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Abstract	
  
Introduction:	
   Region-­‐specific	
   neurodegeneration	
   in	
   response	
   to	
   amyloid	
   plaque	
  

deposition	
  is	
  a	
  topic	
  of	
  interest	
  of	
  Alzheimer’s	
  disease	
  (AD)	
  research.	
  Localization	
  of	
  

vulnerable	
   areas	
   can	
   help	
   in	
   understanding	
   underlying	
   pathophysiological	
  

processes	
  of	
  the	
  disease.	
  Here,	
  using	
  in-­‐vivo	
  magnetic	
  resonance	
  imaging	
  (MRI)	
  and	
  

positron	
   emission	
   tomography	
   (PET)	
   neuroimaging	
   techniques,	
   we	
   assess	
   the	
  

longitudinal	
  change	
   in	
  hippocampal	
  volume,	
  as	
  well	
  as	
  structural	
  alterations	
  when	
  

correlated	
   with	
   baseline	
   levels	
   of	
   amyloidosis	
   and	
   hypometabolism	
   in	
   McGill-­‐R-­‐

Thy1-­‐APP	
  transgenic	
  (Tg)	
  rat	
  model	
  of	
  AD.	
  Methods:	
   In	
  5	
  wild-­‐type	
  (Wt)	
  and	
  9	
  Tg	
  

rats,	
   [18F]FDG-­‐PET	
   and	
  MRI	
   images	
  were	
   collected	
   at	
   baseline	
   (9-­‐11	
  months)	
   and	
  

follow-­‐up	
  (19	
  months).	
  [18F]NAV4694-­‐PET	
  was	
  collected	
  from	
  4	
  WT	
  and	
  8	
  Tg	
  rats.	
  

First,	
   total	
   intracranial	
   and	
   hippocampal	
   volumes	
   were	
   acquired	
   by	
   manual	
  

segmentation	
  method	
  for	
  analysis	
  of	
  changes	
  in	
  the	
  hippocampus.	
  Then,	
  to	
  observe	
  

correlation	
  of	
  baseline	
  PET	
  levels	
  with	
  structural	
  MRI	
  changes,	
  seed	
  values	
  obtained	
  

from	
   FDG	
   standardized	
   uptake	
   value	
   ratio	
   (SUVr)	
   and	
   NAV	
   binding	
   potential	
  

parametric	
  (BPND)	
  images	
  of	
  the	
  frontal	
  cortex,	
  hippocampus,	
  somatosensory	
  cortex	
  

and	
  the	
  subiculum	
  at	
  baseline,	
  were	
  correlated	
  with	
  longitudinal	
  deformation	
  maps	
  

at	
   voxel-­‐level.	
  Resulting	
   t-­‐maps	
  were	
  Random	
  Field	
  Theory	
   corrected	
   for	
  multiple	
  

comparisons.	
  Jacobian	
  deformation	
  field	
  values	
  of	
  significant	
  clusters	
  of	
  both	
  Tg	
  and	
  

Wt	
   groups	
   were	
   plotted	
   against	
   the	
   baseline	
   PET	
   values,	
   and	
   a	
   linear	
   model	
   of	
  

interaction	
   between	
   the	
   PET	
   measurements	
   with	
   the	
   group	
   on	
   the	
   deformation	
  

maps	
  refined	
  the	
  clusters.	
  Results:	
  Normalized	
  hippocampal	
  volume	
  showed	
  8.02%	
  

decrease	
   in	
  Tg	
   rats	
   only	
   at	
   follow-­‐up.	
  Amyloidosis	
   at	
   baseline	
   correlated	
  with	
   the	
  

shrinkage	
   of	
   the	
   right	
   somatosensory	
   and	
   entorhinal	
   cortices,	
   while	
  

hypometabolism	
  revealed	
  shrinkages	
  of	
  the	
  left	
  insular	
  and	
  primary	
  somatosensory	
  

cortices,	
   fimbria	
   of	
   the	
   hippocampus,	
   and	
   the	
   hippocampus.	
   Additionally,	
   the	
  

expansion	
  of	
   the	
   left	
   lateral	
  ventricle	
  was	
  observed.	
  Discussion:	
  Our	
  results	
  show	
  

that	
   amyloid	
   load	
   and	
   hypometabolism	
   at	
   baseline	
   predict	
   spatially	
   distinct	
  

structural	
   changes	
   caused	
   by	
   amyloidosis.	
   Moreover,	
   it	
   shows	
   validation	
   of	
   the	
  

manual	
  segmentation	
  method	
  when	
  assessing	
  hippocampal	
  volumetry.	
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Abstrait	
  
Introduction	
   :	
   La	
   dégénération	
   neuronale	
   causé	
   par	
   la	
   déposition	
   des	
   plaques	
  

d’amyloïde	
   est	
   un	
   sujet	
   d’intérêt	
   dans	
   l’étude	
   de	
   la	
   maladie	
   d’Alzheimer	
   (AD).	
  

Localiser	
  les	
  structures	
  plus	
  vulnérables	
  permet	
  ainsi	
  une	
  meilleure	
  compréhension	
  

du	
  processus	
  pathophysiologique	
  de	
  la	
  maladie.	
  Dans	
  l’étude	
  qui	
  suit,	
  nous	
  utilisons	
  

l’imagerie	
   par	
   résonance	
   magnétique	
   (MRI)	
   et	
   la	
   tomographie	
   par	
   émission	
   de	
  

positrons	
   (PET)	
   pour	
   évaluer	
   les	
   changements	
   longitudinaux	
   du	
   volume	
   de	
  

l’hippocampe,	
   ainsi	
   que	
   les	
   altérations	
   structurales	
   corrélés	
   avec	
   la	
   quantité	
  

d’amyloïde	
  et	
  d’hypo-­‐métabolisme	
  à	
  la	
  ligne	
  de	
  base	
  chez	
  le	
  modèle	
  de	
  rat	
  McGill-­‐R-­‐

Thy1-­‐APP	
  transgénique	
  (Tg)	
  pour	
  AD.	
  Méthodes	
  :	
  5	
  rats	
  de	
  souche	
  sauvage	
  (WT)	
  et	
  

