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Narcolepsy type 1 (NT1) is characterized by sleep-onset rapid eye movement periods (SOREMPs), reflecting dysregulated rapid eye
movement (REM) sleep control. Treatment response variability in SOREMP persistence remains poorly understood, particularly
regarding hypothalamic functional connectivity (FC) and depressive symptoms. This study investigated clinical, polysomnographic,
and neuroimaging differences between NT1 patients with low (0–1) versus high (≥2) post-treatment SOREMPs, and explored
whether hypothalamic FC mediates the relationship between depressive symptoms and SOREMPs outcomes. One hundred ten NT1
patients were categorized into low (n= 62) and high (n= 48) post-treatment SOREMPs groups. Demographic, clinical variables
(symptoms and questionnaires), and polysomnography (PSG)/multiple sleep latency test (MSLT) parameters were compared.
Resting-state fMRI assessed hypothalamic FC with whole-brain regions. LASSO regression modeled associations between FC, sleep
latency, and clinical variables, while mediation analysis tested hypothalamic pathways as mediators of depression-SOREMP
relationships. High post-treatment SOREMPs patients exhibited shorter pre/post-treatment REM sleep latency, lower post-treatment
wakefulness index, and higher depressive symptom prevalence compared to low SOREMPs patients. Hypothalamic FC differed
significantly between groups: low SOREMPs patients showed enhanced connectivity in right medial hypothalamus-right thalamus/
left precuneus, left medial hypothalamus-left inferior parietal lobule (IPL), and right lateral hypothalamus-left IPL pathways, but
reduced connectivity in left lateral hypothalamus-right insula/left anterior cingulate cortex pathways (p < 0.05, GRF-corrected).
LASSO regression identified left medial hypothalamus-left IPL FC as a significant predictor of post-treatment MSLT mean sleep
latency (β= 0.272, p= 0.001), alongside age (β=−0.256, p= 0.002) and pre-treatment sleep latency (β= 0.392, p < 0.001).
Mediation analysis revealed complete mediation by two hypothalamic pathways: depressive symptoms predicted reduced right
lateral hypothalamus-left IPL FC (indirect effect: 0.15–1.05), associated with fewer SOREMPs, and increased left lateral
hypothalamus-right insula FC (indirect effect: 0.08–1.14), associated with more SOREMPs. Hypothalamic-parietal/insular FC
abnormalities link depressive symptoms to post-treatment SOREMP variability in NT1, with specific pathways mediating opposing
effects on REM sleep regulation. These findings highlight hypothalamic connectivity as a critical neural substrate for treatment
response, integrating sleep-wake and emotional processing networks. Targeting these pathways may improve personalized
management for NT1 patients with comorbid depression and treatment-resistant SOREMPs.
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INTRODUCTION
Narcolepsy type 1 (NT1), characterized by the loss of hypothalamic
orexin neurons, is defined by excessive daytime sleepiness,
cataplexy, and pathognomonic sleep-onset rapid eye movement
periods (SOREMPs) on polysomnography (PSG) and multiple sleep
latency tests (MSLT) [1, 2]. SOREMPs, indicative of dysregulated
rapid eye movement (REM) sleep control, serve as a key diagnostic
criterion and reflect the severity of REM sleep intrusion into
wakefulness [3, 4]. While pharmacotherapies targeting hypocretin
deficiency sleepiness (e.g., modafinil) or REM sleep dysregulation
(e.g., selective serotonin reuptake inhibitors) have improved
clinical outcomes, interindividual variability in treatment response
remains pronounced, particularly in the persistence of SOREMPs
after intervention [2, 5–7]. For instance, recent trials with the

hypocretin receptor agonist demonstrated significant improve-
ments in both wakefulness and cataplexy [8, 9] but did not have
reports on the effects of treatment on SOREMPs, and the effects of
stimulants (e.g., modafinil) and antidepressants on SOREMPs are
not yet fully understood, underscoring the need to understand the
neural and clinical factors driving this heterogeneity.
Previous research has highlighted the hypothalamus as a

pivotal node in REM sleep regulation [10–13], with its functional
connectivity (FC) to brain regions involved in sleep-wake home-
ostasis (e.g., thalamus, parietal lobe) and emotion processing (e.g.,
amygdala, cingulate cortex) playing a role in narcolepsy patho-
physiology. For example, altered hypothalamic-parietal connectiv-
ity has been linked to sleep fragmentation and daytime sleepiness
in NT1, while hypothalamic-amygdala interactions may contribute
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to emotional instability and cataplexy [14]. However, the specific
mechanisms by which hypothalamic FC influences treatment-
responsive SOREMPs remain unclear.
Depressive symptoms, which affect up to 50% of NT1 patients,

further complicate clinical trajectories [15]. These symptoms are
often comorbid with sleep dysfunction and may exacerbate REM
sleep dysregulation through shared neural pathways. For instance,
the hypothalamic-pituitary-adrenal (HPA) axis, a key regulator of
stress responses, is dysregulated in both depression and NT1,
potentially influencing sleep architecture and treatment outcomes
[16]. Emerging evidence suggests that hypothalamic FC with
emotion-processing regions (e.g., amygdala, prefrontal cortex)
may mediate the relationship between depressive symptoms and
sleep abnormalities [17–19]. However, the extent to which these
pathways interact with treatment-induced changes in SOREMPs
remains unexplored.
In this study, we sought to characterize differences in

demographic, clinical, and polysomnographic parameters
between NT1 patients with low (0–1) versus high (≥2) post-
treatment SOREMPs. Leveraging resting-state functional magnetic
resonance imaging (fMRI), we investigated group differences in
hypothalamic FC with the whole brain, followed by statistical
modeling to examine associations between FC, sleep latency, and
depressive symptoms. Specifically, we hypothesized that altered
hypothalamic connectivity would correlate with post-treatment
SOREMPs and mediate the relationship between depressive
symptoms and treatment response. By integrating clinical,
polysomnographic, and neuroimaging data, this study aims to
uncover neural mechanisms underlying heterogeneous treatment
outcomes in NT1, with implications for precision medicine
approaches targeting both sleep dysregulation and emotional
comorbidities.

