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Abstract 
Study  Objectives:  Narcolepsy-type  1  (NT1)  is  a  neurolog  ical  sleep  disorder,  characterized  by  a  loss  of  orexin-producing  cells  in  the  pos-
 terior  hypothalamus.  These  neurons  are  approximately  70  000  but  have  larg  e  orexin-containing  projections  within  the  hypothalamus
 and  other  brain  areas.  Several  evidences  sugg  est  an  autoimmune  orig  in,  while  patholog  ical  studies  in  postmortem  samples  collected
 decades  after  onset  have  found  variable  gliosis.  In  this  study,  we  studied  MRI-based  volumes  in  the  hypothalamus  in  a  larg  e  cohort  of
 patients  with  NT1  versus  healthy  controls.
 

Methods:  A  consecutive  cohort  of  75  adult  NT1  patients  (36  females  33.1  ±  12.8  years  old)  and  85  ag  e-  and  sex-matched  healthy  controls
 (42  females,  32.5  ±  8.2  years  old)  underwent  neuroimag  ing,  including  T1-weighted  MPRAGE  MRI  at  3Tesla.  The  hypothalamus  and  its
 subreg  ions  (anterior-inferior,  anterior-superior,  posterior,  tuberal-inferior,  and  tuberal-superior)  were  segmented  from  T1  imag  es  using
 an  automated  tool.  Hypothalamic  volumes  were  compared  between  groups  and  correlated  with  clinical  features  and  orexin  levels  in
 the  cerebrospinal  f  luid.
 

Results:  Adjusted  for  whole  brain-volume,  patients  showed  reductions  in  hypothalamic  volume  compared  to  healthy  controls  (p=.01).
 These  reductions  were  found  across  most  hypothalamic  subreg  ions,  anterior-inferior  (p<.001),  anterior-superior  (p=.003),  posterior
 (p=.03),  and  tuberal-superior  (p=.04),  but  not  in  the  tuberal-inferior  subreg  ion.  No  signif  icant  correlations  were  found  with  clinical
 or  laboratory  variables.
 

Conclusions:  Automated  volumetric  analysis  of  brain  MRI  showed  hypothalamic  atrophy  in  NT1  patients  compared  to  healthy  controls.
 Future  patholog  ical  studies  are  needed  to  address  the  diagnostic  and  mechanistic  relevance  of  this  f  inding.
 

Key  words: resonance  imag  ing;  imag  e  segmentation;  hypothalamus;  narcolepsy  type;  sleep  wake  disorders  
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Graphical  Abstract 

Statement  of  Signif  icance  

This  study  represents  the  largest  MRI  investigation  to  date  examining  hypothalamic  volumetric  alterations  and  subregional  morphology
 in  patients  with  narcolepsy  type  1  (NT1).  While  previous  structural  MRI  f  indings  have  been  inconsistent,  recent  evidence  suggests
 increased  hypothalamic  volume  in  NT1  cases  following  H1N1  vaccination.  Postmortem  studies  have  documented  loss  of  orexin-
 producing  neurons,  proliferation  of  histaminergic  neurons,  and  potential  gliosis  within  the  hypothalamus.  Our  f  indings  demonstrate
 signif  icant  atrophy  in  anterior  hypothalamic  subregions,  with  relative  preservation  of  tuberal  regions.  These  results  support  and
 provide  crucial  evidence  of  selective  hypothalamic  vulnerability  in  NT1,  assessed  non-invasively  in-vivo  by  MRI.  Future  research  should
 determine  whether  these  alterations  ref  lect  neuroinf  lammatory  processes,  gliosis,  or  cellular remodelling,  thereby  offering  new  insights
 into  NT1  pathophysiology.
 

Introduction 
Narcolepsy  type  1  (NT1)  is  a  chronic  neurological  disorder
 characterized  by  excessive  daytime  sleepiness  (EDS),  cataplexy-
 a  pathognomonic  symptom-  hypnagogic  hallucinations,  sleep
 paralyses  and  disturbed  nocturnal  sleep  [  1].  NT1  typically  appears
 in  childhood  or early  adulthood  and  has  a  life-long  course  [  1].
 

NT1  is  pathophysiologically  linked  to  the  selective  def  iciency
 of  orexin,  a  neuropeptide  produced  by  a  small  population  of
 about  70  000  cells  in  the  hypothalamus,  neurons  with  widespread
 connections  to  central  nervous  system.  Orexinergic  transmission
 is  primarily  involved  in  the  regulation  of  the  sleep–wake  cycle  (i.e.
 wakefulness  promotion,  rapid-eye-movement  [REM]  sleep  sup-
 pression,  non-REM  sleep  stabilization),  as  well  as  in  other  func-
 tions,  notably  feeding  and  metabolism,  autonomic  function,  and
 reward  [  2].
 

Following  identif  ication  of orexin  receptor  2  mutations  in  a
 canine  model  of  narcolepsy  [  3],  a  lack  of  orexin  producing  neurons
 has  been  documented  in  human  brain  samples  of  patients  with
 NT1,  and  the  def  iciency  of  orexin  peptide  in  the  cerebrospinal
 

f  luid  (CSF)  became  the  disease  specif  ic  biological  marker  [  4–
 6].  Because  the  disease  is  strongly  HLA  class  II  associated,  a
 subacute  immune-mediated  damage  is  now  widely  accepted  as
 the  most  likely  cause.  A  strong  genetic  predisposition,  mostly
 represented  by  polymorphisms  in  the  HLA-DQ  gene  [  7]  (namely
 HLA-DQB1 ∗  06:02),  and  within  T  cell  receptor  loci,  also  supports
 an  autoimmune  basis,  as  is  the  fact  inf  lammatory  triggers,  such
 as  f  lu  or  streptococcus  infections,  have  been  found  to  precede
 disease  onset.  However,  the  exact  pathological  immune  mech-
 anisms  are  still  uncertain,  as  no  inf  lammatory  inf  iltrates  have
 been  documented  in  the  brains  of  NT1  patients.  A  selective  death
 of  orexin  producing  neurons  is  likely,  supported  by  several  studies
 [ 5,  6,  8].  Recently,  epigenetic  silencing  of  these  hypothalamic  cells,
 has  however  been  proposed  as  an  alternative  mechanism  [  9].
 

Beyond  animal  models,  post-mortem  studies  are  of  funda-
 mental  importance  to  explore  pathological  processes  leading  to
 orexin  loss  in  human  NT1.  Problematically,  however,  there  is  a
 long  average  interval  between  onset  of  narcolepsy  (typically  at
 young  age),  when  the  pathological  process  leading  to  orexin  loss
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may  be  still  active,  and  subsequent  death,  time  at  which  the brain
 is  collected.  Life  expectancy  in  narcolepsy  is  in  line  with  general
 population  statistics,  indeed.  Alterations  close to  the  loss  of  orexin
 neurons  are  thus  likely  missed  or  masked  when  assessed  after
 decades. 

A  solution  to  this  may  be  to  use  neuroimaging,  and  indeed,  it
 has  been  used  to  investigate  NT1  in-vivo  closer  to  disease  onset,
 with  special  focus  on  the  hypothalamus  as  it  is  the  core  of  the
 pathogenic  process.  Due  to  its  small  size  (around  4  cm  3  )  [ 10]  and
 lack  of  image  contrast,  studying  the  hypothalamus  of  patients
 with  narcolepsy  using  magnetic  resonance  imaging  (MRI)  has
 been  challenging.
 

The  few  published  MRI  studies  that  have  focused  with  different
 methodologies  on  the  hypothalamus  [  11– 13],  have  shown  con-
 tradictory  results  [  14],  some  reporting  grey  matter  hypothalamic
 reductions  [  12,  13],  while  others  f  inding  no signif  icant  differences
 [ 11],  or  even  an  increased  volume  [  15].  Moreover,  since  the  rarity
 of  disease,  these  studies  show  small  patients’  cohort,  sometimes
 clinically  heterogenous  especially  for  the  lack  of  CSF  orexin  data.
 

Using  a  large  cohort  of  NT1  patients  and  matched  controls,
 the  current  study  aimed  at  documenting  volumetric  changes  in
 subregions  of  the  hypothalamus  using  MRI.  In  contrast  to  most
 prior  studies,  we  used  a  more  powerful  MRI  and  fully  automated
 quantitative  methods  to  assess  hypothalamic  volumes  [  16],  avoid-
 ing  any  possible  bias.
 

Mater  ials  and  methods 
Study  design 
Cross-sectional  case–control  observational  study.
 

