 OSAS patients, 
NAA in the parietal-occipital cortex was significantly reduced 
more in OSAS patients than in controls but, unlike the SPECT 
study above, this reduction persisted after nCPAP therapy de-
spite clinical, neuropsychological, and neurophysiological nor-
malization.99

The effect of mandibular advancement (a frequent treatment 
of OSAS) was studied in 12 healthy subjects using fMRI dur-
ing respiratory stress induced by resistive inspiratory loading.100 
This treatment led to decreased fMRI response in the left cingu-
late gyrus and bilateral prefrontal cortices. Together with these 
objective results, the subjective effects of the treatment assessed 
by a visual analog scale confirmed the successful reduction of 
respiratory stress.

Based on the available data, it remains unresolved whether 
cerebral dysfunctions in OSAS can be alleviated by efficient 
treatment of nocturnal apnea.
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opiate systems is thought to be involved in RLS/PLMS patho-
genesis.

dopaminergic system

RLS becomes worse when dopamine antagonists are given, 
whereas dopaminergic drugs have been shown to relieve RLS.113 
Studies using SPECT or PET examined both presynaptic DA 
transporter and postsynaptic D2-receptor binding in the stria-
tum to better characterize the neurophysiological mechanisms 
underlying the deficit.

Presynaptic DA transporter reflects the number of DA neu-
rons in the substantia nigra and was shown to be similar114-116 
or moderately hypofunctional117,118 between patients with RLS 
(accompanied or not by PLMS) and controls. Two studies used 
a ligand marker binding dopamine transporter to evaluate stri-
atal presynaptic DA status in RLS-PLMS patients and controls 
and found no difference between the 2 populations.115,116 In an-
other study, presynaptic striatal dopamine activity correlated 
negatively with the number of PLMS in 11 patients with id-
iopathic Parkinson disease (PD) and periodic leg movements 
during sleep, suggesting that striatal dopaminergic nerve cell 
loss might cause PLMS in PD.119

For postsynaptic D2-receptor binding, the results are more 
equivocal. On the one hand, several SPECT studies114,120 com-
paring RLS (with or without PLMS) patients to age-matched 
controls failed to find any significant difference. In one of these 
studies,120 14 patients with idiopathic RLS and PLMS success-
fully treated by dopaminergic (e.g., ropinirole) and nondop-
aminergic (e.g., gabapentin) treatment were investigated while 
off medication and compared to 10 healthy controls. The pa-
tients presented sleep disturbances, severe PLMS, and severe 
RLS symptoms during scanning but did not show any signifi-

vealed a bilateral gray matter increase in the pulvinar (Figure 
5).109 The authors suggested that changes in thalamic structures 
could be directly involved in the pathogenesis of RLS or may 
instead reflect a consequence of dopaminergic therapy or of a 
chronic increase in afferent input due to sensory leg discomfort.

Functional Imaging

Functional neuroimaging has also attempted to localize some 
cerebral generators of leg discomfort and periodic limb move-
ments in RLS. An fMRI study (19 patients) performed during 
wakefulness showed bilateral activation of the cerebellum and 
contralateral activation of the thalamus when patients with RLS 
experienced leg discomfort.110 This is partially consistent with 
the VBM study reported above.109 During a second condition 
combining periodic limb movements and sensory leg discom-
fort, patients also showed activity in the cerebellum and thala-
mus, with additional activation in the red nuclei and brainstem 
close to the reticular formation. In neither condition was any 
cortical activation found. However, when subjects were asked 
to voluntarily imitate PLMS, there was no activation in the 
brainstem, but rather additional activation in the globus pallidus 
and motor cortex. These results are in agreement with those of 
an EEG study showing no cortical potentials prior to periodic 
leg movements during the daytime.111 Together, these results 
support an involuntary mechanism of induction and a subcorti-
cal origin for RLS, as also suggested by a transcranial magnetic 
stimulation study.112

neurotransmission abnormalities

A suprasegmental release of inhibition from descending in-
hibitory pathways implicating dopaminergic, adrenergic, and 
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Restless Leg Syndrome