PARTICIPANTS AND METHODS
Participants
A total of 110 drug-naïve NT1 patients from the Sleep Medicine Center in
Peking University People’s Hospital participated in this study. NT1 was
diagnosed according to the ICSD-3: the presence of excessive daytime
sleepiness lasting at least 3 months, typical cataplexy, with mean sleep
latency ≤ 8min and 2 or more sleep-onset REM periods (SOREMPs) on the
multiple sleep latency test (MSLT) or during the previous night
polysomnography (PSG), or lower levels of orexin (≤110 pg/mL) in cerebral
spinal fluid. Patients with cognitive dysfunction (measured by Mini-mental
state examination, MMSE <27), psychiatric disorders, substance/alcohol
abuse, or other serious diseases were excluded. Patients with congenital or
inherited diseases and MRI contraindications were not recruited in this
study. HLA-DQB1*06:02 genotyping was also determined for all NT1
patients. Out of 110 NT1 patients, 68 individuals underwent lumbar
puncture to measure the level of hypocretin in their cerebrospinal fluid. All
participants provided written informed consent. This study was conducted
following the Declaration of Helsinki. The ethical committee of Peking
University People’s Hospital approved the study (2022PHB089).

Polysomnography and multiple sleep latency test
All participants underwent a standardized protocol consisting of poly-
somnography (PSG, Respironics LE-Series Physiological Monitoring System,
Alice 6 LE, FL, USA) and multiple sleep latency testing (MSLT) to confirm
the diagnosis of narcolepsy, following the guideline of the American
Academy of Sleep Medicine (AASM) [20]. On Day 1, participants were
admitted to the sleep laboratory, and PSG was performed overnight
(22:00–06:00) to assess nocturnal sleep architecture. The following
morning (Day 2), MSLT was conducted every 2 h between 08:00 and
17:00 to measure mean sleep latency and rapid eye movement (REM) sleep
onset latency. Then participants underwent functional magnetic resonance
imaging (fMRI) immediately following MSLT. Pharmacological interventions
were initiated sequentially post-fMRI. On the evening of Day 2,
clomipramine (12.5 mg orally) was administered at 20:00 to address
cataplexy. On the morning of Day 3, methylphenidate (9 mg orally) was
given at 08:00 to promote wakefulness and clomipramine (12.5 mg) was
continued at 20:00 on the evening of Day 3. On Day 4 and Day 5,

methylphenidate (9 mg) was administered again at 08:00, followed by
clomipramine (12.5 mg) at 20:00. A second PSG was performed overnight
on Day 4(22:00–06:00) to assess treatment effects on sleep quality,
followed by repeat MSLT between 08:00 and 17:00on Day 5. All
medications were administered under clinical supervision, and vital signs
were monitored throughout the protocol. This structured approach
ensured temporal separation of diagnostic assessments and pharmacolo-
gical interventions to minimize confounding effects on neuroimaging and
sleep metrics. Detailed information about PSG and MSLT can be found in
the supplementary materials.

Questionnaires
The degree of subjective sleepiness, depressed mood, and impulsivity in
NT1 patients was measured by separate questionnaires.
Epworth Sleepiness Scale (ESS) was used to measure subjective

sleepiness. ESS is a measure of a person’s general level of daytime
sleepiness. For adolescents, ESS was modified slightly to be more
applicable: the description regarding “taking alcohol after lunch” was
deleted in item No. 7 and the subject was considered to be “a passenger in
the car” instead of “a driver” in item No. 8 [21].
The Center for Epidemiologic Studies Depression Scale for Children (CES-

DC) was used for measuring the depressed mood in adolescent (age ≤ 17)
NT1 patients 11. A total score ≥20 suggests subjects with depressed
symptoms [22].
The Self-Rating Depression Scale (SDS) was used for measuring

depressed mood in adult (age ≥ 18) NT1 patients. A total standardized
score ≥ 53 suggests subjects with depressed symptoms [23].
The Barratt impulse scale (BIS)-11 was used to measure impulsivity 13.

The whole scale is composed of 30 items, using a 5-point Likert scale for
each item, with a higher total score meaning higher impulsivity [24].