Standard  protocol  approvals,  registrations,  and  patient
 consents 
All  subjects  written  informed  consent  to  the  study  protocol,
 in  agreement  with  the  Convention  of  Helsinki.  The  study
 was  approved  by  our  local  Ethical  Committee  (Comitato  Etico
 Interaziendale  Bologna  Imola,  17  009).  The  collection  of  MRI  data
 from  healthy  controls  (HC-ATLAS)  was  approved  by  the  Ethical
 Committee  (77821).
 

Participants  
The  study  was  conducted  between  September  2023  and  November
 2024.  Adult  patients  with  NT1  were  recruited  among  those  who
 were  referred  for  clinical  practice  to  the  Narcolepsy  Center  of
 the  IRCCS  Istituto  delle  Scienze  Neurologiche  di  Bologna,  Bologna,
 Italy,  on  the  days  with  available  MRI  sessions  (up  to  two  exams
 per  week,  depending  on clinical  practice).  Patients  were  referred
 either  for  the  diagnostic  hospitalization  or  for  clinical  follow-up
 under  treatment. 

Diagnoses  were  made  according  to  the  current  criteria  of  the
 International  Classif  ication  of  Sleep  Disorders—3rd  edition  Text
 Revision  [  17]  (ICSD-3),  following  an  established  standardized  inpa-
 tient  protocol  [  18].  The  diagnostic  assessment,  included  a  semi-
 structured  interview  on  the  clinical  features  of  the  disease,  phys-
 ical  examination,  a  video-polygraphic  test  to  document  cata-
 plexy,  daytime  and  nighttime  video-polysomnography,  multiple
 sleep  latency  test  (MSLT),  blood  drawn  and  lumbar  puncture  for
 HLA-DQB1 ∗  06:02  allele  typing,  and,  if  specif  ic  consent  was  given,
 CSF  orexin  measurements  with  radio-immuno-assay  according
 to  Stanford  standards  [  17].  At  diagnostic  assessment,  patients
 were  either  drug  naïve  or  in  drug  withdrawal  since  at  least  two
 weeks. 

Exclusion  criteria  for  NT1  patients  were  contraindications  to
 MRI,  such  as  ferromagnetic  implants,  or  claustrophobia,  other
 neurological  conditions,  psychiatric  or  physical  diseases,  sub-
 stance  abuse,  and  secondary  causes  of  narcolepsy.  Additionally,
 patients  whose  MRI  images  exhibited  poor  quality  due  to  signif  i-
 cant  motion  artifacts  or  incidental  pathological  f  indings  were  also
 excluded. 

Healthy  control  MRI  data  were  obtained  from  the  HC-ATLAS
 cohort.  All  participants  underwent  a  clinical  interview  to  exclude
 neurological,  psychiatric  or sleep  disorders,  and  demographic
 variables  (age,  sex,  body  mass  index  [BMI])  were  collected.  Data
 were  selected  for  obtaining  the  best  age  and  sex-match  as  possible
 with  NT1  sample.
 

Clinical  data  
In  patients  with  NT1,  the  following  diagnostic  data were  collected:
 age  at  disease  onset  (either  EDS  or  cataplexy),  age  at  diagno-
 sis,  MSLT  results,  HLA-DQB1 ∗  06:02  positivity,  CSF-orexin  level.  At
 time  of  recruitment,  from  all  patients,  we  collected  age,  disease
 duration,  BMI,  presence  and  frequency  of  cataplexy,  presence  of
 sleep-related  paralysis  and  hallucinations,  severity  of  daytime
 sleepiness  assessed  with  the  Epworth  Sleepiness  Scale  (ESS),  and
 ongoing  treatments  for  NT1.
 

Brain  MR  acquisition  protocol  
All  participants  underwent  high  resolution  3D  Magnetization
 Prepared  Rapid  Acquisition  Gradient  Echo  (MPRAGE)  MRI  using
 a  3  T  clinical  scanner  (Skyra-Magnetom,  Siemens  Healthcare),
 equipped  with  a  Siemens  Head/Neck  64  Coil,  at  the  IRCCS
 Institute  of  Neurological  Sciences  of  Bologna,  Italy.  The  imaging
 protocol  comprised  a  series  of  sequences  designed  to  capture
 detailed  structural  information.  The  MPRAGE  parameters  were  as
 follow:  TE/TR  =  53/2300  ms,  f  lip  angle (FA)  =  9  ◦  ,  1  mm 3  isotropic
 voxel.  The  acquisition  time  for  this  sequence  was  5  minutes
 and  21  seconds.  Diagnostic  brain  imaging  including  3D  T2-
 weighted  FLAIR,  susceptibility-weighted  imaging  (SWI)  and
 diffusion-weighted  imaging  (DWI)  were  acquired  to  evaluate  for
 the  presence  of  structural  lesions  and  exclude  corresponding
 patients.
 

3D  T1  images  processing  
An  automated segmentation  tool  [  16]  (available  from  FreeSurfer
 v7)  was  used  to  segment  the  entire  hypothalamus  based  on  3D
 T1-weighted  data,  delineating  both  right  and  left  hemisphere
 and  its  f  ive  subregions:  anterior-inferior,  anterior-superior,
 posterior,  tuberal-inferior  and  tuberal-superior  regions  (  Figure  1).
 Corresponding  classif  ication  of  hypothalamic  nuclei  [  19,  20]  is
 detailed  in  Table  1.  In  the  current  report,  subregions  are  named
 according  to  the  classic  anatomical  nomenclature,  not  the  one
 employed  by  the  segmentation  tool:  in  particular,  this  latter  uses
 “tubular”  instead  of  “tuberal”  (anatomical  term),  as  reported  in
 its  documentation  (  https://surfer.nmr.mgh.harvard.edu/fswiki/
HypothalamicSubunits).  The  other  subregions  follow  the  tool’s
 nomenclature. 

The  quality  of  the  images  and  segmentation outputs  were
 visually  assessed  by  two  neuroradiologists  (LM,  RL),  with  respec-
 tively  3  and  more  than  20  years  of  experience.  This  was  done  to
 ensure  reliability  and  accuracy.  Any  data  deemed  unreliable  or  of
 insuff  icient  quality (because  of  motion  artifacts)  were  excluded
 from  further  analysis.
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Table  1.  Classif  ication  of  hypothalamic  nuclei  subregions  

Hypothalamic  subregions  Hypothalamic  nuclei  

Anterior–superior Paraventricular  nucleus,  preoptic  area 
Anterior–inferior Suprachiasmatic  nucleus,  supraoptic  nucleus 
Posterior TMN,  mamillary  body  (including  medial  and  lateral  mamillary  nuclei),  lateral  hypothalamus 
Tuberal-superior  Lateral  hypothalamus,  dorsomedial  nucleus,  paraventricular  nucleus 
Tuberal-inferior TMN,  infundibular  (or  arcuate)  nucleus,  ventromedial  nucleus,  supraoptic  nucleus,  lateral  tuberal  nucleus 

Classif  ication  of  hypothalamic  nuclei  according  to  Bocchetta  et  al.  [  19]  and  Makris  et  al.  [ 20]. 

Figure  1.  Example  of  hypothalamus  automatic  segmentation.  Coronal
 (A,  B,  C),  axial  (D,  E),  sagittal  (F)  views.  Different  colours  represent
 hypothalamus  subunits:  Posterior  (purple),  tuberal-inferior  (orange),
 tuberal-superior  (blue),  anterior-inferior  (green),  and  anterior-superior
 (pink).  Views  of  3D  T1-  weighted  sequence  of  a  healthy  control  (F,  25  yo). 

Statistical  analysis 
Volumetric  hypothalamic  data  were  adjusted  for  the  effects  of
 sex,  age,  and  total  intracranial  volume  (TIV)  using  a  residual
 method.  Specif  ically,  a  multivariate  linear  regression  model  was
 f  irst  f  itted  between  each  variable  of  interest  (region  volumes)
 and  the  three  confounding  variables  within  the  control  group.
 Following  this,  estimated  parameters  were  used  to  correct  raw
 values  for  every  subject.  The  Shapiro–Wilk  test  was  then  applied
 to  residuals  of  each  subject  to  assess  normality.  In  case  of  two-
 group  comparisons,  analysis  of  variance  or  Mann–Whitney  U
 tests  were  used  to  compare  groups,  depending  on  normality  of
 the  dependent  variable  under  investigation.  To  assess  statistical
 correlation  between  morphometric  and  clinical  variables,  partial
 Spearman  correlation  tests  on  raw  values  was  calculated,  control-
 ling  for  sex,  age,  and  TIV.  In  addition,  CSF  orexin  concentrations
 were  categorized  into  tertiles  and  quartiles,  and  partial  correla-
 tions  were  re-computed  within  these strata  to  assess  potential
 threshold  effects. 