Gray matter increases BOLD increases during RLS

Figure 5—(a) Cortical gray matter changes in RLS. VBM in RLS patients revealed bilateral gray matter increase in the pulvinar.109 (b) BOLD 
increases during RLS. Cerebellum and thalamus are more activated (fMRI) when RLS patients experience leg discomfort.110 1 = pulvinar, 
2 = thalamus, 3 = cerebellum.
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early-onset RLS (beginning of RLS symptoms before 45 years, 
n = 22), but not in late-onset RLS (n = 19) when compared to 
controls (n = 39).129 These convergent observations suggest that 
RLS may be associated with impaired iron metabolism (i.e., 
impaired regulation of transferring receptors), which might in-
directly affect the dopamine system as well.

opiate system

Opioid receptor agonists, acting predominantly on the pain 
system, have been found to significantly improve RLS symp-
toms.130 Nevertheless, available data suggest that this effect 
may be mediated by dopamine and may thus not be related to 
specific deficiencies of the endogenous opioid system.131 Us-
ing PET and 11C-diprenorphine (a nonselective opioid receptor 
radioligand), von Spiczak et al.132 found no difference in opi-
oid receptor binding between 15 RLS patients and 12 controls. 
However, in this study, negative regional correlations between 
ligand binding and RLS severity was found in the pain system 
(medial thalamus, amygdala, caudate nucleus, anterior cingu-
late gyrus, insula, and orbitofrontal cortex). Moreover, pain 
scores correlated inversely with endogenous opioids binding 
in orbitofrontal cortex and anterior cingulate gyrus. Therefore, 
the most likely interpretation of decreased opioid binding (i.e., 
availability) may be an increase in endogenous opioid release 
consecutive to pain or dysesthesia.132

summary

PMLS/RLS still appears as a complex and multifarious 
movement disorder which implicates many brain areas and 
most probably a variety of pathophysiological mechanisms. 
However, the recent findings from anatomical, functional, and 
ligand neuroimaging studies converge to suggest a critical in-
volvement of mostly subcortical regions (brainstem, thalamus, 
cerebellum) and of the dopamine system in the control and 
generation of leg movements. However, because presynaptic 
dopamine function is normal in PMLS/RLS disorders, the un-
derlying pathophysiological mechanisms must differ from Par-
kinson disease. In addition, several observations suggest that 
RLS may be associated with impaired iron metabolism that will 
indirectly affect the dopamine system. Finally, consistent with 
PMLS/RLS being related to major somatosensory disturbances, 
abnormal dopamine and opioid activity was found in regions 
belonging to the medial pain system (e.g., thalamus, anterior 
cingulate, insula) which mediate the unpleasant component of 
pain.133 It is noteworthy that there are no data available during 
sleep itself, probably given methodological difficulties such as 
the unpredictability of occurrence of leg movements, as well as 
scanning artifact due to movements.

aBnormal motor BehaVIor (2): rem sleep BehaVIor 
dIsorder

REM sleep behavior disorder (RDB) is characterized by brisk 
movements of the body associated with dream mentation that 
usually disturb sleep continuity.134 This parasomnia has a preva-
lence estimated at 0.5% of the population,135 mainly affecting 
men older than 50 years of age. During the night, patients be-

cant differences in striatum/frontal D2 receptors binding ratio. 
These findings suggest that the dopaminergic system might be 
affected elsewhere, possibly in the diencephalo-spinal part of 
the dopaminergic system.

On the other hand, Staedt et al. have tested the hypothesis of 
a decrease in dopaminergic activity in PLMS patients across a 
series of SPECT studies121-123 and consistently reported decreased 
IBZM (postsynaptic) striatal uptake, indicating lower D2 recep-
tor occupancy in PLMS patients. Treating patients with dopamine 
replacement therapy increased IBZM binding and improved the 
sleep quality in these patients.122 In line with these results, anoth-
er SPECT study reported a small but statistically significant de-
crease in D2-receptor binding in 10 drug-naive patients suffering 
from both RLS and PLMS compared with 10 age-matched con-
trols.116 Consistent with this observation, a PET study showed a 
decrease in striatal D2-receptor binding (postsynaptic) for raclo-
pride (an in vivo marker of dopamine D2/D3 receptor binding) in 
13 patients with RLS compared with controls.118 No relationship 
was observed, however, between D2-receptor binding and either 
RLS severity or PLMS indices.116,118

