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ABSTRACT

Introduction: functional and structural MRI studies suggest that the orexin (hypocretin) deficiency in the dorso-
lateral hypothalamus of narcoleptic patients would influence both brain metabolism and perfusion and would
cause reduction in cortical grey matter. Previous fMRI studies have mainly focused on cerebral functioning
during emotional processing. The aim of the present study was to explore the hemodynamic behaviour of
spontaneous BOLD fluctuation at rest in patients with Narcolepsy type 1 (NT1) close to disease onset.
Methods: Fifteen drug naive children/adolescents with NT1 (9 males; mean age 11.7 £ 3 years) and fifteen
healthy children/adolescents (9 males; mean age 12.4 + 2.8 years) participated in an EEG-fMRI study in order to
investigate the resting-state functional connectivity of hypothalamus and amygdala. Functional images were
acquired on a 3 T system. Seed-based functional connectivity analyses were performed using SPM12. Regions of
Interest were the lateral hypothalamus and the amygdala.

Results: compared to controls, NT1 patients showed decreased functional connectivity between the lateral hy-
pothalamus and the left superior parietal lobule, the hippocampus and the parahippocampal gyrus. Decreased
functional connectivity was detected between the amygdala and the post-central gyrus and several occipital
regions, whereas it was increased between the amygdala and the inferior frontal gyrus, claustrum, insula, and
putamen.

Conclusion: in NT1 patients the abnormal connectivity between the hypothalamus and brain regions involved in
memory consolidation during sleep, such as the hippocampus, may be linked to the loss of orexin containing
neurons in the dorsolateral hypothalamus. Moreover, also functional connectivity of the amygdala seems to be
influenced by the loss of orexin-containing neurons. Therefore, we can hypothesize that dysfunctional in-
teractions between regions subserving the maintenance of arousal, memory and emotional processing may
contribute to the main symptom of narcolepsy.

1. Introduction

sleep fragmentation (American Academy of Sleep Medicine, 2014).
Furthermore, a pathognomonic symptom of NT1 is cataplexy, a sudden

Narcolepsy type 1 (NT1) is a rare chronic sleep disorder, occurring in
0.025% to 0.050% of the population (Ohayon et al., 2002; Silber et al.,
2002). Recent studies suggest that symptoms began during childhood in
more than one-half of the patients (Dauvilliers et al., 2001; Rocca et al.,
2015). The main symptoms of narcolepsy are excessive daytime sleepi-
ness (EDS), sleep paralysis, hypnagogic hallucinations, and nocturnal

muscle tone loss that occurs during wakefulness and it is triggered by
strong positive emotions such as laughing (Bassetti et al., 2019). How-
ever, NT1 disease burden includes a variety of non-sleep-related symp-
toms including depression, cognitive difficulties, fatigue, and poor
school/work performances (Maski et al., 2017; Plazzi et al., 2018).
Low or absent orexin level (also known as hypocretin-1, Hert-1) has
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been reported in the cerebrospinal fluid (CSF) (Thannickal et al., 2003,
2000) of 90% of NT1 patients (Mignot et al., 2002). Orexin deficiency is
known to be associated with the loss of hypothalamic orexin neurons
(Peyron et al., 2000; Ritchie et al., 2010), which project to the amygdala
(Bisetti et al., 2006; Sakurai et al., 2005; Yoshida et al., 2006) and
modulate the sleep/wake cycle via widespread connections with other
arousal-promoting nuclei (Mignot et al., 2002; Saper et al., 2005).

A close interaction between brain regions involved in emotion pro-
cessing and NT1 has been well documented in both animals (Gulyani
etal., 2002; Siegel et al., 1999) and humans (Hong et al., 2006; Khatami
et al., 2007; Meletti et al., 2015; Vaudano et al., 2019). In particular,
these previous evidences suggest the involvement of the amygdala, a
limbic structure that mediates emotional information processing
(LeDoux, 2000; Vuilleumier, 2005; Zald, 2003).