The  Bonferroni  method  was  applied  to  correct  for  multiple
 comparisons  and  correlations  were  corrected  using  the  false
 discovery  rate  procedure.  Statistical  signif  icance  was  set  at
 adjusted-p<.05.  p-values  were  further  classif  ied  as signif  icant
 (p<.05),  highly  signif  icant  (p<.01),  and  extremely  signif  icant
 (p<.001).  The  statistical  analysis  was  conducted  using  an  in-
 house  script  developed  in  Python  3.11.  Data  are  presented  as
 

mean  ±  standard  deviations  for  continuous  variables,  and  as
 frequency  (%)  for  categorial  variables.
 

Results 
Study  sample 
Eighty-two  patients  with  NT1and  87  age  and  sex  matched  HC
 underwent  brain  MRI.  Seven  patients  were  excluded  from  the
 study  due  to  MRI  motion  artifacts,  leaving  75  patients.  Clinical
 features  and  ongoing  treatment  of  patients,  and  comparison  of
 demographics  with  HC,  are  presented  in  Table  2.  All  patients
 exhibited  def  inite  cataplexy  (either  video-documented  at  the  time
 of  the  diagnosis  or  reported  by  the  patient  with  typical  features),
 CSF-orexin  was  already  dosed  at  time  of  the  study  in  56  patients
 and  levels  were  below  110  pg/mL  in  all  subjects.
 

NT1  group  hypothalamus  volumetric  comparative
 analysis 
Table  3  summarizes  uncorrected  volumes  of  the  entire  hypotha-
 lamus  and  its  subregions  in  patients  with  NT1  versus  HC.  After
 adjusting  for  age,  sex,  and  TIV,  patients  with  NT1  exhibited  sig-
 nif  icant  atrophy  of  the  entire  hypothalamus  compared  to  HC
 (p=.009).  More  specif  ically,  signif  icant  reductions  in  volume  were
 found  in  the  anterior  inferior  (p=.0008),  anterior  superior  (p=.003),
 posterior  (p=.03),  and  tuberal  superior  regions  (p=.04).  No  statisti-
 cally  signif  icant  volume  alteration  was  found  in  tuberal-inferior
 subregion  (  Figure  2).  Detailed  statistical  results,  including  test
 statistics,  effect  size,  and  conf  idence  intervals,  are  provided  in
 Supplementary  Table  2.
 

Correlation  with  clinical  data  
No  signif  icant  correlations  (  Supplementary  Table  3)  were
 observed  between  corrected  hypothalamic  volumes  (whole
 hypothalamus  and  its  subunits)  and demographic,  clinical,  or
 laboratory  data,  including  disease duration  and  CSF  orexin  levels
 (scatterplots  of  CSF  orexin  levels  versus  hypothalamic  volumes
 are  shown  in  Supplementary  Figure  1).  Moreover,  no  signif  icant
 correlations  were  found  between  hypothalamic  atrophy  and
 medical  therapy,  neither  with  respect  to  the  presence  or  absence
 of  treatment  nor  to  the  specif  ic  drug  employed.  In  additional
 sensitivity  analyses,  CSF  orexin  concentrations  were  categorized
 into  tertiles  and  quartiles  to  account  for  potential  threshold
 effects.  Adjusted  analyses  across  these  strata  conf  irmed  the
 absence  of  signif  icant  associations between  hypothalamic
 volumes  and  orexin  levels  (  Supplementary  Table  4).
 

Discussion  
In  this  study  we  investigated  alterations  in  the  volume  of  the
 hypothalamus  and  its  subunit  components  in  75  adult  patients
 with  sporadic  NT1  compared  with  87  HC.  This  large  study  was
 performed  using  an  automated  analysis  tool  applied  to  high
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Table  2.  Clinical  and  demographic  features  of  patients  with  narcolepsy  type  1  (NT1)  and  healthy  controls  (HC)  

NT1  (n  =  75)  HC  (n  =  87)  
n  (%)  or  mean±SD n  (%)  or  mean±SD p-value 

Sex  male  (n)  39  (52.0%)  45  (51.7%)  0.866 
Age  at  MRI  (years)  33.1  ±  12.9 32.5±8.2 0.409 
Age  at  diagnosis  (years)  26.2  ±  12 -  
Disease  Duration  (years)  13.8  ±  9.7 -  
Follow  up  (years)  7  ±  7.9 -  
BMI  (kg/m2)  27.4  ±  6.1 -  
EDS  (n)  75  (100%) -  
EDS  onset  (years)  18.6  ±  10.7 -  
Cataplexy  (n)  72  (96.0%)  -  
Cataplexy  onset  (years)  20.7  ±  11.5 -  
Cataplexy  frequency  (n)  -  

 absent  3  (4.3%) 
 <1/year 2  (2.9%) 
 1/year-1/month 7  (10.0%)  
 1/month-1/week 15  (21.4%)  
 1/week-1/day 17  (24.3%)  
 >1/day 26  (37.1%)  

Sleep  paralysis  (n)  43  (58.9%)  -  
Hypnagogic  hallucinations  (n)  46  (63.0%)  -  
Disrupted  nocturnal  sleep  (n)  51  (72.9%)  -  
ESS  (score)  14.7  ±  3.9 -  
HLA-DQB1 ∗  0602  (n)  69  (95.8%)  -  
CSF-Orexin  (pg/mL)  31.9  ±  32.6 -  
MSLT  mean  sleep  latency  (min)  3.1  ±  2.5 -  
MSLT  SOREMPs  (n)  3.8  ±  1.3 -  
Stable  Treatment  at  MRI  (n)  

 None/started  <1  year 16  (21.3%)  
 Wake  promoting  agents(modaf  inil  or  solriamfetol) 28  (37.3%)  
 Sodium  Oxybate  28  (37.3%)  
 Pitolisant  18  (24.0%)  
 Antidepressants  10  (13.3%)  

Clinical  features  of  patients  with  narcolepsy  type  1  (NT1)  and  comparison  of  demographic  data  with  healthy  controls  (HC).  Detailed  statistical  results  are  provided
 in  Supplementary  Table  1. Legend:  BMI,  body  mass  index;  EDS,  excessive  daytime  sleepiness;  CSF-orexin,  cerebrospinal  f  luid  orexin-1  level;  MSLT,  multiple  sleep
 latency  test;  SOREMP,  sleep  onset  rapid  eye  movement  period. 

Table  3.  Hypothalamus  and  its  subregions  volumes  

Hypothalamic
 regions  

NT1  patients
 (n  =  75)
 volumes  

Healthy  controls
 (n  =  87)
 volumes  

Whole  hypothalamus  807.1  ±  76.1 847.6 ±  67.2 
Anterior–superior 41.1  ±  9.3 46.4  ±  8.2 
Anterior–inferior 28.9  ±  8.9 34.8  ±  7.1 
Posterior 245.3  ±  29.8 256.2 ±  21.4 
Tuberal-superior  221.6  ±  28.7 237.8 ±  25.9 
Tuberal-inferior 270.0  ±  31.1 272.4 ±  28.3 

Hypothalamus  and  its  subregions  volumes  in  patients  with  conf  irmed  type
 1  narcolepsy  (NT1) and  healthy  controls  (HC).  Results  are  reported  as
 uncorrected  mean  volumes  (mm  3  )  and  standard  deviations  of  the  entire
 hypothalamus  and  its  subregions  [ 16]. 

resolution  T1-weighted  MR  images  using  high-f  ield  3 T  scanner.
 Compared  to  a  sample  of  87  HC,  we  found  an  overall  volumetric
 reduction  in  the  hypothalamus  of  patients  with  NT1.  Further,
 individual  subunits  of  the  hypothalamus  were  also  reduced,  with
 stronger  signif  icant  effects  anteriorly.  In  this  analysis,  only  the
 tuberal-inferior  segment  was  not  signif  icantly  affected,  although
 a  trend  toward  volumetric  reduction  was  observed  (  Figure  2).
 