9	
  Tg	
  ont	
  été	
  scannés	
  avec	
  [18F]FDG-­‐PET	
  et	
  MRI	
  au	
  point	
  de	
  référence	
  (9	
  à	
  11	
  mois)	
  

et	
  au	
  suivi	
  (19	
  mois).	
  [18F]NAV4694-­‐PET	
  a	
  été	
  également	
  prise	
  chez	
  4	
  rats	
  WT	
  et	
  8	
  

Tg.	
  Pour	
   les	
  analyses,	
   le	
  volume	
   total	
  du	
  crâne	
  et	
  de	
   l’hippocampe	
  a	
  été	
  segmenté	
  

manuellement	
   et	
   ainsi	
   calculé.	
   Par	
   la	
   suite,	
   le	
   ratio	
   des	
   fixations	
   normalisés	
   FDG	
  

(SUVr)	
  et	
   le	
  potential	
  de	
  liaison	
  du	
  NAV	
  (BPND)	
  du	
  cortex	
  frontal,	
  de	
  l’hippocampe,	
  

du	
  cortex	
  somato-­‐sensoriel	
  et	
  du	
  subiculum	
  au	
  point	
  de	
  référence	
  ont	
  été	
  corrélés	
  

avec	
   les	
   analyses	
  de	
  déformation	
   longitudinale	
   du	
   cerveau	
  par	
   voxel,	
   puis	
   ont	
   été	
  

corrigés	
   pour	
   comparaisons	
   multiples.	
   Les	
   valeurs	
   jacobéennes	
   des	
   zones	
  

significatives	
  sont	
  tracés	
  vs	
  les	
  valeurs	
  de	
  base	
  PET,	
  permettant	
  d’établir	
  un	
  modèle	
  

linéaire	
   de	
   l’interaction	
   entre	
   les	
   mesures	
   PET	
   et	
   les	
   cartes	
   de	
   déformations.	
  

Résultats	
  :	
   Le	
   volume	
   de	
   l’hippocampe	
   normalisé	
   est	
   diminué	
   de	
   8.02%	
   chez	
   les	
  

rats	
  Tg	
  seulement	
  au	
  suivi.	
  La	
  quantité	
  d’amyloide	
  au	
  point	
  de	
  référence	
  est	
  relié	
  à	
  

une	
  perte	
  neuronale	
  dans	
   le	
  cortex	
  somato-­‐sensoriel	
  et	
  entorhinal	
  de	
  droite,	
  alors	
  

que	
   l’hypométabolisme	
   au	
   point	
   de	
   référence	
   est	
   relié	
   à	
   la	
   perte	
   neuronale	
   dans	
  

l’insula	
  de	
  gauche	
  et	
  le	
  cortex	
  somato-­‐sensoriel	
  primaire,	
  l’hippocampe	
  et	
  le	
  fimbria.	
  

Discussion	
  :	
   Nos	
   résultats	
   suggèrent	
   que	
   la	
   quantité	
   d’amyloïde	
   et	
   d’hypo-­‐

métabolisme	
  au	
  point	
  de	
  référence	
  prédit	
  les	
  régions	
  qui	
  subiront	
  des	
  changements	
  

structuraux	
   causés	
   par	
   l’amyloïde.	
   Ainsi,	
   ces	
   résultats	
   confirment	
   la	
   validité	
   de	
   la	
  

segmentation	
  manuelle	
  pour	
  mesurer	
  le	
  volume	
  de	
  l’hippocampe.	
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Glossary	
  
Aβ	
  =	
  Beta-­‐amyloid	
  peptides	
  
	
  
AD	
  =	
  Alzheimer’s	
  disease	
  
	
  
APP	
  =	
  Amyloid-­‐β	
  Precursor	
  Protein	
  
	
  
BPND	
  =	
  Binding	
  potential	
  
	
  
CSF	
  =	
  Cerebrospinal	
  fluid	
  
	
  
DBM	
  =	
  Deformation-­‐based	
  morphometry	
  
	
  
FAD	
  =	
  Familial	
  Alzheimer’s	
  disease	
  
	
  
FDG	
  =	
  [18F]Fluorodeoxyglucose	
  
	
  
MAP	
  =	
  Maximum	
  A	
  Posteriori	
  
	
  
MCI	
  =	
  Mild	
  cognitive	
  impairment	
  
	
  
MRI	
  =	
  Magnetic	
  resonance	
  imaging	
  
	
  
NAV	
  =	
  [18F]NAV-­‐4694	
  
	
  
NFT	
  =	
  Neurofibrillary	
  tangle	
  
	
  
PET	
  =	
  Positron	
  Emission	
  Tomography	
  
	
  
[11C]PIB	
  =	
  Pittsburg	
  compound	
  B	
  
	
  
PS-­‐1	
  =	
  Presenilin-­‐1	
  
	
  
PS-­‐2	
  =	
  Presenilin-­‐2	
  
	
  
p-­‐tau	
  =	
  phosphorylated	
  tau	
  
	
  
ROI	
  =	
  Region-­‐of-­‐interest	
  
	
  
SUVr	
  =	
  Standardized	
  uptake	
  value	
  ratio	
  
	
  
Tg	
  =	
  Transgenic	
  
	
  
Wt	
  =	
  Wild-­‐type	
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Introduction	
  
With	
   the	
   aging	
   population,	
   Alzheimer’s	
   disease	
   (AD)	
   has	
   become	
   the	
  most	
  

common	
  form	
  of	
  dementia,	
  damaging	
  the	
  brain	
  with	
  progressive	
  neurodegeneration	
  

(1).	
  Ultimately,	
  these	
  neurodegenerative	
  changes	
  lead	
  to	
  decline	
  in	
  cognition,	
  which	
  

is	
  a	
  characteristic	
  of	
  AD	
  (2).	
   	