Neuroimaging studies have not demonstrated consistent structural
brain alterations in NT1. Systematic structural neuroimaging techniques
revealed gray matter loss in unilateral (Kim et al., 2009), or bilateral
(Buskova et al., 2006; Draganski et al., 2002; Joo et al., 2009; Scherfler
et al., 2012) hypothalamus, even though, no structural hypothalamic
changes were reported in other works (Brenneis et al., 2005; Kaufmann
etal., 2002; Overeem et al., 2003). Conflicting results were reported also
about amygdala structural abnormalities. Two studies described
decreased grey matter (Brabec et al., 2011; Kim et al., 2016), whereas
other authors failed to detect any anomaly in the amygdala volume
(Nemcova et al., 2015). Gray matter reduction was reported also in the
thalamus, the nucleus accumbens and the fronto-temporal areas, which
are projected by orexin neurons (Wada et al., 2019). Moreover, a recent
study of our group showed increased volume of the hippocampus in
children and adolescents with NT1 (Tondelli et al., 2018).

Functional MRI (fMRI) studies investigated BOLD activation during
emotional processing (see for review: Engstrom et al., 2014; Wada et al.,
2019), showing conflicting results with both increased and reduced
hypothalamic response in narcoleptic patients compared to controls
(Reiss et al., 2008; Schwartz et al., 2008; Vaudano et al., 2019). Sig-
nificant participation in cataplexy triggered by emotions was observed
within several emotional and reward system regions, such as the
amygdala but also the insula, the nucleus accumbens, the anterior
cingulate and the orbitofrontal cortices (Meletti et al., 2015; Vaudano
et al., 2019). A number of these studies performed event-related fMRI
with different aims and using different protocols, for instance to inves-
tigate neural correlates of humor processing in drug-free adult patients
while viewing sequences of humorous pictures (Schwartz et al., 2008) or
humorous cartoons during cataplectic attack (Reiss et al., 2008). Other
studies focused on children and adolescents with NT1 investigating the
neural correlates of spontaneous laughter (Vaudano et al., 2019) and of
cataplexy (Meletti et al., 2015) while watching funny videos. Therefore,
the resulting picture of the exploration of narcolepsy through the lens of
functional MRI is complex and non-homogenous.

The hemodynamic behavior of spontaneous BOLD fluctuation at rest
has not been extensively explored in NT1. Three studies examined brain
functional connectivity in NT1 using graph theoretical analysis and/or
independent component analysis (Drissi et al., 2016; Xiao et al., 2020,
2019). Xiao et al. (2019) reported altered functional connectivity within
the executive (Seeley et al., 2007) and the salience network (Menon and
Uddin, 2010), but also between the sensorimotor regions and the oc-
cipital and cingulate gyri in narcoleptic adult patients, whereas a
disruption of both anterior and posterior components of the default
mode network (Raichle et al., 2001; Gusnard and Raichle, 2001) was
described by Drissi and colleagues (2016) in adolescents (14-20 years).

The aim of the present study was to investigate the resting state
functional connectivity in drug-naive children and adolescents with
narcolepsy, focusing on the hypothalamus and the amygdala as seeds.
We wanted to study functional connectivity close to disease onset in
order to detect early neurodevelopmental features of NT1, before any
structural, functional or behavioral adaptation and without drug-
induced effects. We hypothesized that the loss of neurons containing
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orexin in NT1 may alter functional connectivity between the hypothal-
amus and brain regions involved in arousal and emotion processing.