Imaging data acquisition and preprocessing
Resting fMRI scans and high-resolution T1-weighted structural images
were acquired using a 3 T scanner (Siemens, Skyra, Germany) for NT1
patients, immediately after the MSLT. Participants were instructed to stay
fully awake, minimize movement, and to keep their eyes open during the
MRI scan, with continuous supervision. If sleep onset was detected via
video, patients were alerted by a loud noise. They were also instructed in
advance not to respond to any noises during the scan to prevent speaking.
In addition, emotional triggers were avoided to reduce the risk of a
cataplexy attack. Detailed information on the fMRI scanning procedure
provided in supplementary materials.

fMRI data preprocessing
A total of 240 functional volumes were obtained during the resting-state
fMRI scans for each subject. The preprocessing of fMRI data included slice
timing correction, and head-motion correction, registration to 3D T1-
weighted structural images, normalization to the Montreal Neurological
Institute template, smoothing, and removal of linear trends, as detailed in
our previously published reports. Further information on fMRI data
preprocessing and head motion control can be found in supplementary
materials.

Seed-based functional connectivity analyses
Two subregions of the hypothalamus were selected as the regions of
interest (ROIs): the bilateral medial hypothalamus (MH) seed (MNI
[x, y, z]= ±4, −2, −12 mm) and the lateral hypothalamus (LH) seed (MNI
[x, y, z]= ±6, −9, −10 mm) with a 2mm radius sphere, which had been
used in previous research [25].
In the first-level analysis, the functional connectivity between the

bilateral MH and LH, and the rest of the brain was computed. This was
achieved by extracting the blood oxygen level-dependent time course
from each ROI, separately, and calculating Pearson’s correlation coefficients
between the time course in the LH/MH and every voxel in the whole brain.
The correlation coefficients were then transformed to z-scores using
Fisher’s z-transformation to improve their normality and enable better
analysis using the General Linear Model in the second-level analysis.

Statistical analysis
We use descriptive statistics to summarize baseline population character-
istics and clinical features in all NT1 patients. We report normally
distributed continuous variables using means with standard deviations
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(SD), reported medians with interquartile ranges (IQR) for non-normal
continuous variables, and raw numbers with corresponding percentages
for categorical variables.

Step 1 Classify NT1 patients into two groups according to the
SOREMPs after medication treatment
All NT1 patients were classified into two groups according to the number
of SOREMPs on MSLT follow-up after medication treatment: one group
with SOREMPs ≥ 2 episodes (high post-treatment SOREMPs group), and
the other group with 0 or 1 SOREM episode (low post-treatment SOREMPs
group). Differences between these two groups in terms of demographic
characteristics, questionnaires results, PSG and MSLT parameters were
compared. Continuous variables were compared using the two
independent-samples t-test or Wilcoxon rank-sum test. Categorical
variables were compared using the χ2 test. Statistical tests were two-
tailed and the significance level was set at P < 0.05.

Step 2 Differentiating functional connectivity between
two groups
A two-sample t-test was utilized to compare the inter-group differences in
functional connectivity between LH/MH and the whole brain between two
groups of NT1 patients. To address multiple comparisons, all statistical
maps were assigned threshold at Gaussian random field correction (GRF),
with voxel P= 0.001and cluster P= 0.05 [26, 27].

Step 3 Association functional connectivity with mean sleep
latency after medication treatment
To identify factors associated with the mean sleep latency (MSL) on the
MSLT after medication treatment, we employed a two-step statistical
approach. The dependent variable was the post-treatment MSLT mean
sleep latency, while the independent variables included: 1) demographic
information (e.g., age, gender, body mass index); 2) clinical symptoms of
the disease (e.g., age at onset, presence of hallucinations); 3) scores from
questionnaires (e.g., Epworth Sleepiness Scale [ESS] score); 4) pretreatment
PSG and MSLT parameters (e.g., total sleep time, pretreatment MSL); and 5)
functional connectivity showing significant group differences previously
identified in Step 2.

Step 3.1 Variable selection using LASSO regression. We applied Least
Absolute Shrinkage and Selection Operator (LASSO) regression to screen
for independent variables associated with post-treatment MSLT mean
sleep latency. This method was chosen to handle potential high-
dimensionality and collinearity among independent variables, leveraging
a regularization penalty to shrink less relevant variables’ coefficients to
zero, thereby selecting a parsimonious set of predictors. Independent
variables with a regression coefficient equal to zero after the shrinkage
process are excluded from the model while independent variables with
nonzero regression coefficient are most strongly associated with the
dependent variable. Based on the type measure of -2log-likelihood and
binomial family, the LASSO regression analysis running in R software runs
10 times K cross-validation for centralization and normalization of included
variables and then picks the best lambda value. “Lambda.lse” gives a
model with good performance but the least number of independent
variables.

Step 3.2 Model construction via forward stepwise linear regression. Using
the subset of variables selected by LASSO, we then performed forward
stepwise linear regression in SPSS to build a final model. This iterative
procedure systematically added variables to identify the optimal set of
predictors significantly associated with post-treatment MSLT mean sleep
latency. The result was a linear regression model explicitly specifying which
independent variables were independently related to the post-treatment
MSLT mean sleep latency, accounting for potential confounding effects
and ensuring statistical robustness.