  Despite	
  all	
   the	
  research	
  and	
  effort	
  being	
  put	
   into	
  the	
  

discovery	
  for	
  the	
  ultimate	
  treatment	
  of	
  this	
  disease,	
  there	
  still	
  is	
  not	
  yet	
  a	
  cure	
  or	
  a	
  

vaccine.	
  Aside	
   from	
  providing	
   care	
   for	
   the	
   increasing	
  number	
   of	
  AD	
  patients,	
   it	
   is	
  

also	
   important	
   to	
  understand	
   the	
  underlying	
  pathologies	
   that	
  distinguish	
  AD	
   from	
  

other	
  forms	
  of	
  dementia	
  for	
  early	
  detection	
  and	
  prevention	
  of	
  the	
  disease.	
  	
  Mapping	
  

out	
  the	
  different	
  aspects	
  of	
  the	
  disease	
  manifestation	
  will	
  help	
  with	
  the	
  search	
  for	
  a	
  

definitive	
  progressive	
  pattern	
  and	
  early	
  diagnosis	
  of	
  the	
  disease,	
  possibly	
  providing	
  

targets	
  for	
  pharmaceutical	
  interventions.	
  

	
  

Signature	
  Pathologies	
  
AD	
   is	
   a	
   neurodegenerative	
   disorder	
  with	
  multiple	
   neuropathologies,	
  which	
  

include	
   amyloid-­‐β	
   (Aβ)	
   plaques,	
   neurofibrillary	
   tangles	
   (NFT),	
   brain	
   atrophy,	
  

neuroinflammation,	
   cell	
   loss	
   and	
   vascular	
   damage	
   (3).	
   Associated	
   with	
   these	
  

biological	
   pathologies,	
   behavioural	
   changes	
   are	
   also	
   observed	
   including	
   memory	
  

loss,	
   cognitive	
   deficits,	
   and	
   changes	
   in	
   sleeping	
   patterns.	
   Among	
   the	
   numerous	
  

pathological	
  markers,	
  the	
  two	
  main	
  underlying	
  characteristics	
  that	
  contribute	
  to	
  the	
  

disease	
  characterization	
  are	
  amyloid	
  plaques	
  made	
  up	
  of	
  Aβ1-­‐42	
  proteins	
  and	
  NFTs	
  

made	
  up	
  of	
  hyper-­‐phosphorylated	
  tau	
  proteins.	
  	
  

The	
   amyloid	
   plaques	
   are	
   the	
   best-­‐known	
   pathology	
   of	
   AD.	
   These	
  

extracellular	
  aggregates	
  consist	
  of	
  Aβ1-­‐42	
  proteins	
  that	
  are	
  the	
  products	
  of	
  abnormal	
  

cleavage	
  of	
  Amyloid	
  Precursor	
  Protein	
  (APP)	
  by	
  β-­‐	
  and	
  ϒ-­‐	
  secretases	
  that	
  lead	
  to	
  the	
  

production	
  of	
  the	
  neurotoxic	
  form	
  of	
  the	
  Aβ	
  peptide	
  instead	
  of	
  normal	
  cleavage	
  by	
  α-­‐	
  

and	
  ϒ-­‐secretases.	
  It	
  has	
  been	
  suggested	
  that	
  an	
  inflammatory	
  process	
  occurs	
  within	
  

these	
  plaques,	
  possibly	
  due	
  to	
  cytokines	
  (3).	
  Depositions	
  of	
  these	
  plaques	
  have	
  been	
  

shown	
  to	
  originate	
  in	
  the	
  temporal	
  lobe,	
  including	
  the	
  hippocampus	
  (4),	
  and	
  spread	
  

from	
  there	
  towards	
  the	
  frontal	
  lobe	
  area.	
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The	
  second	
  pathology	
  that	
  is	
  characteristic	
  of	
  AD	
  is	
  the	
  tau	
  protein.	
  Tau	
  is	
  a	
  

microtubule-­‐associated	
   phosphoprotein	
   (5),	
   which	
   when	
   abnormally	
  

hyperphosphorylated,	
  forms	
  insoluble	
  fibrillary	
  aggregates	
  intracellularly,	
  affecting	
  

the	
   neuronal	
   structure	
   (3).	
   Paired	
   helical	
   filaments,	
   composed	
   of	
  

hyperphosphorylated	
  tau,	
  constitute	
  these	
  NFTs	
  which	
  are	
  often	
  found	
  in	
  the	
  brains	
  

of	
  patients	
  with	
  AD.	
  	
  

	
  

Etiology	
  
Amyloid	
   plaques	
   build	
   up	
   and	
   progress	
   to	
   AD	
   may	
   be	
   due	
   to	
   deficits	
   in	
  

clearance	
  of	
  APP	
  metabolites	
  form	
  the	
  extracellular	
  space.	
  	
  On	
  a	
  non-­‐amyloidogenic	
  

pathway,	
   APP	
   is	
   degraded	
   by	
   a	
   subsequent	
   proteolytic	
   action	
   of	
   a	
   α-­‐	
   and	
   γ-­‐

secretases	
  yielding	
  the	
  hydrophilic	
  and	
  soluble	
  APP.	
  	
   	
  However,	
  in	
  a	
  amyloidogenic	
  

pathway,	
   β-­‐	
   and	
   γ-­‐secretases	
   cleave	
   APP	
   into	
   Aβ1-­‐42	
   and	
   other	
   lipophilic	
   and	
  

hydrophobic	
  species,	
  leading	
  to	
  aggregation	
  of	
  Aβ	
  species	
  in	
  the	
  extracellular	
  space	
  

in	
   the	
   form	
   of	
   amyloid	
   plaques.	
   	
   	
   Plaques	
   accumulation	
   has	
   been	
   associated	
  with	
  

reduced	
  Aβ	
  clearance.	
  	
  	
  

Rarely	
   head	
   injury	
   or	
   other	
   traumatic	
   experiences	
   throughout	
   the	
   lifetime	
  

(6)	
  or	
  hereditarily	
  due	
  to	
  genetic	
  mutations	
  of	
   the	
  patient,	
  which	
   is	
  defined	
  as	
   the	
  

“familial”	
   form	
   of	
   AD.	
   Abundant	
   cases	
   of	
   AD	
   are	
   of	
   the	
   late-­‐onset	
   sporadic	
   form,	
  

occurring	
  in	
  people	
  without	
  the	
  genetic	
  abnormalities	
  (7).	
  	