2. Materials and methods
2.1. Participants

Twenty young normal-weight (body mass index, BMI: 22.19 + 4.4
kg/m?) patients with NT1 (11 males; mean age 11.3 + 2.9 years) were
recruited between January 2014 and February 2015. Five patients were
excluded from the study because of movements along the whole fMRI
acquisition, incompleteness of functional session and/or lack of T1-
weighted anatomical image. Therefore, 15 patients entered the group
analyses. Detailed clinical features are described in our previous papers
on the same population (Meletti et al., 2015; Vaudano et al., 2019) and
summarized in Table 1. Briefly, patient inclusion criteria were the
following: (a) drug-naive young patients from 7 to 18 years old, (b) a
diagnosis of NT1, according to current criteria (American Academy of
Sleep Medicine, 2014), (c) proven CSF orexin deficiency, and (d) video
documentation of cataplectic attacks during a standardized video ses-
sion (Pizza et al., 2013; Plazzi et al., 2011).

For between-group comparison, 15 normal-weight healthy controls
(HC, 9 males; mean age 12.4 + 2.8 years) with no history of neurological
diseases and normal sleep-wake habit took part in the fMRI study (for a
detailed demographic description, see supplementary Table 1). The
participants and their parents were interviewed by A.E.V., a certified
sleep expert, to ascertain personal sleep habits, neurological status and
to exclude sleep disorders . Part of the studied population of healthy
children/adolescents has already been published in a recent study by
Talami et al. (2020).

The local Ethics Committee has approved the experimental protocol
(CE 268/15) and written informed consent was obtained from the par-
ents of each subject, who assented to participate in the study.

2.2. Resting-state EEG-fMRI protocol

All MRI recordings were performed during the early afternoon 1-3 h
after a meal and after a brief nap to avoid confounding effects of
sleepiness. All subjects were instructed not to focus their thoughts on
anything in particular, avoiding any structured mental activity such as
counting, rehearsing, etc., and to keep their eyes closed during the
resting state MR acquisition. At the end of the scanning session, the
participants were asked whether they were awake and whether they
were able to follow the instructions.

Scalp EEG was recorded by means of a 32 channels MRI-compatible
EEG recording system (Micromed, Mogliano Veneto, Italy) in NT1 group
only. Electrodes were placed according to conventional 10-20 locations
and the reference was FCz. ECG was recorded from two chest electrodes.
Surface electromyography (EMG) was recorded from sub chin elec-
trodes. The impedance of the electrodes was lower than 10 kQ. Before
scanning, 10 min of out-of magnet good quality EEG data were collected.
Foam pads were used to secure the EEG leads, minimize motion, and
improve the comfort of the patient. The EEG data were transmitted via
an optic fiber cable from the high-input impedance amplifier (1024 Hz
sampling rate) to a computer located outside the scanner room. Both
groups were also constantly observed and recorded by a small
camcorder positioned on the head coil inside the scanner pointing to the
participant’s face to obtain a simultaneous split-screen video-EEG
documentation during the fMRI recording (Chaudhary et al., 2010;
Ruggieri et al., 2015). The utility of the video is twofold. On one hand, it
allows to monitor the subject’s face inside the scanner and to verify
offline the presence of any physiological movement (head movements,
swallowing, orobuccal movements, etc.), which has been modelled in
the fMRI analyses according to previously published methods (Ruggieri
et al., 2015). On the other, it was used to monitor any behavioral sign of
sleep and specifically the occurrence of rapid eye movements (REM).
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Table 1
Clinical and Laboratory Data of Patients (included in the fMRI group analyses).
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Patient ID Age (yr) Gender Disease duration (yr) CSF Hert(pg/ml) mESS score Cataplexy frequency BMI MSLT-SL MSLT-SOREMPs
1 13 M 2.7 55.0 n.r. n.r. 19.56 13.00 4
2 10 F 3.7 15.5 14 >1d 19.86 1.20 1
3 9 M 1.7 0.0 21 >1d 26.19 1.90 4
4 7 F 0.9 0.0 20 >1d 17.46 9.60 1
5 10 M 3.7 43.1 13 ly-1 m 20.61 9.00 5
6 12 F 2.0 10.7 13 1w-1d 23.7 3.30 5
7 15 M 1.0 0.0 17 1w-1d 27.04 3.30 4
8 11 F 1.3 0.0 14 1w-1d 23.9 1.00 5
9 14 F 3.2 0.0 12 1w-1d 19.3 2.40 5
10 16 M 6.1 0.0 14 1w-1d 21.03 2.40 5
11 11 M 3.3 25.0 14 >1d 16.53 9.80 4
12 14 M 2.8 39.8 18 1d 33.9 5.50 5
13 7 M 0.3 0.0 10 1w-1d 23.84 7.50 3
14 10 M 0.8 15.7 13 >1d 18.66 11.6 3
15 17 F 1.6 0.0 15 1w-1d 21.3 2.6 5