Previous  neuroimaging  studies  analysing  the  hypothalamus
 of  narcoleptic  patients  utilized  two  different  approaches:  voxel-
 based  morphometry  (VBM)  [  11– 13,  21– 25]  that  quantif  ied  the
 

whole  hypothalamus  but  not  its  subunits  (eight studies),  and,
 for  two  recent  studies  [  15,  26],  the  same  automated  method  [  16].
 A  summary  overview  of  these  studies  is  presented  in  Table  4.
 VBM  studies  showed  conf  licting  results:  four  found  grey  matter
 hypothalamic  volume  reduction  [  12,  13,  21,  22]  in  a  total  of  94  NT1
 patients  while  the  other  four  did  not  f  ind  any  volume  differences
 in  a  total  of  55  NT1  patients  [  11,  23– 25].  Further,  seven  of  eight
 of  these  VBM  studies  were  conducted  using  1.5  T  MRI  scanners.
 In  contrast  with  VBM  or  segmentation  methods  such  as  older
 versions  of  FreeSurfer  (before  v.7.2)  and  FSL,  our  study  employed
 an  automated  segmentation  tool  that  allows  the  delineation  of
 hypothalamic  subunits  [  16].  Traditional  VBM  method,  while  effec-
 tive  for  whole-brain  assessments,  are  limited  by  partial  volume
 effects  and  spatial  resolution  constraints,  reducing  precision  in
 small  size  structures  like  the  hypothalamus.  Similarly,  the  older
 versions  of  FreeSurfer  and  FSL,  despite  their  strengths  in  corti-
 cal  and  larger  subcortical  segmentation,  provide  a  sub-optimal
 anatomical  sensibility  for hypothalamic  subregions  [  27].  In  one
 study  [  26]  on  hypothalamic  segmentation  in  sporadic  narcolepsy,
 the  authors  found  no  signif  icant  volumetric  alterations  in  the
 whole  hypothalamus  and  its  subunits  between  patients  and  HC.
 However,  we  pinpoint  that  this  study  included  a  small  size  group
 of  15  patients,  with  mixed  diagnoses,  nine  with  NT1  and  six  with
 NT2,  without  evidence  of  orexin  def  iciency.
 

Using  the  same  MRI  analytical  approach  in  a  cohort  of
 54  patients  who  developed  narcolepsy  following  Pandemrix  ®  
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Table  4.  Previous  MRI  studies  on  hypothalamic  alterations  in  patients  with  narcolepsy  

Patients’  group  Patients  (Male:  Female)/HC;
 Narcolepsy  type
 Age  range  (mean),  in  years  

Disease  duration,
 range  (mean),  in
 years  

MRI
 Scanner 

Analysis  method Hypothalamus  volume
 changes  

1.  Draganski  et  al  [ 13],  2002 29  (NA)/29
 Narcolepsy  type  not  reported
 (39.7)  

NR 1.5  T  VBM Grey  matter  decreasing  in
 bilateral  hypothalami 

2.  Kaufmann  et  al  [ 23],  2002 12(6:6)/32
 All  NT1
 22-65  (36.99  ±  15.8) 

(12)  1.5  T  VBM No  alterations 

3.  Overeem  et  al  [ 24],  2003 15(NR)/16
 All  NT1
 21-70  (44.7)  

2-50  (19.2)  1.5  T  VBM No  alterations 

4.  Brenneis  et  al  [ 11],  2005 12(8:4)/12
 11  with  cataplexy,  1  without
 cataplexy,  no  orexin  available.
 22-72  (35.8  ±  13.2) 

3-55  (15)  1,5  T  VBM No  alterations 

5.  Buskova  et  al  [ 22],  2006 19(19:9)/16
 All  NT1
 (43.4  ±  13.8) 

4-40  (11.9)  1.5  T  VBM Decreasing  

6.  Kim  et  al  [ 12],  2009 17(13:4)/17
 All  NT1
 17-35  (24.6  ±  4.9) 

(8.8)  3  T  VBM Decrease  of  right
 hypothalamus  

7.  Joo  et  al  [ 21],  2009 29(15:14)/29
 All  NT1
 (31.2)  

NR 1.5  T  VBM Reduction  of  grey  matter
 concentration  in  bilateral
 hypothalami 

8.  Scherf  ler  et  al  [ 25],  2012 16(12:4)/12
 All  NT1
 40-70  (56.8)  

6-59  (30.6)  1.5  T  VBM No  alterations 

9.  Kim  H  et  al  [ 26],  2022 15(7:8)/19
 9  NT1,  6  NT2
 (33.2  ±  15.5) 

NR 3  T  Automated  tool  [ 16] No  alterations 

10.  Juvodden  et  al  [ 15],  2023 54(15:39)/114
 All  post-H1N1  vaccine  NT1
 10-33  (21.8)  

4-7  (5.8)  3  T  Automated  tool  [ 16] Increasing,  especially
 tuberal-inferior  subunit  

Present  study  75(39:36)/87
 All  NT1
 20-46  (31.1)  

4-23  (11.9)  3  T  Automated  tool  [ 16] Whole  hypothalamus
 atrophy,  except  for
 tuberal-inferior  segment  

Previous  MRI  studies  on  hypothalamic  alterations  in  patients  with  NT1,  which  employed  different  analysis  methods,  MRI  scanner  and  patients’  cohort. Boldface
 indicates  the  data  referring  to  the  present  study. 

Figure  2.  Group  differences  in  hypothalamic  and  its  subregion  volumes
 between  patients  (NT1)  and  healthy  controls  (HC).  These  were  adjusted
 for  age,  sex,  and  TIV.  Adjusted  whole  hypothalamic  volume  (mm 3  )  (A).
 Adjusted  volumes  (mm 3  )  of  specif  ic  hypothalamic  subregions  (B).  Error
 bars  represent  the  standard  deviation.  ∗  p<.05,  ∗∗

 p<.01,  ∗∗∗
 p<.001. 

vaccination  for  H1N1  pandemic  in  2009,  Juvodden  [  15]  found  a
 larger  size  of  the  hypothalamus  in  patients  compared  to  HC.  The
 volumetric  increase  was  more  pronounced  in  the  tuberal-inferior
 subunit  [  15]  which,  interestingly,  in  our  cohort  is  the  only  region
 

without  a  signif  icant  volume  reduction.  Nevertheless,  the  two
 samples  showed  relevant  differences:  Juvodden  et  al  included
 only  NT1  cases  post-pandemic  H1N1-vaccination,  while  we
 included  consecutive  patients  with  NT1,  regardless  of  potential
 trigger  (of  note,  Pandemrix ®  was  not  used  in  Italy);  patients  in  the
 former  study  were  younger  (21.8  vs  31.1  years  old),  with  shorter
 disease  duration  (5.8  vs  11.9  years),  and  some  were  children  [  15].
 Thus,  it  is  possible  that  the  contrasting  results  are  related  to
 difference  between  triggering  factor  (H1N1-vaccinated  narcolepsy
 vs  sporadic  NT1  cases),  implying  possible  structural  differences
 [ 28– 30]  as  suggested  by  another  study  from  Juvodden  et  al  [  31],
 who  found  different  white  matter abnormalities  using  diffusion
 tensor  imaging  in  NT1  Pandemrix ®  -vaccinated  compared  to  not
 vaccinated  NT1. 

NT1  is  caused  by  an  acquired  loss  of  orexin-producing  neurons,
 which  are  located  predominantly  in  the  perifornical  area  and
 in  the  posterior  hypothalamus  [  2].  The  mechanisms  of  this  loss
 are  still  debated.  Highly  selective  immune-mediated  damage  is
 thought  to  play  a  central  role,  possibly  triggered  by  infections  or
 vaccinations,  in  genetically  predisposed  patients  [  7].  Neuropatho-
 logical  studies  have  shown  a  disappearance  of  up  to  95%  of  orexin-
 producing  neurons  in  the  hypothalamus  of  patients  with  NT1
 [ 5,  6].  The  absence  of  other  markers  co-expressed  by  orexinergic
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neurons  and  the  sparing  of  other  subtypes  of  neurons  such  as
 MCH  containing  neurons  in  the  lateral  hypothalamus,  suggest
 a  selective  neuronal  death  [  6,  32].  Another  hypothesis,  based  on
 evidence  of  hypermethylation  of  Orx  gene-promoter  and  pre-
 served  expression  of  the  neuropeptide  co-localized  in  orexinergic
 neurons  suggested  an  epigenetic  silencing  rather  than  killing  [  9].
 