Step 4 The relationship between depression symptoms,
functional connectivity and SOREMPs after medication
treatment
To investigate the mechanism through which depressive symptoms
influence post-treatment SOREMPs via functional connectivity, a mediation
analysis was conducted. Based on Step 1 results showing a higher
proportion of depressive symptoms in patients with post-treatment

SOREMP ≥ 2 episodes, functional connectivity with significant between-
group differences identified in Step 2 served as the mediator variable. The
independent variable was the presence of depressive symptoms before
treatment (dichotomous: 0= absent, 1= present), and the dependent
variable was post-treatment SOREMPs (dichotomous: 0= < 2 episodes,
1= ≥ 2 episodes). All analyses were performed using the PROCESS (Version
4.2) for SPSS, which allows specification of mediator models with
dichotomous independent variables and dichotomous dependent vari-
ables through logistic regression. Direct and total effects were estimated
using logistic regression due to the dichotomous dependent variable,
reporting odds ratios (OR) and 95% confidence intervals (CI). The indirect
effect was evaluated using bias-corrected bootstrap resampling with 5,000
resamples, a common method to handle non-normality in small-to-
moderate samples. Significance was determined by whether the 95%
bootstrap CI for the indirect effect excluded zero. A significant total effect
and a significant indirect effect with a non-significant direct effect would
indicate complete mediation. If both the direct effect and indirect effect
are significant, partial mediation is supported. Non-significant indirect
effect suggests functional connectivity does not mediate the relationship
between depressive symptoms and post-treatment SOREMPs. This
approach rigorously tests the hypothesized mediational mechanism,
providing empirical evidence on whether functional connectivity serves
as a critical pathway through which depressive symptoms influence
medication treatment outcomes in SOREMPs.

RESULTS
Among 110 NT1 patients, 62 patients showed 0 or 1 SOREMP
episode (low post-treatment SOREMPs group) while the other 48
patients showed SOREMPs ≥ 2 episodes (high post-treatment
SOREMPs group) after medication treatment.

Step 1 Differences between two groups of NT1 patients in
demographic characteristics, disease symptoms, and
polysomnography parameters
In terms of demographic characteristics, two-sample t-tests
revealed no significant between-group differences in gender
(χ²= 1.186, P= 0.278), age (t= 0.525, P= 0.601), or body mass
index (BMI) (t=−1.106, P= 0.163) between the two groups of
NT1 patients.
In terms of clinical symptoms, no significant group differences

were observed in subjective sleepiness measured by the Epworth
Sleepiness Scale (t=−1.109, P= 0.27), frequency of hallucinations
(χ²= 1.402, P= 0.236), or frequency of sleep paralysis (χ²= 0.972,
P= 0.324).
In terms of PSG and MSLT parameters, high post-treatment

SOREMPs group patients showed significantly shorter REM sleep
latency in pre-treatment PSG (Z=−2.729, P= 0.006), mean REM
sleep latency in MSLT (Z=−2.593, P= 0.01), post-treatment REM
sleep latency in PSG (Z=−2.267, P= 0.023), and mean REM sleep
latency in post-treatment MSLT (Z=−2.146, P= 0.032) compared
to those in low post-treatment SOREMPs group patients.
Additionally, the wakefulness index in post-treatment PSG
(Z=−3.011, P= 0.003) and mean sleep latency in post-
treatment MSLT (Z=−2.146, P= 0.032) were also significantly
lower in high post-treatment SOREMPs group.
Notably, the proportion of patients with depressive symptoms

(assessed by questionnaire) was higher in high post-treatment
SOREMPs group (56.3%) compared to those in low post-treatment
SOREMPs group (34.4%; χ²= 5.191, P= 0.023). All the differences
between two groups of NT1 patients in demographic character-
istics, disease symptoms, and polysomnography parameters can
be found in Table 1. Post-treatment SOREMPs counts among the
110 patients showed a bimodal distribution, with 56.4% exhibiting
0–1 SOREMPs and 43.6% exhibiting ≥ 2 SOREMPs. For mean REM
latency from MSLT, pre-treatment mean REM latency from MSLT in
the low post-treatment SOREMPs group had a median of 1.5 min
(IQR: 0.7–2.5), while the high post-treatment SOREMPs group had
a median of 0.85 min (IQR: 0.3–1.675). Post-treatment mean REM
latency from MSLT in the low post-treatment SOREMPs group had
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Table 1. Differences between low and high post-treatment SOREMPs group NT1 patients in demographic characteristics, disease symptoms,
questionnaires scores and polysomnography parameters.

Variables Low post-treatment SOREMPs group (N= 62) High post-treatment SOREMPs group (N= 48) P value