Yr = years; F = female; M = male; min = minutes; hert = hypocretin-1 level in CSF (pathological levels < 110 pg/mL); ESS = Epworth Sleepiness Scale score (range
0-24, pathological score > 10); MSLT = multiple sleep latency test; SOREMPs = sleep-onset rapid eye movement periods.

Functional data were acquired using a Philips Achieva system at 3 T
and a gradient-echo echo-planar sequence from 30 axial contiguous
slices (TR = 2000 ms; in-plane matrix = 80x80; voxel size: 3x3x4) over a
8 min session per participant (240 volumes) with continuous video-EEG
recording. A TTL signal was sent every TR via a BNC trigger cable from
the MRI console to the EEG computer allowing the synchronization
between the acquisition of the functional volumes and the EEG data. A
high-resolution T1-weighted anatomical image was acquired for each
participant to allow anatomical localization. The volume consisted of
170 sagittal slices (TR = 9.9 ms; TE = 4.6 ms; in plane matrix = 256 x
256; voxel size =1 x 1 x 1 mm).

2.3. EEG preprocessing and analysis

The correction of the gradient artifact on EEG acquired during fMRI
was performed offline by means of the Brain Quick System Plus software
(Micromed, Mogliano Veneto, Italy) (Allen et al., 2000). The EEG data
were exported in .edf format and reviewed by means of the BrainVision
Analyzer 2.0 software (Brain Products, Munich, Germany). A bandpass
filter between 0.5 and 70 Hz was applied to the continuous recording
and a cubic spline interpolation was used for channels showing high
impedance or electrode displacement artifacts. Pulse related artefacts
were removed using the EEG processing package of Brain Analyzer
(Brain Products, Munich, Germany) (Allen et al., 1998). The pre-
processed EEG was then submitted to an Independent Component
Analysis (ICA) (Bell and Sejnowski, 1995; Makeig et al., 2004) in order
to separate the generators of EEG activity thus maximizing the statistical
independence among them. For each participant, the 30 EEG channels
signal was decomposed in 30 components (FO to F29). Each component
was characterized by a time course describing the morphology of the
component over time, and by a specific topography (i.e. an array con-
taining the weights the specific component had in each channel). For all
the patients two certified sleep experts (A.E.V. and F.P.) reviewed both
the standard EEG recordings and the individual components of the ICA-
processed recordings. The components carrying residual motion or
gradient artifacts were marked as artifactual components. The residual
cardiac artifact was subtracted by objective (CBC parameters, Vision
Analyzer) ICA-based rejection of residual artifact-laden components.
Then, the resulting cleaned EEG traces were further reviewed to identify
the physiological brain rhythms, such as alpha rhythm, and any sign of
sleep and hypnagogic sleep figures. To this end, a conventional scoring
in 30 s epochs was performed according to the rules published by the
American Academy of Sleep Medicine (AASM, 2007).

2.4. Resting-State fMRI data processing

fMRI data analysis was performed using MATLAB version R2013a
(The MathWorks Inc, Natick, Mass) and SPM12 (Wellcome Department
of Imaging Neuroscience, London, UK). Functional volumes of each
participant were slice time corrected, realigned to the first volume ac-
quired and normalized to the MNI (Montreal Neurologic Institute)
template implemented in SPM12. A temporal filter (0.01-0.08 Hz) was
applied using Resting-State fMRI Data Analysis Toolkit (REST) (Song
et al.,, 2011) to reduce low frequency drifts and high frequency physi-
ological noise. Finally, functional data were smoothed with a 6x6x8 mm
FWHM Gaussian kernel.

