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ABSTRACT

Narcolepsy is a chronic neurological disorder associated with abnormal regulation of
the sleep-wake cycle, resulting in excessive daytime sleepiness, disturbed nocturnal
sleep, and rapid eye movement (REM) sleep phenomena including cataplexy. Developments in neuroimaging techniques have advanced the understanding and characterization of the pathophysiology of this disease. Brain magnetic resonance imaging (MRI)
studies, in particular, demonstrated distinct structural changes in multiple brain areas
of patients with narcolepsy. Numerous studies, exploring gray matter and white matter,
showed distinct aspects of disease and symptoms in narcolepsy with cataplexy related
to the hypothalamus, thalamus, amygdalo-hippocampus, and frontoparietal cortex.
Longitudinal MRI data have suggested progression in narcolepsy, showing progressive
cortical thinning in disease, and that such progression may become faster in the case of
patients with earlier disease onset. Thus, structural neuroimaging may help clarify the
underlying mechanism of certain phenotypes of narcolepsy syndrome.
Keywords: Cataplexy; Gray matter; Magnetic resonance imaging; Narcolepsy; White matter

INTRODUCTION

Narcolepsy is a chronic neurological disorder characterized by excessive daytime sleepiness,

disruption of sleep-wake behavior, cataplexy, and other rapid eye movement (REM) sleep phenomena, such as sleep paralysis and hypnagogic hallucination [1]. Cataplexy is sudden epi-

sodes of partial or complete paralysis of voluntary muscles, triggered by emotional stimulation
[2]. Hypocretin transmission is essential for maintaining wakefulness, as well as sleep, via
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
Non-Commercial License (http://
creativecommons.org/licenses/
by-nc/4.0/).

widespread connections with other neuromodulators that also modulate wake/sleep [3]. Studies in animal models have shown that deficient hypocretin transmission causes narcolepsy
with cataplexy [4], and lower cerebrospinal fluid hypocretin levels have been observed in
those with narcolepsy with cataplexy [5].

Narcolepsy with cataplexy is one of the most studied sleep disorders in a number of scientif-

ic fields. In particular, neuroimaging has been extensively performed to investigate the patho-
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physiology and anatomical correlates of the characteristic

ous symptoms of narcolepsy, as well as relevant pathomech-

symptoms of disease, such as cognitive or emotional prob-

anisms.

lems and sleep-wake disturbances. The neuroimaging tech-

NEUROIMAGING EXPLORATION OF
GRAY MATTER IN NARCOLEPSY

niques employed to explore narcolepsy include structural,
functional, and neurochemical imaging. In this review, neuroimaging findings using structural magnetic resonance imaging (MRI), which exams the whole brain structures, and dif-

Decades ago, the first published neuroimaging paper report-

fusion tensor imaging (DTI), which evaluates white matter

ed an abnormality of the pontine reticular formation, where

(WM) integrity, are presented. Structural imaging may eluci-

REM sleep is generated, in the brain MRIs of three idiopathic

date the neuroanatomical correlates responsible for the vari-

tic patients [6]. Another study, however, could not reproduce

A

Fig. 1. Voxel-based morphometry of brains with narcolepsy. (A) Gray
matter concentrations were decreased in patients with narcolepsy in
the left gyrus rectus, bilateral thalami, bilateral frontopolar gyri,
bilateral short insula gyri, bilateral superior frontal gyri, right superior
temporal gyrus, and left inferior temporal gyrus. Images are shown
as a T1 template-overlaid magnetic resonance image (uncorrected
P<0.001, extent threshold k E <100 voxels). (B) Small volume
correction demonstrated that the bilateral nuclei accumbens (dotted
arrows), bilateral hypothalamus (solid arrows), and bilateral thalami
showed reduced gray matter concentrations at the level of false
discovery rate corrected P<0.05. Superior to inferior coronal images
are arranged in the anterior to posterior direction.
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this finding [7]. Until now, it has been widely accepted that