Gender (male/female) 35/27 32/16 0.327

Age (years) 19.3 ± 9.2 18.5 ± 6.8 0.601

BMI 25.9 ± 4.8 27.2 ± 4.5 0.163

Age of disease onset (years) 12 (5.1) 10 (4.1) 0.99

Disease duration (years) 6 (5.9) 3 (7.3) 0.549

Hallucination (%) 61.3 50 0.252

Sleep paralysis (%) 53.2 43.8 0.343

DNS (%) 85.8 70.8 0.097

ESS score 15.1 ± 5.1 16.1 ± 4.1 0.27

Total BIS score 84 ± 20 85 ± 16.2 0.759

Attentional impulsivity score 27.1 ± 8.3 28.8 ± 6.9 0.254

Motor impulsivity score 25.5 ± 7.5 24.7 ± 6.3 0.576

Non-planning impulsivity score 31.4 ± 9.2 31.5 ± 7.4 0.931

Depression symptoms (%) 34.4 56.3 0.032

Level of CSF HCRT (pg/ml)* 16.5 (8) 25.5 (19.2) 0.588

Pre-medication treatment PSG and MSLT parameters

Total sleep time (min) 453.5 ± 57.8 460.6 ± 67.7 0.555

WASO time (%) 8.9 (13.1) 6.7 (9.8) 0.682

Sleep efficiency (%) 89.1 ± 7.7 90.6 ± 6 0.33

Sleep latency (min) 3.5 (6) 3.5 (8) 0.29

REM sleep latency (min) 8 (70.5) 7.5 (103.5) 0.006

REM (%) 20.3 (5.6) 21.3 (8.5) 0.153

N1 (%) 22 (14.3) 15.5 (9.2) 0.761

N2 (%) 39.8 (11.4) 41 (11.1) 0.164

N3 (%) 17.6 (13.9) 21 (6.7) 0.569

AHI 2.2 (4) 1.6 (3.4) 0.185

Arousal index 12.6 (15.2) 9.6 (7) 0.228

PLMIS 10.7 (14.9) 2.8 (7.4) 0.202

Mean sleep latency (min) 1.2 (1.9) 1.1 (1.5) 0.091

Mean REM sleep latency (min) 1.5 (1.5) 1 (1.4) 0.01

SOREMPs 4 (1) 5 (1) 0.164

Post-medication treatment PSG and MSLT parameters

Total sleep time (min) 409.4 ± 71.4 437.1 ± 68 0.05

WASO time (%) 19.8 (21.3) 11.8 (16.3) 0.179

Sleep efficiency (%) 83 ± 12.3 86.9 ± 8 0.164

Sleep latency (min) 4.5 (14.5) 5.5 (10.3) 0.709

REM sleep latency (min) 183 (131) 144 (182) 0.023

REM (%) 7.5 (9.9) 13 (8.9) 0.004

N1 (%) 22.2 (26.3) 20.4 (16.5) 0.768

N2 (%) 43.8 (34.2) 44.7 (15.6) 0.123

N3 (%) 16 (12.9) 17.4 (9) 0.434

AHI 2 (3.9) 0.6 (1.8) 0.202

Arousal index 18.3 (16.7) 11.6 (9.1) 0.003

PLMIS 11.8 (22) 9.1 (19.8) 0.33

Mean sleep latency (min) 6.6 (5.4) 3.9 (3) 0.032

Mean REM sleep latency (min) 9.1 (8.4) 3.1 (3.5) 0.002

SOREMPs 1 (0) 3 (2) <0.001

Normally distributed continuous variables were shown as means ± standard deviations (SD), non-normal continuous variables were shown as medians
(interquartile ranges), and categorical variables were shown as raw numbers with corresponding percentages.
BMI body mass index, DNS disturbed nocturnal sleep, ESS epworth sleepiness scale, BIS barratt impulsiveness scale, CSF cerebrospinal fluid, HCRT hypocretin,
WASO wake after sleep onset, AHI apnea and hyponea index, PLMIS periodic limb movement index in sleep, SOREMPs sleep onset REM periods.
*Out of 110 NT1 patients, 68 individuals underwent lumbar puncture to measure the level of hypocretin in their cerebrospinal fluid. Of these, 41 patients were
classified in the low post-treatment SOREMPs group while 27 were in the high post-treatment SOREMPs group.
Bold values indicate statistically significant differences (p < 0.05) between two groups.
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a median of 5 min (IQR: 2–20), while the high post-treatment
SOREMPs group had a median of 2.15 min (IQR: 1.23–3.95),
detailed distributions are provided in supplementary materials.

Step 2 Differences in the connectivity between hypothalamus
and whole brain in two groups of NT1 patients
Specifically, low post-treatment SOREMPs group patients showed
increased FC in the following pathways compared to the high
post-treatment SOREMPs group patients: right medial hypothala-
mus (rMH) with right thalamus and left posterior cingulate cortex,
left MH (lMH) with left inferior parietal lobule (IPL), right lateral
hypothalamus (rLH) with left IPL.
Conversely, low post-treatment SOREMPs group patients

exhibited decreased FC in the left LH (lLH) with right insula and
right middle cingulate cortex compared to the high post-
treatment SOREMPs group patients. All findings survived after
GRF for multiple comparisons correction, with voxel P= 0.001 and
cluster P= 0.05. Detailed spatial patterns and statistical values are
summarized in Fig. 1 and Table 2.

Step 3 Association functional connectivity with mean sleep
latency after medication treatment
LASSO regression analysis identified five variables associated with
post-treatment mean sleep latency on the MSLT from the initially
included predictors: age, N3 sleep percentage from pre-treatment

PSG, pre-treatment MSLT mean sleep latency, Epworth Sleepiness
Scale (ESS) score, and functional connectivity (FC) between the left
medial hippocampus (MH) and left inferior parietal lobule (IPL).
Subsequent forward stepwise linear regression further refined

these associations, retaining three significant predictors of post-
treatment MSLT mean sleep latency: age (β=−0.256, 95%CI
(−0.238, −0.054), P= 0.002), pre-treatment MSLT mean sleep
latency (β= 0.392, 95%CI (0.58, 1.39), P < 0.001), left MH-left IPL
functional connectivity (β= 0.272, 95%CI (4.467, 17.422),
P= 0.001). The linear regression model demonstrated moderate
fit with an adjusted R² of 0.295 (F= 9.9, P= 0.002).