2.4.1. Seed-based functional connectivity analyses: Lateral hypothalamus
and amygdala

Functional connectivity maps were obtained using the voxel wise
approach by computing functional connectivity between two regions of
interest (ROI), the lateral hypothalamus and the amygdala, and each
voxel within the brain.

The lateral hypothalamus was identified in each hemisphere. Ac-
cording to previous studies (Baroncini et al., 2012; Contreras-Rodriguez
et al., 2017; Kullmann et al., 2014), the ROI were built as 2-mm radius
spheres around the following coordinates: x =+ 6,y = — 10,z= — 10.
The BOLD signal time course was extracted from the left and the right
lateral hypothalamus of each participant by means of marsbar
(http://marsbar.sourceforge.net/). First level (single subject) regression
analyses were performed for each subject, using the BOLD signal time
course of the seed regions as predictor of interest. The six head-motion
parameters (translations and rotations) and the time courses repre-
senting mean signal fluctuations in gray matter, white matter and ce-
rebrospinal fluid were entered as confounds. Single patient contrast
images were generated by estimating the regression coefficient between
each seed’s time series and the whole brain and were then included in a
second-level full factorial model with a 2 x 2 design (group [patients vs
healthy controls] x ROI [left and right lateral hypothalamus]). Age and
sex were included as covariate.

The second seed was the amygdala. Since this limbic region contains
dense orexin fibers and receptors and is also projected by orexin-
containing neurons (Siegel et al., 1999), we exclusively considered the
subregions which were functionally connected with the lateral hypo-
thalamus. Therefore, the ROI was defined as the intersection between
the healthy controls’ hypothalamic functional connectivity map and the
amygdala belonging to the AAL Atlas (Tzourio-Mazoyer et al., 2002).
The intersection was performed by means of marsbar using the function
rl & r2, which gives all the voxels included in ROI 1 (AAL amygdala)
and in ROI 2 (hypothalamic connectivity map). The resulting volumes of
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the ROI were 608 mm? (16.88 voxels) for the left amygdala and 96 mm?
(2.66 voxels) for the right amygdala. First and second-level resting-state
analyses were performed as described above for the lateral
hypothalamus.

A double statistical threshold (voxel-wise p < 0.001 and spatial
extent) was adopted to achieve a combined significance, corrected for
multiple comparisons, of a < 0.05, as computed by 3dClustSim AFNI
routine, using the “acf’ option (https://afni.nimh.nih.
gov/pub/dist/doc/program_help/3dClustSim.html).

Regression analyses were performed to examine correlation between
hypothalamus and amygdala functional connectivity and disease dura-
tion (years), CSF orexin level, and mESS score. Gender, age, and BMI
were considered as nuisance covariates.

3. Results

The simultaneously acquired EEG and video recordings allowed to
ascertain that no patient slept during the fMRI acquisitions. Specifically,
the sleep scoring procedure demonstrated the absence of any N1 or N2
epochs. No vertex spikes, K-complex or spindles were observed in any
subject during the experimental recording; nor sleep onset rapid eye-
movement (SOREM) periods were recorded. Similarly, the inspection
of the video in controls did not show any sign of sleep during fMRI. Both
patients and controls declared that they were awake during the exper-
imental session.

3.1. Functional connectivity of lateral hypothalamus

Seed-based analyses revealed that patients’ and control’s lateral
hypothalamus was functionally connected with the thalamus, the basal
ganglia (caudate nucleus, putamen, globus pallidus), the anterior insula
(AD), the anterior cingulate cortex, the midbrain, and the cerebellum. In
healthy participants, the lateral hypothalamus showed additional
functional connection to the medial and inferior frontal gyrus (IFG), the
precuneus/posterior cingulate cortex (PCC), the hippocampus, the par-
ahippocampal gyrus and the amygdala (Fig. 1; supplementary Table 2).