studies are likely to be important in the development of nar-

mal by routine visual inspection [8]. Abnormalities of brain

studies. In three studies, more than half of the patients were

brain MRIs of individuals with idiopathic narcolepsy are norstructure can be investigated using more delicate and updat-

ed technologies such as voxel-based morphometry (VBM) in
group analyses. VBM visualizes between-group differences,

statistical comparisons of tissue composition, and gray matter (GM) versus WM across all brain regions, with high-resolution scans. There have been several VBM studies in patients
with narcolepsy, but findings from this studies have been

ambiguous. The initial study did not find any structural
changes in narcoleptic patients [9]; however, most of studies

colepsy. Patients’ characteristics are quite variable between

medicated for daytime sleepiness [9,12,13], and, in another
two studies, medication history was not mentioned [10,11].

Only one report included drug-naïve narcolepsy patients

[15]. It is not certain to what degree structural factors might
be affected by medication. However, from a research standpoint, it is likely important to enroll patients with more homogenous features, including medication history, in future
studies.

In summary, VBM studies have been able to demonstrate

reported significant decreases in gray matter volume (GMV)

significant GM deficits in narcoleptics with cataplexy. Those

creases in GMC [10] or GMV [11] in the hypothalamus. They

roles in sleep-wake control, attention, or memory. These

or concentration (GMC) [10-15]. Two of studies showed de-

suggested that neuronal losses affected the hypothalamus
and related hypocretinergic structures, as well as major sites

of hypocretin projections and the nucleus accumbens. Two

areas affected included structures that may potentially play
findings may explain cerebral disturbances in patients with
narcolepsy with cataplexy.

Although VBM has definite potential to help elucidate the

studies showed decreases in GMV in the inferior temporal/

pathophysiology of narcolepsy, it has practical limitations.

contributing to cognitive impairments, such as attentional

phology and localization in the sulci regions where the fine

frontal [12] and right prefrontal/frontomesial regions [13],

deficits [14]. The most recent study [15] demonstrated re-

duced GMC in the bilateral thalami, left gyrus rectus, bilateral

frontopolar gyri, bilateral short insular gyri, bilateral superior
frontal gyri, and right superior temporal and left inferior tem-

poral gyri in patients with narcolepsy compared to healthy
controls (Fig. 1A). Small volume correction emphasized GMC
reduction in the bilateral nucleus accumbens, hypothalami,

and thalami (Fig. 1B). Reduced GMC in the hypothalamus

and nucleus accumbens supported the hypothesis that these

reductions are associated with daytime sleepiness and cataplexy in narcolepsy patients. It also suggested that the structural substrates showing decreased GMC might be responsible for wake-sleep controls, attention, or memory.

VBM methods can be inaccurate in representing GM mordetails of anatomy are often obscured by a partial volume ef-

fect. Measuring cortical thickness using the cortical surface
has been suggested, in studies of GM morphometry, as a

strategy for overcoming the limitations of volumetric analyses [16,17]. Cortical thickness analysis, performed at the

nodes of a 3-dimensional polygonal mesh, has the advantage of providing a direct quantitative index of cortical morphology [18]. In contrast with GMC or GMV analyses, cortical

thickness measured from cortical surfaces differentiates between cortexes of opposing sulci walls within the same sulci

bed, enabling more precise measurement in deep sulci and
analysis of morphology as a cortical sheet [18].

Only one paper has been published employing this meth-

There were differences in both methodology (the statisti-

od, which demonstrated that, after controlling for age, sex,

modulated, grand mean scaling, absolute or relative thresh-

cortical thickness between patients with narcolepsy and

cal parametric mapping [SPM] version, modulated or unolding, and sample size) and the composition of patients in
the studies (the presence of cataplexy, disease duration, drug

naivety, accompanying symptoms). Four showed GMV
changes [11-13] and two [10,15] reported GMC reductions in

patients. Optimized VBM can quantify GM differences between subjects; both differences in the relative distribution

of GMC and absolute differences in GMV [16]. It is not clear
whether GMV or GMC is more a more sensitive detection

method for structural abnormalities in the brain. However,
brain regions showing decreased GMV or GMC across the
https://doi.org/10.23838/pfm.2018.00149

and intracranial volume, there are significant differences in

control subjects (P < 0.05, 2-tailed) [19]. Regionally, cortical
thickness was decreased in the orbitofrontal gyri, dorsolateral and medial prefrontal cortexes, insula, cingulate gyri, mid-

dle and inferior temporal gyri, and inferior parietal lobule of
the right and left hemispheres in narcolepsy with cataplexy
patients, compared to healthy controls (Fig. 2) [19]. Also, sig-

nificant correlation was observed between cortical thinning
in the left supramarginal gyrus and the score on the Epworth