  	
  	
  

Familial	
  AD	
  (FAD),	
   consisting	
  of	
  a	
  minor	
  proportion	
   in	
   the	
   incidence	
  of	
   the	
  

disease,	
   is	
   caused	
  by	
  mutations	
   in	
   the	
  gene	
  expression	
  of	
  APP,	
  presenilin-­‐1	
   (PS-­‐1)	
  

and	
  presenilin-­‐2	
  (PS-­‐2)	
  (8).	
  In	
  the	
  case	
  of	
  APP,	
  which	
  is	
  localized	
  on	
  chromosome	
  21	
  

(9),	
   different	
   types	
   of	
  mutations	
   at	
   codon	
   717	
   of	
   the	
   protein	
   leads	
   to	
   differential	
  

cleavage	
   as	
   well	
   as	
   overexpression	
   of	
   the	
   protein.	
   As	
   a	
   result,	
   out	
   of	
   the	
   three	
  

proteases	
  that	
  cleave	
  APP,	
  which	
  are	
  α-­‐,	
  β-­‐	
  and	
  γ-­‐secretases,	
  (10)	
  APP	
  now	
  prefers	
  

cleavage	
  by	
  the	
  β-­‐	
  and	
  γ-­‐	
  secretases	
  instead	
  of	
  α-­‐	
  and	
  γ-­‐secretases	
  (11).	
  As	
  a	
  result	
  

of	
   this	
   differential	
   cleavage,	
   insoluble	
   Aβ1-­‐42	
  fragments	
   aggregate	
   to	
   form	
   plaques	
  

that	
  deposit	
  in	
  the	
  extracellular	
  matrix	
  of	
  the	
  brain.	
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Amyloidosis	
  Pattern	
  
	
   Mildly	
  cognitively	
  impaired	
  (MCI)	
  subjects	
  with	
  amyloidosis	
  of	
  the	
  brain	
  that	
  

characterize	
  AD	
  are	
  categorized	
  to	
  be	
  in	
  an	
  early	
  stage	
  of	
  AD	
  (12).	
  The	
  Aβ1-­‐42	
  level	
  in	
  

cerebrospinal	
  fluid	
  (CSF)	
  by	
  lumbar	
  puncture	
  and	
  in	
  the	
  brain	
  by	
  positron	
  emission	
  

tomography	
   (PET)	
   are	
   validated	
   measures	
   of	
   amyloidosis.	
   They	
   are	
   inversely	
  

correlated	
   in	
   the	
   sense	
   that	
   in	
   the	
   brains,	
   Aβ	
  plaques	
   are	
   accumulating	
  while	
   CSF	
  

level	
  of	
  Aβ	
  level	
  decreases	
  (13).	
  These	
  measurements	
  have	
  been	
  found	
  to	
  correlate	
  

with	
   disease	
   progression	
   (14).	
   A	
   previous	
   study	
   by	
   Jack	
   et	
   al.	
   studied	
   the	
   rate	
   of	
  

disease	
   progression	
   in	
   a	
   MCI	
   group	
   that	
   was	
   divided	
   into	
   amyloid-­‐positive	
   and	
  

amyloid-­‐negative	
   groups	
   depending	
   on	
   a	
   cut-­‐off	
   value	
   of	
   1.5	
   from	
   Pittsburg	
  

Compound	
  B	
  (PIB)	
  amyloid	
  imaging	
  ligand.	
   	
  It	
  was	
  found	
  that	
  the	
  amyloid-­‐positive	
  

MCI	
   group	
   showed	
   time-­‐to	
   progression	
   rate	
   dependent	
   of	
   hippocampal	
   atrophy	
  

while	
   amyloid-­‐positive	
   and	
   –negative	
   combined	
   groups	
   showed	
   dependence	
   on	
  

both	
  hippocampal	
  atrophy	
  and	
  Aβ1-­‐42	
  load,	
  providing	
  proof	
  that	
  level	
  of	
  amyloidosis	
  

can	
  predict	
  the	
  disease	
  progression	
  (15).	
  	
  	
  

Imaging	
  techniques	
  using	
  radio-­‐ligands	
  specific	
  for	
  amyloid	
  plaques	
  are	
  used	
  

to	
  detect	
   the	
   level	
  of	
  amyloidosis	
   in	
  the	
  brain.	
  The	
  most	
  common	
  ligands	
  used	
  are	
  

the	
  PIB	
  and	
  AV45,	
  and	
  neocortical	
  retention	
  of	
  PIB	
  has	
  been	
  found	
  to	
  correlate	
  with	
  

degeneration	
  of	
  brain	
  areas	
  including	
  the	
  hippocampus,	
  although	
  the	
  rate	
  is	
  not	
  (16).	
  	
  

Previous	
   findings	
   suggest	
   that	
   although	
   amyloidosis	
   and	
   atrophy	
   are	
   correlated,	
  

plaque	
   deposition	
   begins	
   earlier	
   and	
   proceeds	
   at	
   a	
   steady	
   rate	
   until	
   it	
   reaches	
   a	
  

plateau	
  while	
   atrophy	
   rate	
   accelerates	
   (16).	
   	
   In	
  AD,	
   the	
   amyloid	
   burden	
   seems	
   to	
  

occur	
   prior	
   to	
   other	
   characteristic	
   pathologies	
   such	
   as	
   neurodegeneration	
   and	
  

cognitive	
   decline.	
   There	
   are	
   other	
   variants	
   of	
   radio-­‐ligands	
   used	
   for	
   detection	
   of	
  

amyloid	
  in	
  the	
  brain,	
  and	
  [18F]NAV-­‐4694	
  is	
  (NAV)	
  one	
  of	
  them.	
  Similar	
  to	
  PIB,	
  it	
  is	
  a	
  

ligand	
   with	
   a	
   high	
   sensitivity	
   for	
   amyloid	
   plaques,	
   yielding	
   an	
   image	
   with	
   better	
  

contrast	
  than	
  some	
  of	
  the	
  ligands	
  with	
  low	
  sensitivity.	
  NAV,	
  therefore,	
  can	
  be	
  used	
  in	
  

generation	
   of	
   positron	
   emission	
   tomography	
   (PET)	
   images	
   with	
   an	
   optimized	
  

signal-­‐to-­‐noise	
  ratio	
  to	
  be	
  used	
  in	
  the	
  analysis	
  of	
  AD	
  brains	
  in	
  research	
  (17).	
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Hypometabolism	
  Pattern	
  