Step 4 The relationship between depression symptoms,
functional connectivity and SOREMPs after medication
treatment
Mediation analysis revealed a complete mediating effect of
functional connectivity (FC) in the relationship between depres-
sive symptoms and post-treatment SOREMPs among NT1 patients.
Specifically, depressive symptoms influenced post-treatment
SOREMPs exclusively through two distinct FC pathways:
Right LH-left IPL pathway: depressive symptoms were asso-

ciated with reduced FC between the right LH and left IPL
(β=−0.05, 95%CI (−0.09, −0.01), SE= 0.02, P= 0.0096), which in
turn predicted a decline in post-treatment SOREMPs (β=−10.16,
95%CI (−15.42, −4.89), SE= 2.69, P= 0.0002). The indirect effect

Fig. 1 shows the functional connectivity patterns between different regions of the hypothalamus with the whole brain that exhibit inter-
group differences. The red color indicates the functional connectivity between the right medial hypothalamus and the right thalamus, left
posterior cingulate gyrus, the blue color indicates the functional connectivity between the left medial hypothalamus and the left inferior
parietal lobule, the orange color indicates the functional connectivity between the right lateral hypothalamus and the left inferior parietal
lobule, and the green color indicates the functional connectivity between the left lateral hypothalamus and the right insula, right middle
cingulate gyrus. All findings survived after GRF for multiple comparisons correction, with voxel P= 0.001 and cluster P= 0.05. Abbreviation:
MH.R, right medial hypothalamus; MH.L, left medial hypothalamus; LH.R, right lateral hypothalamus; LH.L, left lateral hypothalamus; THA.R,
right thalamus; PCC.L, left posterior cingulate cortex; IPL.L, left inferior parietal lobule; INS.R, right insular; MCC.R, right middle cingulate cortex.
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via this pathway was significant (95% CI: 0.15 to 1.05, bootstrap
resampling= 5000), and the direct effect of depressive symptoms
on SOREMPs became non-significant (P > 0.05) when the mediator
was included.
Left LH-right insula pathway: depressive symptoms were also

linked to increased FC between the left LH and right insula
(β= 0.04, 95%CI (0.01, 0.08), SE= 0.02, P= 0.026), which indepen-
dently predicted higher post-treatment SOREMPs (β= 11.81, 95%
CI (6.2, 17.43), SE= 2.87, P < 0.001). The indirect effect through this
pathway was robust (95% CI: 0.08 to 1.14), and again, the direct
effect of depression on SOREMPs vanished (P > 0.05), confirming
complete mediation for both pathways. No other FC metrics or
direct effects emerged as significant. The mediating roles of these
hypothalamic-parietal/insular connections are visually depicted in
Fig. 2, illustrating the sequential relationships among depressive
symptoms, FC alterations, and treatment response.

DISCUSSION
While pharmacological interventions aim to normalize sleep-wake
cycles in NT1 patients, interindividual variability in post-treatment
SOREMPs suggests uncharacterized neurobiological mechanisms.
This study dissects clinical, polysomnographic, and functional
connectivity between NT1 patients with two or more versus zero

or one post-treatment SOREMPs, underscoring hypothalamic
functional connectivity (FC) as a critical mediator linking depres-
sion and treatment response.

Rationale for grouping NT1 patients by post-treatment
SOREMPs threshold
The classification of NT1 patients into low (0–1) versus high (≥2)
post-treatment SOREMPs groups is anchored in the International
Classification of Sleep Disorders (ICSD-3), which designates two or
more SOREMPs during MSLT as a core diagnostic criterion for NT1
[20]. This threshold reflects the pathophysiological hallmark of
NT1: hypocretin neuron loss leading to dysregulated REM sleep
gating, where SOREMPs emerge from inappropriate rapid transi-
tion into REM sleep [28]. While treatment aims to normalize sleep-
wake cycles, residual two or more SOREMPs suggest persistent
REM sleep instability, indicating incomplete modulation of
hypocretin-mediated neural circuits. This grouping strategy aligns
with clinical and research practices, as SOREMPs serve as a
validated biomarker for monitoring treatment response in NT1,
reflecting both pharmacological efficacy and underlying neuro-
biological dysfunction [14]. The SOREMPs≥2 threshold mirrors
diagnostic criteria, enabling direct comparison between pre-
treatment pathophysiology and post-treatment outcomes. This
approach is widely adopted in clinical trials and observational

Table 2. Differences in the connectivity between hypothalamus and whole brain in two groups of NT1 patients.

Brain regions MNI coordinate Voxels size

Functional connectivity between right medial hypothalamus and whole brain

Low post-treatment SOREMPs group å high post-treatment SOREMPs
group

Right thalamus 3 −24 −9 7

Left posterior cingulate cortex −3 −48 15 58

Functional connectivity between left medial hypothalamus and whole brain

Low post-treatment SOREMPs group å high post-treatment SOREMPs
group

Left inferior parietal lobule −48 −30 30 34

Functional connectivity between right lateral hypothalamus and whole brain

Low post-treatment SOREMPs group å high post-treatment SOREMPs
group

Left inferior parietal lobule −27 −39 48 56

Functional connectivity between left lateral hypothalamus and whole brain

Low post-treatment SOREMPs group < high post-treatment SOREMPs
group

Right insula 45 27 0 56

Right middle cingulate cortex 3 18 33 84

Fig. 2 illustrates the mediating effect of depressive symptoms on post-treatment SOREMPs through the influence on right lateral
hypothalamus-left inferior parietal functional connectivity and left lateral hypothalamus-right insular functional connectivity.
Abbreviation: rLH, right lateral hypothalamus; lIPL, left inferior parietal lobule; lLH, left lateral hypothalamus; rinsular, right insular; FC,
functional connectivity.
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studies. For instance, Mignot et al. [29] emphasized the utility of
SOREMPs in characterizing treatment responses in NT1. These
findings underscore the neurobiological relevance of SOREMPs in
NT1 patients’ treatment response.