A recent study investigated both striatal and extrastriatal do-
pamine activity in 16 RLS patients naïve to dopaminergic drugs 
and 16 matched controls.124 The results confirmed augmented 
dopamine activity in the striatum, but also in the thalamus, in-
sula, and anterior cingulate cortex. The latter is part of the me-
dial nociceptive system, which is thought to regulate the affec-
tive and motivational component of pain. This pattern of results 
is thus consistent with the hypothesis of RLS as a disorder of 
somatosensory processing.

Overall, presynaptic DA transporter binding appears normal 
in patients with RLS, contrary to what is typically found in 
early Parkinson disease, suggesting that these two conditions 
do not share a common pathophysiology. However, postsyn-
aptic D2-receptor binding may be decreased indicating a pos-
sible dysfunction of D2-receptors or down-regulation due to 
increased levels of site occupancy by endogenous DA result-
ing from an increase in DA release. In addition, extrastriatal 
(i.e., thalamus and anterior cingulate cortex) as well as striatal 
brain areas seem to be involved in DA dysfunctions and these 
extrastriatal areas may subtend a possible pathway for sensory 
symptoms of RLS.

Iron metabolism abnormalities

Some recent studies implicated the cerebral metabolism of 
iron in the physiopathology of RLS-PLMS.125 Importantly, iron 
and dopaminergic systems are linked since iron is an important 
cofactor for tyrosine hydroxylase, the step-limiting enzyme in 
DA synthesis, and also plays a major role in the functioning of 
post-synaptic D2 receptors.126

A neuropathologic study (7 RLS brain and 5 normal brains) 
showed a marked decrease of H-ferritin (ferritin heavy chain) 
and iron staining in RLS substantia nigra.127 Using a special 
MRI measurement (R2*), Allen et al.128 found decreased region-
al iron concentrations in the substantia nigra and in the puta-
men of 5 patients with RLS (compared to 5 controls), both in 
proportion to RLS severity, consistent with regional iron insuf-
ficiency in RLS patients. In a more recent study, the same team 
found diminished iron concentration across 10 brain regions in 
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ance of dream-enactment behavior.141 A magnetic resonance im-
aging (MRI) study confirmed this hypothesis in man, showing 
that 3 of 6 patients with RDB had lesions affecting the dorsal 
mesopontine tegmentum (Figure 6).142 A study combining ana-
tomical MRI and 123I-IMP SPECT measurements during REM 
sleep in 20 patients with RBD reported significantly decreased 
blood flow in the pons and superior frontal regions in patients 
with RBD, in comparison with 7 normal elderly subjects.143 De-
creased blood flow in the frontal lobe of patients with RBD did 
not correlate with frontal lobe atrophy. Another SPECT study in 
8 RBD patients during waking rest confirmed decreased activ-
ity in frontal and temporoparietal cortices and found increased 
activity in the pons, putamen, and right hippocampus.144 Simi-
larly, “acting out” of oneiric behaviors was associated with sig-
nificantly lower cerebral metabolic rate for glucose in a set of 

have as if they were acting out their dreams. The disease may 
be idiopathic (up to 60%) or associated with other neurologi-
cal disorders. A sizeable proportion of patients with RBD will 
develop extrapyramidal disorders,136,137 Lewy body dementia,138 
or multiple system atrophy.139,140 Critically, signs of RBD may 
often precede the clinical onset of neurodegenerative diseases 
such as Parkinson disease or Lewy body dementia.136,138 Any 
evidence for RBD should thus be considered with great care as 
this may have major clinical implications.

structural and Functional abnormalities

An early experimental model of RBD in the cat showed that 
lesions in the mesopontine tegmentum can lead to the disap-
pearance of muscle atonia during REM sleep and the appear-and the appear-