3.1.1. Comparison of NT1 patients versus healthy controls
When compared to controls, NT1 showed a significant decrease in
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connectivity between the lateral hypothalamus and the superior parietal
lobule, the hippocampus and the parahippocampal gyrus of the left
hemisphere (Fig. 2; Table 2). No regions of increased connectivity in
patients versus controls were detected.

3.2. Functional connectivity of amygdala

The amygdala was functionally connected to several cortical and
subcortical areas in both groups, including the hippocampus and the
parahippocampal gyrus, the thalamus, the basal ganglia (putamen,
globus pallidus, caudate nucleus), the anterior and posterior insula, the
middle and superior temporal gyrus, and the cerebellum (Fig. 3; sup-
plementary Table 3).

3.2.1. Comparisons between NT1 patients and healthy controls

Decreased functional connectivity was found between the patients’
amygdala and the post-central gyrus and several occipital regions
(lingual gyrus and cuneus), whereas increased connectivity was detec-
ted between the seed and the inferior frontal gyrus (pars opercolaris), the
anterior insula and the claustrum of the right hemisphere, the bilateral
posterior insula, and the putamen (Fig. 4; Table 3).

3.3. Correlation analyses

No significant correlation between functional connectivity of the
seeds and measures of disease duration, CSF orexin level, mESS score
was detected.

4. Discussion

As expected, we found alteration of both seeds functional connec-
tivity during resting state in young patients with NT1. The possibility to
study cerebral functioning in drug-naive children and adolescents
allowed to identify functional connectivity changes before any behav-
ioral adaptation and possible drug-induced effects. When compared to
healthy controls, NT1 patients demonstrated a complex change of
functional connectivity mainly involving: (i) a decreased connectivity
between the lateral hypothalamus and the superior and inferior parietal
lobule, the hippocampus and the parahippocampal gyrus of the left

Fig. 1. Hypothalamus (HP) functional connectivity networks in NT1 patients and healthy controls (HC), shown in sagittal and axial slices (neurological convention)
of a standard structural T1 weighted brain image (3dClustSim corrected: cluster size threshold k > 31, corrected at « < 0.05). Color bar represents t-values.
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NT1 < HC (59

- i

left
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Fig. 2. Results of the NT1 < HC contrast, showing reduced functional connectivity of the patient’s lateral hypothalamus (cluster size threshold k > 31, corrected at «
< 0.05). Clusters are shown in a sagittal slice of a standard structural T1 weighted brain image and in coronal and axial slices of an anatomical template found in

xjview toolbox (https://www.alivelearn.net/xjview). Color bar represents t-values.

Table 2
Peak coordinates of reduced (NT1 < HC) functional connectivity of patient’s
lateral hypothalamus.

Cluster Voxel level MNI Coordinates

K Brain areas BA T X y z

96 Superior parietal lobule 5 5.02 —24 —43 62
Precuneus 7 4.76 -27 —58 50

34 Hippocampus 4.85 -30 —28 -14
Parahippocampal gyrus 27 3.46 -21 -37 -6

BA, Brodmann area. Cluster size threshold k > 31, corrected at a < 0.05.

Table 3
Peak coordinates of reduced (NT1 < HC) and increased (NT1 > HC) functional
connectivity of patient’s amygdala.

Cluster ~ Voxel level MNI Coordinates

k Brain areas BA T X y z
NT1 < HC

93 Post-central gyrus 3 5.54 -30 -31 54

409 Lingual gyrus 19 532 24 —64 —6
Cuneus 18 5.20 -18 -76 18
NT1 > HC

99 Anterior insula 513 36 -1 -2
Claustrum 460 33 -7 10
Putamen 4.06 30 5 6

176 Precentral gyrus 4 4.87 45 —4 30
Inferior frontal gyrus (pars 44 475 60 11 18
opercolaris)

27 Putamen 4.04 -33 -16 2
Posterior insula 330 -36 -16 -2

BA, Brodmann area. Cluster size threshold k > 25, corrected at a < 0.05.

hemisphere; (ii) decreased amygdala functional connectivity with the
left post-central gyrus and the bilateral occipital areas, and (iii)
increased amygdala connectivity with several regions of the right
hemisphere (frontal operculum, claustrum), bilateral posterior insula
and putamen.