Orexinergic  neurons  are  congregated  in  the  dorsal-medial
 nucleus  and  ventral-medial  nucleus  of  the  hypothalamus,  in
 the  dorsal  part  of  parafornical  nucleus,  in  lateral  hypothalamus,
 and  a  minor  component  in  the  posterior  hypothalamus  [  33].  The
 segmentation  tool  we  employed  [  16]  groups  hypothalamic  nuclei
 into  subunits  according  to  the  maps  constructed  by  Bocchetta  [  19]
 and  Makris  [  20]  ( Table  1).  With  this  approach,  the  nuclei  richest  in
 orexinergic  neurons  would  be  localized  in  the  tuberal-superior
 (dorsal-medial  nucleus,  lateral  hypothalamus)  and  tuberal-
 inferior  subunits  (ventral-medial  nucleus,  lateral  tuberal  nucleus)
 [ 19,  20,  33].  Therefore,  the  volume  was  mostly  reduced  in  subunits
 not  supposed  to  have  signif  icant  orexinergic  neuronal  bodies.
 Instead,  the  tuberal-inferior  subunit,  which  would  contain  a  large
 fraction  of  the  orexinergic  cells,  did  not  show  any  difference  in
 volume  with  HC. 

Various  explanations  for  these  results  may  be  hypothesized.
 Reduction  in  orexin  production,  either  due  to  the  death  of
 producing  neurons  or  epigenetic  silencing,  leads  to  a  lack  of
 its  binding  with  orexin  receptors  OX1R/OX2R,  located  in  the
 hypothalamus  and  widespread  in  the  brain.  Previous  works  have
 shown  that  one  third  of  all  hypothalamic  neurons  express  orexin
 receptors  that  mediate  an  excitatory  function  [  34,  35].  The  failure
 of  orexin-receptor  binding,  resulting  in  reduced  stimulation
 to  multiple  hypothalamic  nuclei,  could  progressively  lead  to
 a  “functional”  atrophy.  Alternatively,  the  death  of  orexinergic
 neurons  could  lead  to  degeneration  of  axons  and  terminals,
 known  to  loaded  with  orexin-containing  vesicle.  These  projections
 are  widespread  within  hypothalamus  [  34],  and  neuronal  loss
 could  result  in  the  atrophy  of  the  other  hypothalamic  subunits
 in  concordance  with  previous  histopathological  work  [  8].  In
 agreement  with  this  hypothesis,  studies  on diffusion-tensor
 imaging  have  found  lower  fractional  anisotropy  and  higher  radial
 diffusivity  in  the  whole  brain  of  12  patients  with  NT1  compared
 to  HC.  This  could  be  explained  as  a  lower  axonal  density  or
 myelination  secondary  to  the  loss  of  orexinergic  cells  [  36].  In
 this  direction,  it  is  notable  that  all  regions  of  the  hypothalamus
 and  the  pons  have  a  very  high  content  of  orexin  peptide  by  gram
 of  tissue  [  5].  Therefore,  one  must  consider  orexin  cell  bodies  as
 representing  only  a  very  small  surface  areas  of  the  total  volume  of
 these  neurons  that  have  many  projections  loaded  with  peptides.
 

The  normal  volume  of  the  lower  tuberal  area  could  be
 explained  by  its  relative  sparing,  or  by  increased  hypothalamic
 histaminergic  neurons.  Indeed,  Thannickal  et  al.  [  8]  showed  an
 increase  in  GFAP-labelled  astrocytes  at  the  tuberomammillary
 nuclei  (+184%  compared  to  healthy  controls),  arcuate  nucleus
 (+150%),  ventromedial  nucleus  (+127.3%) and  supraoptic  nucleus
 (+57.8%).  Such  glial  cell  inf  iltrate  could  result  in  a  slight
 volumetric  increase  in  the  region  masking  the  atrophy  due  to  the
 loss  of  orexinergic  neurons.  However,  some  postmortem  autopsy
 studies  [  5,  37]  have  not  shown  a  gliotic  response  with  cellular
 inf  iltrate. 

Alternatively,  the  lack  of  change  could  be  due  to  the  con-
 comitant  increase  of  histaminergic  hypothalamic  neurons  in  NT1.
 These  neurons  are  also  involved  in  the  regulation  of  the  sleep–
 wake  cycle  and  tend  to  localize  adjacent  to  orexin-secreting  neu-
 rons  especially  in  the  posterior  hypothalamic  portions  [  38].  Two
 studies  [  39,  40]  have  highlighted  a  strong  increase  in  the  number
 of  histamine  neurons  in  the  tuberomammillary  nucleus  (TMN)  of
 

the  hypothalamus,  from  64  to  94%.  The  TMN  seems  to  be  localized
 in  the  tuberal-inferior  and  posterior  segments.  So,  in  our  study,
 a  possible  increase  of  histamine  neurons  in  NT1  patients  could
 determine  the  non-signif  icant  volumetric  alteration  of  tuberal-
 inferior  part,  compensating  the  loss  of  orexin-secreting  neurons.
 

We  observed  a  lack  of  correlation  between  hypothalamic  vol-
 umes  (either  whole  organ  or  subunits)  and  disease  duration.
 This  negative  f  inding,  consistent  with  previous  evidence  [  15],
 supports  the  hypothesis  that  hypothalamic  atrophy  in  NT1  rep-
 resents  an  early  and  largely  irreversible  structural  consequence
 of  disease  onset  rather  than  a  progressive  neurodegenerative
 process,  as  mirrored  by  the  stable  disease  course  over  time.  In
 NT1,  converging  immunological  and  clinical  evidences  suggest
 that  the  autoimmune-mediated  loss  of  orexin  neurons  occurs
 rapidly  around  disease  onset.  Within  this  framework,  the  reduced
 hypothalamic  volumes  observed  in  our  study  are  more  consistent
 with  a  residual  structural  “scar”  established  early  in  the  disease
 course,  followed  by  a  long-term  plateau  phase  in  which  further
 volume  loss  is  minimal  or  absent. 

Taken  together,  these  f  indings  provide  evidence  of  persistent
 hypothalamic  tissue  alteration  in  long-standing  NT1.
 

The  absence  of  an  association  between  hypothalamic  volumes
 and  CSF  orexin  levels  suggests  that  volumetric  MRI  measures
 and  neurochemical  alterations  may  ref  lect  partially  distinct
 aspects  of  hypothalamic  involvement  in  NT1,  without  supporting
 a  progressive  structure–function  relationship  over  time.  It  is
 also  reasonable  that  both  MRI  volumetric  analysis  and  CSF
 orexin  measurement  by  RIA  are  not  sensitive  enough  to  quantify
 internal  differences  and  correlation  within  a  cohort  of  patients
 with  orexin  def  iciency,  due  to  a  f  loor  effect.  Moreover,  it  is
 known  that  the  CSF  orexin  level,  despite  being  the  diagnostic
 gold  standard,  is  not  an  accurate  measure  of  orexinergic
 neuronal  loss  when  analyzed  below  the  threshold  of  orexin
 def  iciency,  and  that  studies  employing  high-performance  liquid
 chromatography  have  shown  that  only  <10%  of  the  values
 provided  by  RIA  are  the  intact  form  of  orexin,  suggesting  that
 RIA  also  measures  immunoreactive  orexin-related  metabolites
 not  binding  the orexin-receptors,  without  a  clear  pathogenic
 meaning  [  41].
 

The  present  study  has  some  limitations.  Firstly,  this  is  a  cross-
 sectional  study,  so  with  a  limited  capability  of  assessing  tem-
 poral  dynamics  or  causality  in  hypothalamic  volume  changes,
 compared  to  a  longitudinal  study.  However,  the  employed  tool
 for  hypothalamic  segmentation  and  volumetric  analysis  has  been
 made  available  only  in  recent  years  and,  nevertheless,  this  consec-
 utive  recruitment  allowed  for  the  recruitment  of  a  large  cohort
 of  people  with  a  rare  and  under-recognized  disease,  the  largest
 as  far  as  we  know.  Moreover,  this  design  allowed  for  studying
 hypothalamic  volumetry  in  patients  at  different  stages  of  the
 disease  course,  which  is,  in  our  opinion,  a  strength  of  the  project.
 Secondly,  the  cohort  of  patient  is  heterogeneous  in  term  of  disease
 duration  and  ongoing  treatment,  with  some patients  studied  at
 the  diagnosis  and  some  during  follow  up,  but  we  did  not  f  ind  any
 difference  in  treated  vs  untreated  patients  and  further  excluded
 a  role  of  age,  disease  duration  and  treatment  on  our  f  indings.
 No  correlations  between  ongoing  treatments  and  MRI  f  indings
 appeared.  Therefore,  we  do  not  believe  that  the  f  indings,  including
 the  lack  of  correlations  with  clinical  variables,  are  inf  luenced  by
 treatment  status.  While  the  lack  of  correlation  between  volumet-
 ric  alterations  and  disease  duration  could  suggest  that  the  timing
 of  the  MRI  evaluation  did  not  inf  luence  our  f  indings,  we  did  not
 evaluate  patients  very  close  to  disease  onset  possibly  investigating
 morphological  changes  in  the  period  when  orexinergic  system
 damage  could  be  still  ongoing.  No  children  were  included  in  this
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study,  and  this  population  deserves  further  attention.  Studying
 children’s  cohort  would  be  of  great  interest  and  would  provide
 additional  insights  on  the  neuroradiological  features  of  the  dis-
 ease,  possibly  closer to  the  typical  disease  onset.
 