REM sleep behavior disorder

Gray matter decrease

Metabolic decrease during REM Sleep

Metabolic increase during rest

Figure 6—(a) Brain lesions in RDB. Patients with RDB have lesions affecting the dorsal mesopontine tegmentum.142 (b) Metabolic changes 
during REM sleep, patients with RBD show decreased blood flow (SPECT) in the pons and superior frontal regions,143 and increased activity 
in the pons, putamen and hippocampus during rest at wake.144 1 = mesopontine tegmentum, 2 = pons, 3 = superior frontal lobe, 4 = pons, 5 = 
right hippocampus.
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blown RBD. RBD has been found to also occur in patients with 
voltage-gated potassium channel antibody-associated limbic 
encephalitis.154 These observations suggest that modifications 
involving other systems of neurotransmission and/or other re-
gions (e.g., frontal lobe, limbic system) are probably necessary 
for full-blown RBD to occur.

summary

Dream-enactment behavior during REM sleep, which char-
acterizes RBD, may in some cases be idiopathic but is predom-
inantly associated with neurodegenerative diseases. Results 
from proton magnetic resonance spectroscopy may usefully 
contribute to the differentiation of idiopathic versus secondary 
RBD associated with neurodegenerative disorders. Neuroimag-
ing studies have revealed that RDB may affect several levels 
of cerebral organization, from neurotransmission (presynaptic 
striatal DA) to neuroanatomical integrity (lesions in mesopo-
ntine tegmentum) and brain function (frontal, temporoparietal 
and cingulate cortex dysfunctions). Whether these cerebral 
anomalies play a causal role in the pathophysiology of RBD or 
mainly reflect pharmacological consequences or adaptations to 
the pathological condition is still unclear.

conclusIons

Modern functional neuroimaging techniques provide un-
precedented possibilities to explore brain functions during nor-
mal and pathological sleep. This review demonstrates that a 
functional brain imaging approach may address a wide range of 
issues pertaining to the treatment and underlying pathophysiol-
ogy of sleep disorders.

One line of research aims to characterize the neural conse-
quences of sleep disruption due to intrinsic sleep disorders or 
to extrinsic environmental or medical causes. Functional neu-
roimaging can also be used to assess the effects of hypnotic 
drugs on regional brain function. A second, more fundamental 
challenge for a neuroimaging approach is to determine to what 
extent cerebral dysfunctions at wake as well as during sleep 
contribute to the primary physiological mechanisms of sleep 
disorders.

Although this review shows that neuroimaging can be used 
to achieve these goals, the approach is hampered by several fac-
tors: (a) Scanning patients or controls during their sleep or dur-
ing pathological manifestations requires specialized equipment 
(e.g., EEG) and many adjustments in the scanning parameters 
(especially for fMRI studies). In addition, it is never guaranteed 
that the participant will sleep during data acquisition. Clinical 
manifestations of sleep disorders are often unpredictable and 
transient (e.g., sleepwalking, RBD); thus one cannot predict if 
the pathological event will occur during the scanning period. 
Moreover, clinical manifestations are often associated with 
large body movements that may interfere with image acquisi-
tion and create artifacts. In this respect, SPECT is probably the 
most appropriate procedure because the radiotracer can be ad-
ministered during the clinical events, well before the brain im-
ages are acquired. An excellent example of such a study pertains 
to sleepwalking.155 (b) Assessing short- or long-term effects of 
treatments remains complicated, since neuroimaging data col-

brain areas (parietal, temporal, and cingulate cortices) in both 
Alzheimer and dementia with Lewy body disease.145

Increased Cho/Cr ratio in the brainstem suggesting local 
neural dysfunction was revealed by proton magnetic resonance 
spectroscopy (1H-MRS) in a 69-year-old man with idiopathic 
RBD.146 However, another 1H-MRS study in a large group of 
patients with idiopathic RBD (n = 15) compared to matched 
controls (n = 15) did not reveal any difference in NAA/Cr, Cho/
Cr, and myoinositol/Cr ratios in the pontine tegmentum and the 
midbrain.147 Mesopontine neuronal loss or 1H-MRS detectable 
metabolic disturbances in idiopathic RBD therefore remain hy-
pothetical. Future 1H-MRS may provide a noninvasive meta-
bolic evaluation of brainstem neuronal function in RBD and 
may usefully contribute to the differentiation of secondary RBD 
with neurodegenerative disorders from idiopathic disorders.148