Sleepiness Scale (indicator of daytime sleepiness degree),
and between cortical thickness in the left parahippocampal

3
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Fig. 2. Cortical thickness analyses of brains with narcolepsy. (A) Statistical t-map with t-value range of –4.607 to 2.239, and positive values
truncated. Most of the cortical area was thinner than in healthy control subjects. (B) In patients, a significant, localized thinning of cortex
was found in the orbitorectal gyri, dorsolateral frontal gyri, medial frontal gyrus, cingulate gyrus, and middle and inferior temporal gyri.
Thinning was also noted in the precuneus in right hemisphere and the dorsolateral frontal gyri, insular cortex, posterior parietal lobule, and
middle occipital gyrus in left hemisphere at the level of false discovery rate corrected P<0.05.

gyrus and scores of general depressive symptoms on the

thickness are quite consistent, providing more stable results,

tal and limbic cortices and parietal cortex in narcolepsy

[20]. It has been shown that the spatial distribution of corti-

Beck Depression Inventory. Cortical thinning of the prefronmight be neuroanatomic correlates of the disturbances in attention, memory, and emotion, as well as the sleepiness ob-

served in narcolepsy. The procedures for measuring cortical
4

with less subject-to-subject variation between laboratories

cal thinning [19] and that of the reduced GMCs observed in a
VBM study [15] were similar, even though the population of
narcolepsy patients and the study periods were different.

http://pfmjournal.org
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Fig. 3. Point-wise morphometry of brains with narcolepsy. (A) Vertex (=surface point)-wise group comparison between patients with narcolepsy
and healthy controls. Regions of volume decrease in patients relative to controls are shown. The identified atrophy was mapped mainly in the
hippocampal cornu ammonis 1 (CA1) and in the amygdalar centromedial (CM) and laterobasal (LB) subfields. Significances are thresholded at a
false discovery rate (FDR) <0.05. (B) Linear regression models are plotted for significant correlations. For each cluster, representing significant
volume loss in patients relative to controls, the mean volume is correlated with a given clinical parameter while controlling age, sex, and
depressive mood. SF, superficial; DG, dentate gyrus; EDS, excessive daytime sleepiness; REM, rapid eye movement.

Cortical thinning of the dorsolateral prefrontal, orbitofrontal,

technology is suitable for longitudinal studies, and, in narco-

we observed significantly reduced GMCs in narcolepsy pa-

present for a number of years, and the disorder can exhibit a

and temporal cortexes is consistent with the areas in which

tients [15]. The similarities between the results of VBM and

cortical thickness studies suggest that those findings are
more reliable for revealing the neural substrates of the clinical symptoms and pathophysiology of narcolepsy.

Progression of structural or functional changes in narco-

lepsy has been well studied, since it may provide information
regarding the pathophysiology of disease. Neuroimaging
https://doi.org/10.23838/pfm.2018.00149

lepsy, cataplexy occurs after daytime sleepiness has been
slow progression of symptoms [21]. This gradual disease pro-

gression raises a fundamental question as to whether or not

the brain structural abnormalities found in narcolepsy result
from progressive hypocretin degeneration. Previous MRI
studies were cross-sectional in design and could not adequately address if disease progression led to the structural

abnormalities observed in the brains of narcolepsy patients.
5
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Recently, brain structural changes during narcolepsy pro-

discovery rate < 0.05) (Fig. 3). After controlling for depressive

nally collected brain MRIs from patients (interval: 4.7 ± 1.9

phy and amygdalar-centromedial atrophy were found to be

gression have been investigated [22]. Analysis of longitudiyears) revealed widespread, progressive cortical thinning in
the dorsolateral frontal, right anterior cingulate, and fusiform

cortices, which were found bilaterally (corrected P < 0.05). It

also revealed the novel finding that patients with early-onset

had faster cortical thinning. However, this study had relatively small sample size (n = 17), which limits the generalizability

of the longitudinal analysis results. A more careful investigation of the underlying mechanism with larger sample size is
required.