This  study  focused  on  hypothalamic  subunits,  but  the  analysis
 of  other  cerebral  areas  involved  in  the  orexin  pathway,  and  the
 use  of  other  advanced  neuroimaging  techniques  would  help  to
 better  understand  in-vivo  brain  changes  of  patients  with  NT1.
 Finally,  it  is  to  acknowledge  that  hypothalamic  segmentation
 was  based  on  gross  anatomy  meant  for  MRI  images,  that’s  not
 comparable  to  the  resolution  of  histological  methods,  in  the
 assessment  of  possible  pathological  alterations  in  hypothalamic
 neurons.  Nevertheless,  MRI  segmentation  enjoys  the  advantage
 of  permitting  a  quantitative  and  non-invasive  approach  for
 studying  the  hypothalamus,  in  a  large  cohort  of  patients
 in  vivo. 

In  conclusion,  in  adult  patients  with  NT1  we  found  a  volume
 reduction  of  the  whole  hypothalamus  but  the  tuberal-inferior,
 compared  to  healthy  controls.  These  f  indings  may  relate  to  a
 pathological  process  that  extends  throughout  the  hypothalamus,
 beyond  the  orexin  neurons.  The  sparing  of  tuberal-inferior  region
 might  be  linked  to  neuroinf  lammatory  gliosis  or  a  compensatory
 increase  in  histaminergic  neurons,  a  hypothesis  calling  for  future
 anatomical  studies. 

Other  imaging  studies  are  needed  to  contribute  to  understand-
 ing  the  underlying  pathological  process  in  NT1  and  to  clarify  if
 quantitative  imaging  studies  could  become a  potential  biomarker
 of  NT1  disease  for  the  future.
 

Supplementary  mater  ial  
Supplementary  material  is  available  at  SLEEP  online.
 

Acknowledgments  
We  are  indebted  to  all  the  participants  of  the  study,  most  notably
 the  Italian  association  of  patients  with  narcolepsy  (Associazione
 Italiana  Narcolettici  ed  Ipersonni,  ONLUS).  Without  their  con-
 tribution,  this  study  would  not  have  been  possible.  This  work
 was  supported  by  #NEXTGENERATIONEU  (NGEU)  -  Ministry  of
 University  and  Research  (MUR),  National  Recovery  and  Resilience
 Plan  (NRRP),  project  MNESYS  (PE0000006).  A  multiscale  integrated
 approach  to  the  study  of  the  nervous  system  in  health  and  disease
 (DN.  1553  11.10.2022).
 

Funding  
The  publication  of  this  article  was  supported  by  the  “Ricerca
 Corrente”  funding  from  the  Italian  Ministry  of  Health. 

Disclosure  statement 
Financial  disclosure:  F.  Biscarini  received  support  for  attending  con-
 gresses  from  Bioprojet.  F.  Pizza  received  support  for  attending  con-
 gresses  from  Bioprojet  and  honoraria  for  lectures  from  Jazz  and
 Bioprojet.  E.  Mignot  received  research  and  clinical  trial  support
 from  Jazz  Pharmaceuticals,  Takeda,  and  Alkermes;  consulting  fees
 and  travel  reimbursements  from  Takeda  and  Paladin;  and  owns
 stocks  in  Centessa.  The  other  authors  report  no  f  inancial  conf  licts
 of  interest. 

Non-f  inancial  disclosure:  F.  Pizza  participated  on  boards  for
 Takeda.  G.  Plazzi  is  a  member  of  the  Advisory  Board  for  Jazz,
 Bioprojet,  Centessa,  Alkermes,  Takeda,  and  Idorsia.  The  other
 authors  report  no  non-f  inancial  conf  licts  of  interest.
 

Data  availability 
The  per-subject  data  underlying  this  article  will  be  shared  at
 reasonable  request  to  the  corresponding  author. 

References 
1.  Bassetti  CLA,  Adamantidis  A,  Burdakov  D,  et  al.  Narcolepsy

 —  clinical  spectrum,  aetiopathophysiology,  diagnosis  and
 treatment.  Nat  Rev  Neurol.  2019;15(9):519–539.  https://doi.
org/10.1038/  s41582-  019-  0226-  9

2.  Mahoney  CE,  Cogswell  A,  Koralnik  IJ,  Scammell  TE.  The  neuro-
 biological  basis  of  narcolepsy.  Nat  Rev  Neurosci.  2019;20(2):83–93.
 https://doi.org/10.1038/  s41583-  018-  0097-  x

3.  Lin  L,  Faraco  J,  Li  R,  et  al.  The  sleep  disorder  canine  narcolepsy  is
 caused  by  a  mutation  in  the  hypocretin  (orexin)  receptor  2  gene.
 Cell.  1999;98(3):365–376.  https://doi.org/10.1016/s0092-8674(00)
 81965-0

4.  Nishino  S,  Ripley  B,  Overeem  S,  Lammers  GJ,  Mignot  E.
 Hypocretin  (orexin)  def  iciency  in  human  narcolepsy.  Lancet.
 2000;355(9197):39–40.  https://doi.org/10.1016/S0140-6736(99)
 05582-8

5.  Peyron  C,  Faraco  J,  Rogers  W,  et  al.  A  mutation  in  a  case  of  early
 onset  narcolepsy  and  a  generalized  absence  of  hypocretin  pep-
 tides  in  human  narcoleptic  brains.  Nat  Med.  2000;6(9):991–997.
 https://doi.org/10.1038/79690

6.  Thannickal  TC,  Moore  RY,  Nienhuis  R,  et  al.  Reduced  number
 of  hypocretin  neurons  in  human  narcolepsy.  Neuron.  2000;27(3):
 469–474.  https://doi.org/10.1016/  s0896-  6273(00)00058-  1

7.  Liblau  RS,  Latorre  D,  Kornum  BR,  Dauvilliers  Y,  Mignot  EJ.  The
 immunopathogenesis  of  narcolepsy  type  1.  Nat  Rev  Immunol.
 2024;24(1):33–48.  https://doi.org/10.1038/  s41577-  023-  00902-  9

8.  Thannickal  TC,  Siegel  JM,  Nienhuis  R,  Moore  RY.  Pattern
 of  hypocretin  (orexin)  soma  and  axon  loss,  and  gliosis,  in
 human  narcolepsy.  Brain  Pathol.  2003;13(3):340–351.  https://doi.
org/10.1111/  j.1750-  3639.2003.tb00033.x

9.  Seif  inejad  A,  Ramosaj  M,  Shan  L,  et  al.  Epigenetic  silencing  of
 selected  hypothalamic  neuropeptides  in  narcolepsy  with  cata-
 plexy.  Proc  Natl  Acad  Sci  U  S  A.  2023;120(19):e2220911120.  https://
doi.org/10.1073/  pnas.2220911120

10.  Dudás  B.  Anatomy  and  cytoarchitectonics  of  the  human
 hypothalamus.  Handb  Clin  Neurol.  2021;179:45-66.  https://doi.
org/10.1016/  B978-  0-  12-  819975-  6.00001-  7

11.  Brenneis  C,  Brandauer  E,  Frauscher  B,  et  al.  Voxel-based  mor-
 phometry  in  narcolepsy.  Sleep  Med.  2005;6(6):531–536.  https://
doi.org/10.1016/  j.sleep.2005.03.015

12.  Kim  SJ,  Lyoo  IK,  Lee  YS,  et  al.  Gray  matter  def  icits  in  young  adults
 with  narcolepsy.  Acta  Neurolo  gica  Scandinavica.  2009;119:61–67.
 https://doi.org/10.1111/  j.1600-  0404.2008.01063.x

13.  Draganski  B,  Geisler  P,  Hajak  G,  et  al.  Hypothalamic  gray  matter
 changes  in  narcoleptic  patients.  Nat  Med.  2002;8(11):1186–1188.
 https://doi.org/10.1038/  nm1102-  1186