4.1. Functional connectivity of hypothalamus

Since the loss of orexin-producing neurons has a central role in
determining the main symptoms of NT1 (Liblau et al., 2015; Mignot
et al., 2002), the lateral hypothalamus is one of the key brain regions of
narcolepsy. Our results replicate previous seed-based studies in healthy

volunteers (Kaufmann et al., 2006; Kullmann et al., 2014), which
showed functional connectivity between the hypothalamus and several
subcortical and cortical regions, such as the thalamus, the brainstem, the
striatum, the orbitofrontal cortex, the cingulum, and temporal lobe
regions.

The present work showed that in NT1 patients functional connec-
tivity between the lateral hypothalamus and the hippocampus was
reduced. Animal studies suggest that dense innervations is provided by
hypothalamic orexin-containing neurons to the medial septum-diagonal
band of Broca, which in turns sends cholinergic and GABAergic fibers to
the hippocampus to controls the hippocampal theta rhythm and related
learning and memory functions (Peyron et al., 1998; Wu et al., 2004,
2002). Moreover, orexin may enhance hippocampal neurogenesis
improving spatial learning, memory abilities, and mood, whereas orexin
deficiency results in learning and memory deficits, and depression
(Arendt et al., 2013; Wayner et al., 2004; Yang et al., 2013; Zhao et al.,
2014).

Furthermore, the administration of modafinil, a wakefulness-
promoting agent used for the management of daytime sleepiness in
narcoleptic patients, brought to an increase of the regional metabolism
in left hippocampus after two weeks of treatment (Kim et al., 2007), as
well as increase theta rhythm in left temporal areas (Saletu et al., 2004).
Therefore, we may infer that reduced functional connectivity between
the lateral hypothalamus and the hippocampus may reflect a loss of
orexinergic innervation. The central role of the hippocampus in narco-
lepsy is demonstrated also in previous neuroimaging studies showing
hypoperfusion of brain regions involved in promoting wakefulness,
including the hippocampus (Eun et al., 2005). Recently, our group
demonstrated greater GM volume of the right hippocampus in NT1 ad-
olescents when compared with controls using both VBM and shape
analysis approach (Tondelli et al., 2018) suggesting a possible
compensatory mechanism of the right hippocampus. On the other hand,
structural neuroimaging data on NT1 adults patients are consistent with
reduction of the hippocampal volume in narcolepsy (Joo et al., 2012;
Kim et al., 2016; Nemcova et al., 2015) and showed a positive correla-
tion with mean sleep and REM sleep latencies in MSLT (Joo et al., 2012).

Concerning the reduced connectivity between the hypothalamus and
the left parietal cortex, it may reflect the attentional deficits previously
reported in narcolepsy (Naumann et al., 2006). A recent study compared
adult NT1 and NT2 patients showing specific alteration of the alerting
network in orexin deficient patients (Filardi et al., 2017). The func-
tioning of the alerting network is subserved by parietal and frontal areas
and is modulated by the locus coeruleus noradrenergic system (Petersen
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Fig. 3. Amygdala (AMY) functional connectivity networks in NT1 patients and healthy controls (HC), shown in sagittal, coronal and axial slices (neurological
convention) of a standard structural T1 weighted brain image (3dClustSim corrected: cluster size threshold k > 25, corrected at o < 0.05). Color bar represents

t-values.