As previously noted, narcolepsy patients suffer from cogni-

tive and emotional dysfunction [23]. Sudden emotional reac-

tions can provoke cataplectic episodes. Such dysfunction in
the arousal system is known to be associated with hypocre-

tin. The amygdala contains dense hypocretin/orexin fibers

and receptors and is a primary site in the limbic system
where hypocretin-containing neurons project [24]. Accord-

ingly, hypocretin-mediated amygdalar dysfunction may be
linked with key symptoms of narcolepsy.

To evaluate structural changes in relevant brain regions,

manual labeling of the hippocampus was performed, and re-

vealed bilateral volume reduction in narcolepsy patients
compared to healthy controls. A significant association be-

tween mesiotemporal lobar volume and clinical symptoms

of narcolepsy was also noted [25]. Amygdalohippocampal

structures consist of subfields, or subnuclear divisions, which
are cytoarchitectonically and functionally distinctive. Encoding and decoding of memory and emotion in these structures are processed through different neural circuits that involve series of different subfields [26,27]. There have been

few studies that have investigated the structural integrity of

mood, sleep quality, age, and gender, hippocampal CA1 atroassociated with longer duration of daytime sleepiness and

shorter mean REM sleep latency (|r| > 0.44, P < 0.01). Amygdalar-centromedial atrophy was associated with longer dura-

tion of cataplexy (|r| > 0.47, P < 0.005). This suggested that atrophy in the centromedial area of the amygdala and CA1 of

the hippocampus might be closely related to the severity of

narcolepsy, and play a crucial role in the circuitry of cata-

plexy. Amygdalohippocampal subfield analysis may provide
new perspectives regarding how neural substrates are associated with key features in narcolepsy.

NEUROIMAGING EXPLORATION OF
WHITE MATTER IN NARCOLEPSY

Functional imaging studies and VBM analysis of brain MRI
showed abnormalities in the hypothalamus-thalamus-orbitofrontal pathway, revealing altered hypocretin pathways in

narcolepsy. These distinct morphometric changes could ac-

count for deficits in wake-sleep control, attention, and mem-

ory seen in this disease. It also suggests that it is necessary to

evaluate WM changes in patients with narcolepsy. DTI is a
quantitative MRI technique that measures the random mo-

tion of water within the tissue microstructure in the brain
[31]. Fractional anisotropy (FA), a common DTI measure-

ment, is a scalar parameter of the degree of anisotropy, and
is related to myelination, axon density, and packing density
fiber bundle [32]. The mean diffusivity (MD) is a quantitative

measure of the mean motion of water, and is affected by cellular size and neuropil numbers [32,33].

WM exploration in narcolepsy had been conducted in three

the mesiotemporal lobe structures, due to excessive manual

studies [34-36]. In this VBM-style DTI analysis [34,35], each

field analyses of the amygdalar and hippocampal complex

and then voxel-wise statistics were performed to find group

work required for boundary delineation [28]. Therefore, subwas needed to provide novel insights into the pathophysiology of narcolepsy. A validated, surface-based approach al-

lowed reliable measurement of local volume changes of
amygdalohippocampal structures. Manually segmented

amygdalae and hippocampi were converted to surface

meshes, for which a spherical parameterization was computed using area-preserving, distortion-minimizing mapping