	
   Another	
   imaging	
   technique	
   used	
   in	
   studying	
   AD	
   is	
   the	
   radio-­‐ligand	
  

[18F]Fluorodeoxyglucose	
   (FDG),	
   which	
   shows	
   brain	
   areas	
   of	
   high	
   metabolism	
   in	
  

relation	
   to	
   the	
   intensity	
   of	
   the	
   radioactive	
   signal.	
   In	
   AD,	
   early	
   hypometabolism	
   is	
  

observed	
  throughout	
  the	
  brain	
  including	
  the	
  posterior	
  associative	
  cortical	
  areas	
  and	
  

prefrontal	
  regions	
  (18).	
  

	
   A	
   research	
   area	
   of	
   interest	
   is	
   linking	
   the	
   area	
   of	
   hypometabolism	
   with	
  

regions	
   that	
   display	
   atrophy.	
   In	
   line	
   with	
   other	
   pathophysiological	
   mechanisms,	
  

hypometabolism	
   of	
   the	
   posterior	
   cingulate	
   and	
   orbitofrontal	
   cortices	
   have	
   been	
  

suggested	
   to	
   relate	
   to	
   hippocampal	
   atrophy.	
   Since	
   the	
   hippocampus	
   is	
   not	
   an	
  

independent	
  region	
  but	
  rather	
  a	
  region	
  that	
   is	
  connected	
  to	
  the	
  anterior	
  cingulate,	
  

posterior	
   cingulate,	
   the	
   subgenual	
   region	
   many	
   other	
   regions,	
   the	
   result	
   of	
  

hippocampal	
  atrophy	
  on	
  metabolic	
  changes	
  in	
  the	
  linked	
  regions	
  is	
  of	
  interest	
  (19).	
  	
  	
  

	
  

Neurodegeneration	
  Pattern	
  
Previous	
  longitudinal	
  studies	
  focusing	
  on	
  atrophy	
  patterns	
  in	
  AD	
  brains	
  have	
  

shown	
   acceleration	
   of	
   neurodegeneration	
   pattern	
   along	
   with	
   disease	
   progression	
  

(20,	
  21,	
  22,	
  23).	
  The	
  decrease	
  in	
  brain	
  volume	
  at	
  certain	
  vulnerable	
  regions	
  is	
  due	
  to	
  

several	
  factors	
  including	
  neuronal,	
  glial	
  and	
  neuropil	
  volume	
  loss	
  (24).	
  The	
  result	
  of	
  

gray	
  matter	
  atrophy	
  is	
  reflected	
  in	
  the	
  enlargement	
  of	
  ventricular	
  volume,	
  which	
  is	
  

used	
   to	
   characterize	
   AD	
   along	
  with	
   hippocampal	
   and	
   other	
   regions	
   that	
   atrophy.	
  

There	
   are	
   regions	
   that	
   targeted	
   specifically	
   in	
   AD	
   due	
   to	
   differences	
   in	
   the	
  

vulnerability	
   between	
   certain	
   areas.	
   The	
   most	
   well	
   known	
   regions	
   include	
   the	
  

hippocampal	
  formation	
  and	
  the	
  entorhinal	
  cortex	
  of	
  the	
  mesial	
  temporal	
  lobe	
  (25).	
  

White	
   matter	
   atrophy	
   has	
   also	
   been	
   discovered	
   in	
   the	
   cingulum	
   bundle,	
   fornix,	
  

perforant	
  path	
  and	
  frontal	
  and	
  temporal	
  white	
  matter	
  (26).	
  	
  

Although	
   the	
   affected	
   regions	
   have	
   been	
   identified,	
   there	
   are	
   contradicting	
  

findings	
  on	
   the	
   time	
  point	
  of	
   the	
   atrophy	
  along	
   the	
  disease	
  manifestation.	
   Several	
  

studies	
   have	
   shown	
   hippocampal	
   atrophy	
   around	
   5.5	
   years	
   prior,	
   followed	
   by	
  

cortical	
  atrophy	
  around	
  3.5	
  years	
  prior	
  to	
  clinical	
  diagnosis	
  have	
  been	
  observed	
  in	
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FAD	
   patients	
   (27,	
   28),	
   along	
   with	
   the	
   precuneous	
   and	
   posterior	
   cingulate	
   (29).	
  

There	
  also	
  have	
  been	
  studies	
   that	
  show	
  absence	
  of	
  significant	
  atrophy	
   in	
   the	
  non-­‐

symptometic	
   carriers	
   of	
   FAD	
   mutation	
   compared	
   to	
   control	
   group	
   in	
   both	
   the	
  

hippocampus	
  and	
  the	
  cortical	
  areas	
  of	
  the	
  brain	
  (30).	
  	
  

	
  

Hippocampal	
  Formation/Atrophy	
  
The	
   hippocampus	
   is	
   a	
   memory-­‐processing	
   centre	
   of	
   the	
   brain	
   and	
   is	
  

vulnerable	
  to	
  damage	
  in	
  the	
  preclinical	
  stages	
  of	
  AD	
  (4).	
  Hippocampal	
  atrophy	
  was	
  

also	
   found	
   to	
   be	
   present	
   in	
   some	
   normal	
   elderly	
   subjects	
   in	
   longitudinal	
   studies,	
  

whom	
  demonstrated	
  higher	
  risk	
  of	
  developing	
  dementia	
  (31).	
  In	
  FAD,	
  hippocampal	
  

atrophy	
  can	
  be	
  observed	
  early	
  on	
  when	
  symptoms	
  are	
  not	
  visible	
  yet,	
  and	
  around	
  

25%	
  atrophy	
  was	
   observed	
  when	
   comparing	
  mildly	
   symptomatic	
   patients	
   against	
  

the	
  controls	
  (27).	
  Indeed,	
  the	
  hippocampus	
  is	
  an	
  area	
  that	
  is	
  used	
  as	
  a	
  predictor	
  of	
  

disease	
  progression	
  from	
  MCI	
  to	
  AD	
  (32,	
  33,	
  34).	
  	