14.  Wada  M,  Mimura  M,  Noda  Y,  et  al.  Neuroimaging  correlates  of
 narcolepsy  with  cataplexy:  a  systematic  review.  Neurosci  Res.
 2019;142:16–29.  https://doi.org/10.1016/  j.neures.2018.03.005

15.  Juvodden  HT,  Alnæs  D,  Lund  MJ,  et  al.  Larger  hypothalamic
 volume  in  narcolepsy  type  1.  Sleep.  2023;46(11)zsad173.  https://
doi.org/10.1093/  sleep/zsad173

16.  Billot  B,  Bocchetta  M,  Todd  E,  Dalca  AV,  Rohrer  JD,  Iglesias  JE.
 Automated  segmentation  of  the  hypothalamus  and  associated
 subunits  in  brain  MRI.  NeuroImage.  2020;223:117287.  https://doi.
org/10.1016/  j.neuroimage.2020.117287

17.  American  Academy  of  Sleep  Medicine ,  ed.  International  Classif  i-
 cation  of  Sleep  Disorders.  3.  ed.  Darien,  IL:  American  Academy  of
 Sleep  Medicine;  2014. 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/49/6/zsag087/8566170 by guest on 14 July 2026

https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsag087#supplementary-data
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1016/s0092-8674(00)81965-0
https://doi.org/10.1016/S0140-6736(99)05582-8
https://doi.org/10.1038/79690
https://doi.org/10.1038/79690
https://doi.org/10.1038/79690
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1016/s0896-6273(00)00058-1
https://doi.org/10.1038/s41577-023-00902-9
https://doi.org/10.1038/s41577-023-00902-9
https://doi.org/10.1038/s41577-023-00902-9
https://doi.org/10.1038/s41577-023-00902-9
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1111/j.1750-3639.2003.tb00033.x
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1016/B978-0-12-819975-6.00001-7
https://doi.org/10.1016/B978-0-12-819975-6.00001-7
https://doi.org/10.1016/B978-0-12-819975-6.00001-7
https://doi.org/10.1016/B978-0-12-819975-6.00001-7
https://doi.org/10.1016/j.sleep.2005.03.015
https://doi.org/10.1016/j.sleep.2005.03.015
https://doi.org/10.1016/j.sleep.2005.03.015
https://doi.org/10.1016/j.sleep.2005.03.015
https://doi.org/10.1016/j.sleep.2005.03.015
https://doi.org/10.1111/j.1600-0404.2008.01063.x
https://doi.org/10.1111/j.1600-0404.2008.01063.x
https://doi.org/10.1111/j.1600-0404.2008.01063.x
https://doi.org/10.1111/j.1600-0404.2008.01063.x
https://doi.org/10.1111/j.1600-0404.2008.01063.x
https://doi.org/10.1038/nm1102-1186
https://doi.org/10.1038/nm1102-1186
https://doi.org/10.1038/nm1102-1186
https://doi.org/10.1038/nm1102-1186
https://doi.org/10.1016/j.neures.2018.03.005
https://doi.org/10.1016/j.neures.2018.03.005
https://doi.org/10.1016/j.neures.2018.03.005
https://doi.org/10.1016/j.neures.2018.03.005
https://doi.org/10.1016/j.neures.2018.03.005
https://doi.org/10.1093/sleep/zsad173
https://doi.org/10.1093/sleep/zsad173
https://doi.org/10.1093/sleep/zsad173
https://doi.org/10.1093/sleep/zsad173
https://doi.org/10.1093/sleep/zsad173
https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1016/j.neuroimage.2020.117287


Motta  et  al.  |  9

18.  Pizza  F,  Moghadam  KK,  Vandi  S,  et  al.  Daytime  continu-
 ous  polysomnography  predicts  MSLT  results  in  hypersom-
 nias  of  central  origin.  J  Sleep  Res.  2013;22(1):32–40.  https://doi.
org/10.1111/  j.1365-  2869.2012.01032.x

19.  Bocchetta  M,  Gordon  E,  Manning  E,  et  al.  Detailed  volumetric
 analysis  of  the  hypothalamus  in  behavioral  variant  frontotem-
 poral  dementia.  J  Neurol.  2015;262(12):2635–2642.  https://doi.
org/10.1007/  s00415-  015-  7885-  2

20.  Makris  N,  Swaab  DF,  van  der  Kouwe  A,  et  al.  Volumetric  parcel-
 lation  methodology of  the  human  hypothalamus  in  neuroimag-
 ing:  normative  data  and  sex  differences.  NeuroImage.  2013;69:
 1–10.  https://doi.org/10.1016/  j.neuroimage.2012.12.008

21.  Joo  EY,  Tae  WS,  Kim  ST,  Hong  SB.  Gray  matter  concen-
 tration  abnormality  in  brains  of  narcolepsy  patients.  Korean
 J  Radiol.  2009;10(6):552–558.  https://doi.org/10.3348/kjr.2009.10.
 6.552

22.  Buskova  J,  Vaneckova  M,  Sonka  K,  Seidl  Z,  Nevsimalova  S.
 Reduced  hypothalamic  gray  matter  in  narcolepsy  with  cata-
 plexy.  Neuro  Endocrinol  Lett.  2006;27(6):769–772. 

23.  Kaufmann  C,  Schuld  A,  Pollmächer  T,  Auer  DP.  Reduced  cortical
 gray  matter  in  narcolepsy:  preliminary  f  indings  with  voxel-
 based  morphometry.  Neurolo  gy.  2002;58(12):1852–1855.  https://
doi.org/10.1212/  WNL.58.12.1852

24.  Overeem  S,  Steens  SCA,  Good  CD,  et  al.  Voxel-based  mor-
 phometry  in  hypocretin-def  icient  narcolepsy.  Sleep.  2003;26(1):
 44–46. 

25.  Scherf  ler  C,  Frauscher  B,  Schocke  M,  et  al.  White  and  gray  matter
 abnormalities  in  narcolepsy  with  cataplexy.  Sleep.  2012;35(3):
 345–351.  https://doi.org/10.5665/  sleep.1692

26.  Kim  HC,  Lee  DA,  Lee  HJ,  Shin  KJ,  Park  KM.  Alterations  in  the
 structural  covariance  network  of  the  hypothalamus  in  patients
 with  narcolepsy.  Neuroradiolo  gy.  2022;64(7):1351–1357.  https://
doi.org/10.1007/  s00234-  021-  02878-  6

27.  Seiger  R,  Ganger  S,  Kranz  GS,  Hahn  A,  Lanzenberger  R.  Cor-
 tical  thickness  estimations  of  FreeSurfer  and  the  CAT12  tool-
 box  in  patients  with  Alzheimer’s  disease  and  healthy  controls.
 J  Neuroimaging.  2018;28(5):515–523.  https://doi.org/10.1111/jon.
 12521

28.  Pizza  F,  Peltola  H,  Sarkanen  T,  Moghadam  KK,  Plazzi  G,
 Partinen  M.  Childhood  narcolepsy  with  cataplexy:  comparison
 between  post-H1N1  vaccination  and  sporadic  cases.  Sleep
 Med.  2014;15(2):262–265.  https://doi.org/10.1016/j.sleep.2013.
 09.021

29.  Dauvilliers  Y,  Arnulf  I,  Lecendreux  M,  et  al.  Increased  risk  of
 narcolepsy  in  children  and  adults  after  pandemic  H1N1  vacci-
 nation  in  France.  Brain  J  Neurol.  2013;136(8):2486–2496.  https://
doi.org/10.1093/  brain/awt187

30.  Sarkanen  T,  Alakuijala  A,  Partinen  M.  Clinical  course  of  H1N1-
 vaccine-related  narcolepsy.  Sleep  Med.  2016;19:17–22.  https://doi.
org/10.1016/  j.sleep.2015.11.005

31.  Juvodden  HT,  Alnæs  D,  Lund  MJ,  et  al.  Widespread  white  matter
 changes  in  post-H1N1  patients  with  narcolepsy  type  1  and
 f  irst-degree  relatives.  Sleep.  2018;41(10).  https://doi.org/10.1093/
sleep/zsy145

32.  Blouin  AM,  Thannickal  TC,  Worley  PF,  Baraban  JM,  Reti  IM,  Siegel
 JM.  Narp  immunostaining  of  human  hypocretin  (orexin)  neu-
 rons:  loss  in  narcolepsy.  Neurolo  gy.  2005;65(8):1189–1192.  https://
doi.org/10.1212/01.wnl.0000175219.01544.c8