neurotransmission abnormalities

Using SPECT, the binding of ligands of striatal presynaptic 
dopamine transporters in RBD patients (n = 5) during wakeful-
ness was found to be lower than in normal controls but higher 
than in Parkinson patients (n = 14).149,150 This result suggests 
that the number of presynaptic dopamine transporters decreases 
in both Parkinson and RBD patients. Moreover, such findings 
provide evidence for a continuum of striatal presynaptic dop-
aminergic dysfunction in patients with subclinical RBD (i.e., 
individuals who have REM sleep without atonia but without 
behavioral manifestations), clinical RBD, and Parkinson dis-
ease.150 No such differences were found for a marker of post-
synaptic D2 receptor density in RDB patients.149

The same conclusions were reached by another study that 
probed the density of striatal dopaminergic terminals using PET 
and 11C-dihydrotetrabenazine (11C-DTBZ, an in vivo marker 
for dopamine nerve terminals) in 6 elderly subjects with chronic 
idiopathic RBD compared to 19 age-matched controls.151 Sig-
nificant reductions in striatal 11C-DTBZ binding were found in 
all striatal nuclei, with the greatest reduction in the posterior 
putamen. The striatal vesicular monoamine transporter density 
is actually considered to be a direct function of the number of 
DA neurons in the substantia nigra, therefore suggesting a loss 
of DA midbrain neurons in chronic RBD.

Recently, one SPECT study using a radiomarker of the pre-
synaptic dopamine transporter in 11 RBD patients (mostly with 
narcolepsy) and controls revealed that 2 “idiopathic” RBD 
patients with severe olfactory dysfunction (anosmia) had de-
generation of presynaptic nigrostriatal neurons, as determined 
by reduced dopamine transporter binding.152 The authors sug-
gested that the discrepancies between studies may be related 
to RBD symptoms duration, since patients who had reduced (2 
patients) or pathologically asymmetrical (1 patient with mild 
hyposmia) dopamine transporter binding had by far the longest 
duration of RBD symptoms (14, 16, and 38 years).

It remains to be shown whether these alterations (mainly dys-
function in mesopontine tegmentum and DA neurotransmission 
impairments) play a causal role in the pathophysiology of RBD, 
or reflect functional consequences or adaptations to the patho-
logical condition. Although there is evidence that some Par-
kinson patients do show excessive nocturnal movements,119,153 
only a small percentage of Parkinson patients develop full-
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lected at different time points cannot be straightforwardly com-
pared because of unavoidable fluctuations in signal (e.g., fMRI), 
and more importantly because treatments may have nonspecific 
influences across a distributed network of areas (e.g., dopamine 
system). Moreover, as suggested by the present review, it is dif-
ficult to find large and homogeneous groups of patients. (c) Last 
but not least, the theoretical framework necessary for design-
ing an efficient clinical neuroimaging protocol is only available 
for a few sleep disorders. One such example is narcolepsy; the 
discovery of the hypocretin system and its role in narcolepsy in 
the late 90s156 has indubitably changed the main goal and target 
systems (and thus the experimental designs) of neuroimaging 
studies in narcoleptic patients.39,50

Neuroimaging studies may usefully contribute to the estab-
lishment or refinement of a nosography of sleep disorders. For 
instance, neuroimaging could help classify different subtypes 
of insomnia in terms of their underlying characteristic patterns 
of regional brain activity, an approach that may prove comple-
mentary to standard clinical observation.

Although substantial methodological progress has been 
achieved, much effort is still needed to better characterize neu-
rophysiological mechanisms involved in sleep disorders, espe-
cially in teasing apart those mechanisms which have a causal 
role in the pathophysiology from those which are secondary 
consequences. Future brain imaging will undoubtedly provide 
new and valuable information about the functional and struc-
tural consequences of long-term sleep disruption. Ultimately, 
neuroimaging will help with clinical diagnosis and prognosis of 
sleep pathologies at an individual level. These considerations 
argue for closer collaboration and partnership between basic 
and imaging neuroscientists, sleep researchers, and sleep clini-
cians for designing and conducting multimodal assessments of 
sleep disorders.
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