  

The	
   reason	
   behind	
   the	
   targeting	
   of	
   the	
   hippocampus	
   in	
   the	
   disease	
  

progression	
   could	
   be	
   explained	
   by	
   the	
   presence	
   of	
   pyramidal	
   neurons	
   in	
   the	
  

hippocampus	
  that	
  are	
  affected	
  by	
  age-­‐related	
  degenerative	
  changes	
  (35).	
  Without	
  a	
  

doubt,	
   hippocampal	
   formation	
   has	
   a	
   heavy	
   involvement	
   in	
   severe	
   cases	
   of	
   AD,	
   so	
  

much	
  that	
  AD	
  has	
  been	
  called	
  a	
  ‘hippocampal	
  dementia’	
  (2,	
  36).	
  

	
  

Amyloid	
  Hypothesis	
  
The	
   role	
   of	
   these	
   biomarkers	
   in	
   the	
   etiology	
   of	
   the	
   disease	
   has	
   been	
   a	
  

controversial	
   topic	
   for	
   decades.	
   There	
   have	
   been	
   multiple	
   attempts	
   to	
   place	
   the	
  

observed	
   morphological	
   and	
   biochemical	
   changes	
   into	
   a	
   temporal	
   sequence	
   of	
  

pathogenesis	
   (3).	
   The	
   leading	
   central	
   hypothesis	
   called	
   the	
   “amyloid	
   hypothesis”	
  

has	
  been	
  proposed	
  by	
  Hardy	
  and	
  Higgins	
   in	
  1992,	
  which	
  explains	
   the	
  sequence	
  of	
  

the	
  events	
  that	
  occur	
  in	
  the	
  brains	
  of	
  AD	
  patients	
  (37).	
  The	
  basis	
  of	
  this	
  hypothesis	
  

is	
  the	
  Aβ1-­‐42	
  protein,	
  the	
  main	
  component	
  of	
  the	
  extracellular	
  plaques,	
  which	
  serves	
  

as	
   the	
   trigger	
   to	
   the	
   other	
   AD	
  manifestations	
   occurring	
   in	
   the	
   brain.	
   The	
   cascade	
  

initially	
   is	
   triggered	
   by	
   the	
   increased	
   formation	
   of	
   these	
   toxic	
   forms	
   of	
   Aβ1-­‐42	
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proteins,	
  which	
   in	
   turn	
   leads	
   to	
   the	
   formation	
  of	
  NFTs.	
   In	
   the	
   long	
  run,	
   it	
   leads	
   to	
  

progressive	
  cell	
   loss,	
  vascular	
  damage	
  (38)	
  and	
  atrophy	
   in	
  the	
  brain,	
  accompanied	
  

by	
   cognitive	
   decline.	
   The	
   biochemical	
  mechanism	
   that	
   explains	
   the	
   interaction	
   of	
  

amyloid	
   plaques	
   with	
   neurofibrillary	
   tangles	
   comes	
   from	
   the	
   finding	
   that	
   Aβ	
  

peptides	
   disrupt	
   calcium	
  homeostasis,	
   leading	
   to	
   an	
   increase	
   in	
   the	
   intraneuronal	
  

calcium	
  concentration.	
  Since	
  the	
  phosphorylation	
  of	
  tau	
  proteins	
  can	
  be	
  controlled	
  

by	
   intracellular	
   calcium	
   that	
   results	
   in	
   hyperphosphorylation	
   and	
   formation	
   of	
  

helical	
  filaments	
  (39),	
  this	
  hypothesis	
  links	
  these	
  two	
  pathologies	
  of	
  AD.	
  

A	
  cascade,	
   that	
  agreeably	
   illustrates	
   this	
  hypothesis,	
  has	
  been	
  suggested	
  by	
  

Dr.	
  Clifford	
  Jack,	
  in	
  his	
  ‘biomarker	
  cascade	
  model’.	
  This	
  model	
  also	
  shows	
  Aβ	
  build-­‐

up	
   as	
   the	
   initial	
   trigger	
   that	
   leads	
   to	
   downstream	
   cognitive	
   decline	
   and	
  

neurodegeneration.	
  	
  Although	
  Aβ	
  is	
  considered	
  as	
  the	
  critical	
  protein	
  in	
  beginning	
  of	
  

the	
   model,	
   it	
   eventually	
   reaches	
   a	
   plateau,	
   and	
   the	
   progression	
   of	
   the	
   disease	
   is	
  

defined	
  by	
  the	
  severity	
  of	
  atrophy	
  in	
  the	
  brain.	
  Furthermore,	
  the	
  resulting	
  cognitive	
  

decline	
  is	
  also	
  not	
  considered	
  as	
  a	
  direct	
  impact	
  of	
  Aβ,	
  as	
  high	
  levels	
  of	
  Aβ	
  protein	
  

does	
   not	
   affect	
   cognition	
   (40).	
   Thus,	
   in	
   collaboration	
  with	
   the	
   biomarker	
   cascade	
  

model,	
  the	
  amyloid	
  hypothesis	
  postulates	
  the	
  necessity	
  for	
  primarily	
  altered	
  form	
  of	
  

APP	
  followed	
  by	
  causative	
  tangle	
  formation,	
   leading	
  to	
  calcium-­‐mediated	
  neuronal	
  

death	
  (37).	
  	