NT1 < HC

NT1 > HC

Fig. 4. Reduced (left) and increased (right) functional connectivity of patient’s amygdala (AMY; cluster size threshold k > 25, corrected at a < 0.05). Results are
superimposed on the ch2bet.nii template as provided by xjview toolbox. Color bars represent T-values.

and Posner, 2012), which is projected by the orexinergic system (Aston-
Jones and Cohen, 2005). Our results are consistent with clinical obser-
vation that attention deficit/hyperactivity disorder (ADHD) is the most
frequently described neurodevelopmental disorder in childhood narco-
lepsy (Lecendreux et al., 2015; Modestino and Winchester, 2013; Rocca
etal., 2016). Unfortunately, we were not able to correlate our functional
findings with attentive functioning since we did not measure attentive/
cognitive abilities in our patients’ population.

4.2. Functional connectivity of amygdala

With regards to the functional connectivity of the amygdala, we
found decreased connectivity with the post-central gyrus and occipital
areas. Our results were consistent with recent resting-state studies,
which showed altered topological properties of many brain nodes
including the bilateral precentral and postcentral gyrus and right oc-
cipital regions in NT1 patients using Graph Theoretical Analysis (Xiao
etal., 2020, 2019), and increased functional connectivity in the bilateral
calcarine fissure within the visual network in adolescents with NT1
(Xiao et al., 2020). Changes in the excitability of intrinsic circuits in the
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motor cortex were found using transcranial magnetic stimulation study
which demonstrated hypo-excitability of sensorimotor cortex during
wakefulness in narcolepsy (Oliviero et al., 2005). Since the orexin-
containing neurons project widely to the neocortex and excitatory
orexin innervation of visual neurons has been described (Bayer et al.,
2004), altered functional interaction between the amygdala and the
sensorimotor and visual networks (Damoiseaux et al., 2006; De Luca
et al., 2006) may be related to reduced orexin levels in narcolepsy.

On the contrary, increased functional connectivity was found with
regions belonging to salience network (Menon and Uddin, 2010; Seeley
et al., 2007), such as the right frontal operculum/anterior insula and the
claustrum. Salience network refers to a cerebral circuit that directs
attention towards the most behaviorally relevant stimuli (Uddin, 2015)
and may be involved in the maintenance of tonic alertness (Sadaghiani
et al., 2010). Alterations of this network were found also in previous rs-
fMRI studies in both adults and adolescents with NT1 (Xiao et al., 2020,
2019). The interpretation of this increased functional connectivity be-
tween the amygdala and salience network regions is speculative. It could
be either compensatory or due to orexin deficiency. Moreover, these
alterations could also be relevant to explain some behavioral traits
described in adolescents with NT1 such as hyperactivity.

Future studies may investigate the connectivity pattern of different
amygdala subregions in narcolepsy, since a strong differentiation was
found in both task-dependent and independent contexts in healthy
subjects (Kerestes et al., 2017; Roy et al., 2009).

4.3. Limitations of the study

The present study has a main limitation: the absence of EEG
recording during MRI in healthy volunteers, which is a critical tool to
exclude sleep episodes. Nevertheless, in order to mitigate the possibility
of falling asleep, all recordings were made after an afternoon nap.
Additionally, video recordings were used to monitor any behavioral sign
of sleep and, at the end of the recording session, the subjects were asked
whether they slept during the recording. A further limit, which is
intrinsic to all resting state protocols, is the impossibility to control the
mental activity of the participants during the scanning session. It is
recommended to give consistent instructions to mitigate this con-
founding effect, although its elimination is not possible (Duncan and
Northoff, 2013).

5. Conclusions

The present seed-based fc-fMRI study suggests that the loss of orexin
containing neurons in NT1 may cause abnormal connectivity between
the hypothalamus and brain regions involved in sleep-wake regulation,
such as the hippocampus. Moreover, functional connectivity of the
amygdala, a limbic region which contains dense orexin fibers and re-
ceptors, seem to be influenced by the loss of dorsolateral hypothalamus
orexin-containing neurons. Therefore, we can hypothesize that
dysfunctional interactions between regions subserving the maintenance
of wakefulness and emotional processing may contribute to the main
symptom of narcolepsy characterized by orexin deficiency.
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