[29]. After comparing hippocampal and amygdalar subfield
volumes between patients and controls [30], bilateral hippo-

campal atrophy was found to be primarily located within the

cornu ammonis 1 (CA1) subfield in narcolepsy patients (false
6

subject’s DTI scalar map is normalized into a common space,
differences or correlations of interests. There is debate re-

garding the technical limitations of VBM-style approaches
due to inaccurate alignment between subjects and ambigui-

ty in choosing the extent of smoothing [37-40]. Another study
used tract-based spatial statistics (TBSS) [36], which may al-

leviate some of the limitations of VBM-style approaches, to
observe WM changes in the hypothalamus, midbrain, medul-

la, and bilateral frontal lobe in patients. FA and MD from

whole-brain DTI and TBSS may help identify the localization
of WM changes. Recently, drug-naïve patients exhibited sig-

nificant FA decreases in the bilateral cingulate gyri, corpus
http://pfmjournal.org
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Fig. 4. Diffusion-tensor imaging of brains with narcolepsy: tract-based spatial statistics. (A) Significant fractional anisotropy decreases in
patients with narcolepsy compared with controls (P<0.05, threshold free cluster enhancement). The underlay image is the standard
Montreal Neurological Institute template. (B) A partial correlation was performed between average values of mean diffusivity (MD) and total
Beck Depression Inventory (BDI) scores in patients with narcolepsy. The average values of MD were calculated by averaging across all voxels
in the significant regions. The average values of MD and total BDI scores were adjusted for age.

callosum genu, fronto-orbital area, anterior limb of the inter-

nal capsule, as well as the WM of the left anterior and medial
https://doi.org/10.23838/pfm.2018.00149

thalamus (Fig. 4A) [41]. After Bonferroni correction for multi-

ple comparisons, significant positive correlations were found
7

MRI study in narcolepsy
between depressive mood and MD in the bilateral superior

2. Scammell TE. Narcolepsy. N Engl J Med 2015;373:2654-62.

parietal gyrus in narcoleptic patients (Fig. 4B). DTI-TBSS

Gulyani S, Aldrich M, et al. Reduced number of hypocretin

frontal gyri, bilateral fronto-orbital gyri, and right superior
avoids inaccurate alignment between subjects as well as ambiguity in choosing the extent of smoothing that were limitations of DTI-VBM. This study suggests there is widespread

disruption of WM integrity and prevalent brain degeneration

3. Thannickal TC, Moore RY, Nienhuis R, Ramanathan L,
neurons in human narcolepsy. Neuron 2000;27:469-74.

4. Lin L, Faraco J, Li R, Kadotani H, Rogers W, Lin X, et al. The
sleep disorder canine narcolepsy is caused by a mutation in
the hypocretin (orexin) receptor 2 gene. Cell 1999;98:365-76.

of frontal lobes that are associated with depressive symp-

5. Mignot E, Lammers GJ, Ripley B, Okun M, Nevsimalova S,

narcolepsy have commonly reported decreased FA in the WM

tin measurement in the diagnosis of narcolepsy and oth-

toms in narcolepsy. It should be noted that DTI studies of
of the fronto-orbital and cingulate area in patients.

CONCLUSION

Overeem S, et al. The role of cerebrospinal fluid hypocreer hypersomnias. Arch Neurol 2002;59:1553-62.

6. Plazzi G, Montagna P, Provini F, Bizzi A, Cohen M, Lugaresi
E. Pontine lesions in idiopathic narcolepsy. Neurology
1996;46:1250-4.

Structural neuroimaging has provided significant clues as to

7. Bassetti C, Aldrich MS, Quint DJ. MRI findings in narcolep-

and symptomatology in narcolepsy. Sophisticated MRI tech-

8. Frey JL, Heiserman JE. Absence of pontine lesions in nar-

with exquisite details and quantification of morphological

9. Overeem S, Steens SC, Good CD, Ferrari MD, Mignot E,

brain regions that might be responsible for pathophysiology
niques allow in vivo visualization of human brain anatomy
changes. Narcolepsy with cataplexy has associated structural

abnormalities in the hypothalamus and thalamus, in line

with a loss of hypocretinergic neurons, as well as various cortical/subcortical regions, in relation with cataplexy and cognitive and mood disturbances.
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