  	
  

	
  

Magnetic	
  Resonance	
  Imaging	
  
Application	
   of	
   structural	
   imaging	
   techniques	
   such	
   as	
   Magnetic	
   Resonance	
  

Imaging	
  (MRI)	
  allows	
  for	
  assessment	
  of	
  brain	
  structural	
  changes	
  in	
  vivo.	
  It	
  is	
  a	
  non-­‐

invasive	
   method	
   that	
   provides	
   anatomical	
   visualization	
   of	
   the	
   human	
   brain	
  

structure.	
  Before	
  the	
  use	
  of	
  non-­‐invasive	
  imaging	
  techniques,	
  it	
  was	
  not	
  possible	
  to	
  

have	
   a	
   definite	
   diagnosis	
   of	
   AD,	
   and	
   up	
   until	
   the	
   beginning	
   of	
   the	
   1990s,	
   post-­‐

mortem	
   ex-­‐vivo	
   methods	
   involving	
   biopsy	
   or	
   autopsy	
   were	
   used	
   for	
   definitive	
  

diagnosis	
  (41,	
  42).	
  In	
  the	
  1990s,	
  presence	
  of	
  hippocampal	
  atrophy	
  was	
  often	
  carried	
  

out	
   by	
   visual	
   inspection	
   (43)	
   and	
   even	
   previous	
   diagnosis	
   using	
   hippocampal	
  

measurements	
  from	
  a	
  single	
  slice	
  has	
  shown	
  failure	
  in	
  segregating	
  controls	
  from	
  AD	
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group	
  (44,	
  45).	
  Cross-­‐sectional	
  analysis	
  in	
  brain	
  volume	
  change	
  is	
  possible	
  in	
  post-­‐

mortem	
  tissues,	
  but	
  comparison	
  of	
  rates	
  of	
  change	
  of	
   the	
  volumes	
   for	
   longitudinal	
  

observations	
  within	
   the	
   same	
   subject	
   is	
   only	
  possible	
  when	
  using	
   in-­‐vivo	
   imaging	
  

techniques.	
  The	
  advantage	
  in	
  the	
  use	
  of	
  MRI	
  techniques	
  is	
  especially	
  valuable	
  in	
  the	
  

early	
   stages	
   of	
   the	
   disease	
   for	
   prodromal	
   diagnosis	
   for	
   presymptomatic	
  

characteristics	
  of	
  the	
  neurodegenerative	
  diseases,	
  including	
  AD	
  (46).	
  

Acquisition	
   of	
   an	
  MRI	
   image	
   involves	
   the	
   usage	
   of	
   different	
  magnetic	
   field	
  

strengths	
  and	
  scanning	
  parameters	
  depending	
  on	
  the	
  available	
  machine,	
  the	
  subject	
  

to	
   be	
   scanned	
   and	
   the	
   intended	
   gray/white	
   matter	
   contrast.	
   Depending	
   on	
   the	
  

desired	
   resulting	
   specifications	
   of	
   the	
   image,	
   it	
   is	
   technical	
   to	
   develop	
   the	
   correct	
  

scanning	
  sequence	
  for	
  optimization	
  of	
  the	
  image.	
  Even	
  after	
  scanning,	
  there	
  needs	
  to	
  

be	
   preprocessing	
   steps	
   that	
   will	
   improve	
   the	
   image	
   quality	
   through	
   reduction	
   of	
  

artifacts	
  (47).	
  

The	
   application	
  of	
  MRI	
   technique	
  will,	
   as	
   a	
   result,	
   provide	
   a	
  3D	
  volumetric	
  

data	
   set	
   to	
   be	
   used	
   for	
   the	
   analysis	
   of	
   changes	
   in	
   brain	
   volume.	
   Using	
   these,	
  

correlations	
  can	
  be	
  made	
  with	
  other	
  data	
  such	
  as	
  PET	
   images	
  or	
  memory	
  tasks	
   to	
  

identify	
   a	
   trend	
   that	
   relates	
   various	
   disease	
   symptoms.	
   In	
   high	
   resolutions,	
   in	
  

combination	
   with	
   validated	
   analysis	
   techniques,	
   these	
   images	
   will	
   provide	
  

possibilities	
   for	
   assessment	
   of	
   even	
   miniscule	
   changes	
   occurring	
   in	
   the	
   specific	
  

regions	
  of	
  the	
  brain	
  as	
  well	
  as	
  the	
  brain	
  as	
  a	
  whole	
  (48).	
  

	
  

Deformation	
  Based	
  Morphometry	
  
	
   The	
   next	
   step	
   in	
   applying	
   the	
   acquired	
   MR	
   images	
   is	
   investigating	
   for	
  

structural	
  differences	
  among	
  groups:	
  morphometric	
  analysis.	
  Often,	
  morphometric	
  

analyses	
  are	
  essential	
  tools	
  in	
  studying	
  the	
  structural	
  pathology	
  of	
  the	
  human	
  brain	
  

in	
   cases	
   of	
   various	
   diseases	
   including	
   AD.	
   There	
   are	
   various	
   approaches;	
   one	
  

application	
  of	
  MR	
  images	
  is	
  deformation-­‐based	
  morphometry	
  (DBM)	
  (49).	
  	
  

DBM	
  can	
  be	
  used	
  when	
   localizing	
   statistically	
  different	
  macroscopic	
  neuro-­‐

anatomy	
  of	
  population	
  of	
   interest	
   (50).	
   Specifically,	
  DBM	
   is	
  used	
  when	
  comparing	
  

voxel-­‐level	
  positional	
  differences	
  of	
   the	
  whole	
  brain	
  compared	
  to	
  a	
  standard	
  brain	
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(49).	
   In	
  certain	
  cases,	
   it	
   is	
   trivial	
   to	
  quantitatively	
   identify	
  morphometric	
   features,	
  

and	
  DBM	
  helps	
   to	
   assess	
   these	
   structural	
   changes	
   in	
   an	
  unbiased	
  way	
  by	
  yielding	
  

results	
  of	
  region-­‐by-­‐region	
  comparison	
  as	
  well	
  as	
  deformation	
  fields.	
  The	
  outcome	
  

deformation	
   fields	
   contain	
   information	
   on	
   spatial	
   transformation	
   needed	
   to	
   be	
  

applied	
  to	
  the	
  brain	
  in	
  order	
  to	
  match	
  the	
  morphometry	
  of	
  the	
  template	
  used	
  (50).	
  

Previous	
  studies	
  have	
  confirmed	
  for	
  usefulness	
  and	
  sensitivity	
  of	
  DBM.	
  	