Clinical and polysomnographic profiles: REM sleep
dysregulation as a core endophenotype
Demographic and baseline symptoms (ESS scores, hallucination/
sleep paralysis) did not distinguish between groups, highlighting
that treatment response heterogeneity transcends clinical demo-
graphics. NT1 patients with two or more SOREMPs after treatment
exhibited persistently shortened pre/post-treatment REM sleep
latency and reduced post-treatment wakefulness, aligning with
the hypothesis that SOREMPs reflect dysregulated REM sleep
gating-likely due to hypocretin loss disrupting the orexinergic
control of REM-on/REM-off neuronal networks [28]. SOREMPs
reflect rapid transitions into REM sleep, and a higher number of
such episodes inherently implies a greater likelihood of shorter
REM latency. However, our findings extend beyond this inherent
association by identifying neurobiological correlates that mod-
ulate this relationship. Specifically, the observed differences in
hypothalamic functional connectivity (e.g., enhanced left medial
hypothalamus-inferior parietal lobule connectivity in the low
SOREMPs group and altered lateral hypothalamus-insula connec-
tivity in the high SOREMPs group) provide mechanistic insights
that transcend mere probability. These connectivity patterns,
alongside the mediation of depressive symptoms through
hypothalamic-parietal/insular pathways, suggest that neural circuit
function actively regulates the expression of SOREMPs and REM
latency, even when accounting for their inherent statistical
linkage. In summary, while the shorter REM latency in the high
SOREMPs group is partially consistent with probabilistic expecta-
tions, our neuroimaging and mediation analyses highlight that
this phenomenon is not purely stochastic but is shaped by
underlying hypothalamic network dynamics. This distinction
reinforces the value of integrating functional connectivity
measures with traditional sleep metrics to disentangle inherent
associations from modifiable neurobiological mechanisms in NT1
treatment response. These findings reinforce SOREMP as a
biomarker of residual REM sleep instability, even under pharma-
cological intervention, and suggest that patients with two or more
SOREMPs may require more targeted modulation of REM
regulatory circuits.

Hypothalamic functional connectivity: dissecting treatment-
responsive neural networks
The observed FC differences map to key nodes in the sleep-wake
regulatory axis. Patients in low post-treatment SOREMPs group
showed enhanced connectivity between the right medial
hypothalamus (rMH) and thalamus, a pathway critical for relaying
wake-promoting signals [30, 31], and enhanced connectivity
between the left medial hypothalamus (lMH) and left inferior
parietal lobule (IPL), a region involved in attention and sensor-
imotor integration [32]. This may reflect compensatory reinforce-
ment of hypothalamic-driven arousal pathways, facilitating better
sleep latency control. Conversely, reduced left lateral hypothala-
mus (lLH)-right insula/anterior cingulate cortex (ACC) connectivity
in low post-treatment SOREMPs group patients is notable, as the
insula-ACC network mediates interoceptive awareness and emo-
tional regulation [33]. Diminished connectivity here might signify
improved dissociation of emotional arousal from sleep regulatory
centers, reducing maladaptive hyperarousal that perpetuates
excessive daytime sleepiness (EDS).
In contrast, patients in high post-treatment SOREMPs group

likely retains disrupted hypothalamic-parietal/insular circuits,
impairing integration of homeostatic sleep drive with cognitive-
emotional processing. These findings align with resting-state fMRI
studies in NT1, which report hypothalamic hypo-connectivity with

prefrontal and parietal regions linked to EDS severity [34, 35],
suggesting that treatment-responsive patients may exhibit
restored connectivity in these sleep-attention networks.

Predictors of post-treatment sleep latency: age, baseline
physiology, and connectivity
The regression analysis identified age, pretreatment MSLT mean
sleep latency, and left MH-left IPL FC as key predictors for post-
treatment MSLT mean sleep latency, offering mechanistic insights:
Age-related effects (β=−0.256) may reflect declining neuro-

plasticity or hypocretinergic reserve, consistent with longitudinal
data showing age-dependent worsening of narcolepsy symptoms
[28].
Pretreatment sleep latency (β= 0.392) as a robust predictor

highlights the importance of baseline sleep-wake dysregulation in
treatment outcomes, suggesting that patients with more severe
baseline EDS may have limited response to medication therapies.
Left MH-left IPL connectivity (β= 0.272) underscores the role of

hypothalamic-parietal circuits in sleep latency regulation. The IPL’s
involvement in sensorimotor integration and the MH’s role in
sleep homeostasis imply that stronger connectivity here facilitates
better sleep-wake boundary maintenance, possibly by enhancing
cortical arousal regulation.