33.  Cheng  SB,  Kuchiiwa  S,  Gao  HZ,  Kuchiiwa  T,  Nakagawa  S.  Mor-
 phological  study  of  orexin  neurons  in  the  hypothalamus  of  the
 Long-Evans  rat,  with  special  reference  to  co-expression  of  orexin
 and  NADPH-diaphorase  or  nitric  oxide  synthase  activities.  Neu-
 rosci  Res.  2003;46(1):53–62.  https://doi.org/10.1016/  s0168-  0102
(03)00026-  9

34.  van  den  Pol  AN,  Gao  XB,  Obrietan  K,  Kilduff  TS,  Belousov
 AB.  Presynaptic  and  postsynaptic  actions  and  modulation
 of  neuroendocrine  neurons  by  a  new  hypothalamic  peptide,
 hypocretin/orexin.  J  Neurosci.  1998;18(19):7962–7971.  https://doi.
org/10.1523/  JNEUROSCI.18-  19-  07962.1998

35.  de  Lecea  L,  Kilduff  TS,  Peyron  C,  et  al.  The  hypocretins:
 hypothalamus-specif  ic  peptides  with  neuroexcitatory  activ-
 ity.  Proc  Natl  Acad  Sci  U  S  A.  1998;95(1):322–327.  https://doi.
org/10.1073/  pnas.95.1.322

36.  Gool  JK,  Fronczek  R,  Leemans  A,  Kies  DA,  Lammers  GJ,  Van
 der  Werf  YD.  Widespread  white  matter  connectivity  abnor-
 malities  in  narcolepsy  type  1:  a  diffusion  tensor  imaging
 study.  NeuroImage  Clin.  2019;24:101963.  https://doi.org/10.1016/
j.nicl.2019.101963

37.  Honda  M,  Arai  T,  Fukazawa  M,  et  al.  Absence  of  ubiquiti-
 nated  inclusions  in  hypocretin  neurons  of  patients  with  nar-
 colepsy.  Neurolo  gy.  2009;73(7):511–517.  https://doi.org/10.1212/
WNL.0b013e3181b2a6af

38.  Shan  L,  Dauvilliers  Y,  Siegel  JM.  Interactions  of  the  histamine
 and  hypocretin  systems  in  CNS  disorders.  Nat  Rev  Neurol.
 2015;11(7):401–413.  https://doi.org/10.1038/  nrneurol.2015.99

39.  John  J,  Thannickal  TC,  McGregor  R,  et  al.  Greatly  increased  num-
 bers  of  histamine  cells  in  human  narcolepsy  with  cataplexy.  Ann
 Neurol.  2013;74(6):786–793.  https://doi.org/10.1002/  ana.23968

40.  Valko  PO,  Gavrilov  YV,  Yamamoto  M,  et  al.  Increase  of  his-
 taminergic  tuberomammillary  neurons  in  narcolepsy.  Ann  Neu-
 rol.  2013;74(6):794–804.  https://doi.org/10.1002/  ana.24019

41.  Sakai  N,  Matsumura  M,  Lin  L,  Mignot  E,  Nishino  S.  HPLC  anal-
 ysis  of  CSF  hypocretin-1  in  type  1  and  2  narcolepsy.  Sci  Rep.
 2019;9(1):477.  https://doi.org/10.1038/  s41598-  018-  36942-  8

©  The  Author(s)  2026.  Published  by  Oxford  University  Press  on  behalf  of  Sleep  Research  Society.  This  is  an  Open  Access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution-NonCommercial  License  (  https://creativecommons.org/licenses/by-nc/
 4.0/),  which  permits  non-commercial  re-use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  work  is  properly  cited.  For  commercial  re-use,  please  contact  reprints@oup.com  for  reprints  and  translation  rights  for  reprints.  All  other  permissions
 can  be  obtained  through  our  RightsLink  service  via  the  Permissions  link  on  the  article  page  on  our  site—for  further  information  please  contact  journals.permissions@oup.com.  
SLEEP,  2026,  49,  1–9  
https://doi.org/10.1093/sleep/zsag087
Original  Article  

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/49/6/zsag087/8566170 by guest on 14 July 2026

https://doi.org/10.1111/j.1365-2869.2012.01032.x
https://doi.org/10.1111/j.1365-2869.2012.01032.x
https://doi.org/10.1111/j.1365-2869.2012.01032.x
https://doi.org/10.1111/j.1365-2869.2012.01032.x
https://doi.org/10.1111/j.1365-2869.2012.01032.x
https://doi.org/10.1007/s00415-015-7885-2
https://doi.org/10.1007/s00415-015-7885-2
https://doi.org/10.1007/s00415-015-7885-2
https://doi.org/10.1007/s00415-015-7885-2
https://doi.org/10.1016/j.neuroimage.2012.12.008
https://doi.org/10.1016/j.neuroimage.2012.12.008
https://doi.org/10.1016/j.neuroimage.2012.12.008
https://doi.org/10.1016/j.neuroimage.2012.12.008
https://doi.org/10.1016/j.neuroimage.2012.12.008
https://doi.org/10.3348/kjr.2009.10.6.552
https://doi.org/10.1212/WNL.58.12.1852
https://doi.org/10.1212/WNL.58.12.1852
https://doi.org/10.1212/WNL.58.12.1852
https://doi.org/10.1212/WNL.58.12.1852
https://doi.org/10.5665/sleep.1692
https://doi.org/10.5665/sleep.1692
https://doi.org/10.5665/sleep.1692
https://doi.org/10.5665/sleep.1692
https://doi.org/10.1007/s00234-021-02878-6
https://doi.org/10.1007/s00234-021-02878-6
https://doi.org/10.1007/s00234-021-02878-6
https://doi.org/10.1007/s00234-021-02878-6
https://doi.org/10.1111/jon.12521
https://doi.org/10.1016/j.sleep.2013.09.021
https://doi.org/10.1093/brain/awt187
https://doi.org/10.1093/brain/awt187
https://doi.org/10.1093/brain/awt187
https://doi.org/10.1093/brain/awt187
https://doi.org/10.1093/brain/awt187
https://doi.org/10.1016/j.sleep.2015.11.005
https://doi.org/10.1016/j.sleep.2015.11.005
https://doi.org/10.1016/j.sleep.2015.11.005
https://doi.org/10.1016/j.sleep.2015.11.005
https://doi.org/10.1016/j.sleep.2015.11.005
https://doi.org/10.1093/sleep/zsy145
https://doi.org/10.1093/sleep/zsy145
https://doi.org/10.1093/sleep/zsy145
https://doi.org/10.1093/sleep/zsy145
https://doi.org/10.1093/sleep/zsy145
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1016/s0168-0102(03)00026-9
https://doi.org/10.1523/JNEUROSCI.18-19-07962.1998
https://doi.org/10.1523/JNEUROSCI.18-19-07962.1998
https://doi.org/10.1523/JNEUROSCI.18-19-07962.1998
https://doi.org/10.1523/JNEUROSCI.18-19-07962.1998
https://doi.org/10.1073/pnas.95.1.322
https://doi.org/10.1073/pnas.95.1.322
https://doi.org/10.1073/pnas.95.1.322
https://doi.org/10.1073/pnas.95.1.322
https://doi.org/10.1016/j.nicl.2019.101963
https://doi.org/10.1016/j.nicl.2019.101963
https://doi.org/10.1016/j.nicl.2019.101963
https://doi.org/10.1016/j.nicl.2019.101963
https://doi.org/10.1016/j.nicl.2019.101963
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1212/WNL.0b013e3181b2a6af
https://doi.org/10.1038/nrneurol.2015.99
https://doi.org/10.1038/nrneurol.2015.99
https://doi.org/10.1038/nrneurol.2015.99
https://doi.org/10.1038/nrneurol.2015.99
https://doi.org/10.1002/ana.23968
https://doi.org/10.1002/ana.23968
https://doi.org/10.1002/ana.23968
https://doi.org/10.1002/ana.23968
https://doi.org/10.1002/ana.24019
https://doi.org/10.1002/ana.24019
https://doi.org/10.1002/ana.24019
https://doi.org/10.1002/ana.24019
https://doi.org/10.1038/s41598-018-36942-8
https://doi.org/10.1038/s41598-018-36942-8
https://doi.org/10.1038/s41598-018-36942-8
https://doi.org/10.1038/s41598-018-36942-8
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/sleep/zsag087

	 Hypothalamic volume reduction in adult patients with narcolepsy type 1
	Introduction
	Materials and methods
	Results
	Discussion
	Supplementary material
	Acknowledgments
	Funding
	Disclosure statement
	Data availability