Mediation analysis: depressive symptoms as a driver of
connectivity-mediated treatment response (extended with
pharmacological considerations)
The observed mediation via hypothalamic-parietal/insular path-
ways warrants contextualization within the specific pharmacolo-
gical intervention used-clomipramine, a tricyclic antidepressant
(TCA) with dual serotonin-norepinephrine reuptake inhibition.
TCAs are known to modulate REM sleep architecture, primarily by
suppressing REM sleep and prolonging REM latency through
antagonism of histamine and muscarinic receptors, as well as
enhancing monoaminergic neurotransmission [36]. These effects
may intersect with the study’s findings in two critical ways:

Direct pharmacological impact on REM sleep and SOREMPs. Clo-
mipramine’s REM-suppressive properties could theoretically
reduce SOREMPs by directly stabilizing REM gating independent
of depressive symptom improvement. However, our mediation
analysis revealed that the relationship between depression and
SOREMPs was fully mediated by functional connectivity, suggest-
ing that even with a REM-modulating drug, the effect of
depression on treatment response is channeled through neural
circuit alterations rather than purely pharmacological REM
suppression. This implies that residual SOREMPs in the two or
more SOREMPs group may reflect insufficient modulation of
hypothalamic-parietal/insular connectivity despite pharmacologi-
cal REM suppression, highlighting a biological substrate resistant
to TCA-induced sleep architecture changes.

Interaction between clomipramine’s antidepressant action and
connectivity. As a serotonin-norepinephrine reuptake inhibitor,
clomipramine may enhance synaptic plasticity in limbic-
hypothalamic circuits, potentially normalizing the left LH-right
insula hyperconnectivity associated with depression. The insula, a
key node in the salience network, is rich in serotonin receptors (5-
HT2A/C), and TCA-mediated serotonin elevation could dampen
insular hyperactivity, reducing its aberrant coupling with the
lateral hypothalamus [37]. Conversely, the right LH-left IPL
pathway, where depression was associated with reduced con-
nectivity, may be less sensitive to clomipramine’s monoaminergic
effects, as the IPL’s role in attention-sleep integration relies more
on glutamatergic or orexinergic signaling [38]. This differential
pharmacologic impact may explain why only these two pathways
emerged as mediators, underscoring the need to interpret
connectivity findings in the context of specific drug mechanisms.
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Clinical nuance: separating drug effects from disease biology.
While clomipramine was likely prescribed to address comorbid
depression, its off-target effects on sleep (e.g., increased wake
after sleep onset, as seen in the post-treatment wakefulness index
difference) must be considered. The two or more SOREMPs group
exhibited lower post-treatment wakefulness, which could reflect
either inadequate depression control (leading to persistent
hyperarousal) or paradoxical REM dysregulation despite TCA use.
This underscores the complexity of disentangling antidepressant
efficacy, sleep pharmacology, and intrinsic neural connectivity in
treatment response, particularly in a population with preexisting
hypocretin dysfunction [13].

Clinical and translational implications
The identified FC pathways represent novel targets for precision
medicine. For instance, non-invasive brain stimulation of the
parietal lobule to enhance LH-IPL connectivity or insular modula-
tion to reduce hyperarousal may augment pharmacological
interventions. Additionally, integrating FC metrics into clinical
assessments could predict treatment response, enabling stratified
care for patients at risk of residual SOREMPs.
Limitations include cross-sectional design and lack of drug-

specific analysis, as different medications (e.g., modafinil vs.
pitolisant) may differentially affect connectivity. Future longitudinal
studies with multimodal imaging and treatment-specific sub-
groups are needed to clarify causal relationships and optimize
intervention strategies. The current analysis does not differentiate
between clomipramine’s antidepressant effects, its REM-
modulating properties, and its impact on hypothalamic connectiv-
ity. For example, while TCAs are less commonly used for narcolepsy
compared to selective serotonin reuptake inhibitors (SSRIs) or
sodium oxybate, their cholinergic antagonism may uniquely affect
hypothalamic nuclei involved in REM regulation (e.g., sub-
laterodorsal nucleus). Future studies should: compare connectivity
changes across different antidepressant classes (e.g., TCAs vs. SSRIs
vs. SNRIs) to isolate monoaminergic vs. cholinergic mechanisms;
use longitudinal design to assess whether clomipramine-induced
depression remission precedes connectivity changes or vice versa;
incorporate polysomnographic measures of REM density/intensity
to disentangle drug-induced REM suppression from connectivity-
mediated SOREMP regulation. Dedicated self-report measures of
cataplexy (e.g., frequency, triggers, severity) could provide addi-
tional granularity. Future studies incorporating such tools may
further clarify the interplay between cataplexy experiences,
neurobiological mechanisms, and treatment outcomes in NT1.
Even with careful monitoring, the complexity of cataplexy triggers
makes complete prevention challenging. Future studies could
integrate physiological markers (e.g., electromyography during
fMRI) to more sensitively detect subclinical cataplexy, enhancing
our understanding of how such episodes interact with hypotha-
lamic connectivity and treatment responses in NT1.

CONCLUSION
Results from this study extend our understanding of NT1
treatment response by linking objective SOREMPs to hypothala-
mic network integrity and depressive symptoms. The persistence
of high SOREMPs may reflect unresolved REM sleep dyscontrol,
which could be targeted through therapies modulating hypotha-
lamic-parietal/insular connectivity. The identification of FC as a
mediator between depression symptoms and SOREMPs suggests
that addressing both neural circuit dysfunction and mood
symptoms may be critical for optimizing treatment outcomes in
NT1. These findings integrate objective sleep metrics, neuroima-
ging, and clinical phenotypes, providing a framework for
personalized management of NT1. In summary, the actionable
traits are clinically accessible measures of depressive symptoms
and quantifiable hypothalamic-parietal/insular FC patterns, while

personalized therapy could involve stratified depression manage-
ment and targeted neuromodulation of these pathways.
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