  

	
  

McGill-­‐R-­‐Thy1-­‐APP:	
  Transgenic	
  Rat	
  Model	
  of	
  AD	
  
	
   Despite	
  the	
  well-­‐known	
  cascade	
  of	
  AD	
  pathology	
  and	
  high-­‐tech	
  experimental	
  

approaches	
  along	
  with	
  on-­‐going	
  research	
  to	
   finding	
  of	
   the	
  appropriate	
   target	
  sites	
  

for	
  preventing	
  the	
  disease	
  progression,	
  there	
  still	
  is	
  not	
  yet	
  one	
  particular	
  answer	
  to	
  

terminate	
   this	
   disease	
   from	
   manifesting	
   over	
   bodies	
   of	
   the	
   elderly	
   population.	
  

Animal	
   models,	
   especially	
   mammals	
   with	
   similar	
   genetic	
   maps	
   as	
   humans,	
  

contribute	
   as	
   a	
   helpful	
   research	
   template	
   for	
   further	
   observation	
   of	
   disease	
  

characteristics,	
  aiding	
  in	
  better	
  understanding	
  of	
  the	
  different	
  aspects	
  of	
  the	
  disease	
  

(1).	
   An	
   advantage	
   of	
   the	
   use	
   of	
   laboratory	
   animal	
   models	
   is	
   the	
   capability	
   of	
  

systemically	
   addressing	
   aspects	
   of	
   human	
   aging	
   that	
  would	
   have	
   been	
   difficult	
   to	
  

prove,	
   which	
   would	
   be	
   possible	
   by	
   maintaining	
   the	
   animals	
   under	
   controlled	
  

conditions,	
   isolating	
   factors	
   that	
   contribute	
   to	
   individual	
   differences.	
   Common	
  

models	
   are	
   rodents,	
   such	
   as	
   rats	
   and	
  mice,	
   and	
   these	
   animals	
   expressing	
   AD-­‐like	
  

pathology	
   provide	
   a	
   good	
   model	
   for	
   experimental	
   testing	
   of	
   key	
   elements	
   of	
   the	
  

disease	
  cascade	
  (37).	
  Although	
  animal	
  models	
  are	
  used	
  to	
  study	
  the	
  progression	
  of	
  

AD	
  and	
  formation	
  of	
  amyloid	
  plaques,	
  many	
  lack	
  NFT	
  expression.	
  These	
  models	
  may	
  

not	
   be	
   adequate	
   for	
   study	
   of	
   pathology,	
   but	
   perfect	
   for	
   observing	
   the	
  

surviving/compensatory	
  reactions	
  of	
  the	
  brain	
  in	
  case	
  of	
  high	
  Aβ	
  expression	
  (8).	
  	
  

For	
   better	
   understanding	
   of	
   the	
   amyloid	
   hypothesis,	
   different	
   strains	
   of	
  

transgenic	
   (Tg)	
   rodents	
   expressing	
   a	
   variety	
   of	
   transgene	
   and	
   promoter	
  

combinations	
   have	
   been	
   developed.	
   These	
   rats	
   express	
   abundant	
   amyloid	
  

deposition	
  and	
  cognitive	
  deficits	
  (51).	
  The	
  effect	
  of	
  amyloidosis	
  on	
  brain	
  atrophy	
  in	
  

animal	
   models	
   of	
   AD	
   have	
   been	
   shown	
   in	
   previous	
   researches.	
   For	
   example,	
   an	
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experiment	
   conducted	
   in	
  London,	
  UK,	
  by	
  Maheswaran	
  and	
   James	
   in	
  2009	
  showed	
  

that	
  in	
  the	
  context	
  of	
  AD,	
  amyloidosis	
  and	
  gliosis	
  might	
  be	
  expected	
  to	
  result	
  in	
  an	
  

atrophic	
  phenotype	
  in	
  mice	
  models	
  of	
  AD	
  expressing	
  mutations	
  in	
  APP	
  and	
  PS-­‐1	
  (7).	
  	
  

Taking	
   into	
   consideration	
   that	
   rats	
   display	
   a	
   richer	
   behavioural	
   spectrum	
  

along	
  with	
  a	
  larger	
  brain	
  size	
  (52),	
  Dr.	
  A.	
  Claudio	
  Cuello	
  and	
  his	
  team	
  generated	
  the	
  

McGill-­‐R-­‐Thy1-­‐APP	
  Tg	
  Wistar	
  rat	
  line.	
  These	
  rats	
  are	
  the	
  first	
  Tg	
  rat	
  models	
  showing	
  

full	
   amyloid	
  pathology.	
  The	
  expression	
  pattern	
   in	
   this	
   line	
  of	
   rats	
   are	
   caused	
  by	
  a	
  

single	
  human	
  APP	
  transgene	
  containing	
  Swedish	
  and	
  Indiana	
  double	
  mutations	
  that	
  

result	
   in	
   the	
   production	
   of	
   full	
   amyloid	
   pathology.	
   These	
   rats	
   containing	
   the	
  

transgene	
   under	
   the	
   control	
   of	
   the	
  murine	
   thymocyte	
   antigen	
   promoter	
   (Thy1.2)	
  

were	
  genotyped	
   to	
   confirm	
  gene	
  expression.	
  Human	
  amyloid	
  proteins	
  are	
  present	
  

inside	
  of	
   the	
  neurons	
  of	
   these	
  rats	
  as	
  early	
  as	
  1	
  week	
  postnatal	
  and	
  become	
  more	
  

clearly	
  expressed	
  by	
  2-­‐3	
  months.	
  The	
  extracellular	
  amyloid	
  plaque	
  expression	
  in	
  the	
  

brains	
   of	
   these	
   Tg	
   rats	
   can	
   be	
   observed	
   6	
   months	
   postnatal	
   starting	
   from	
   the	
  

subiculum,	
   and	
   it	
   spreads	
   to	
   the	
   hippocampus	
   by	
   month-­‐13,	
   accompanied	
   by	
  

microglial	
   activation	
   and	
   inflammatory	
   reaction.	
   Cortical	
   plaque	
   formation	
   is	
   also	
  

initiated	
  at	
  month-­‐13,	
  and	
  it	
  spreads	
  throughout	
  the	
  whole	
  brain	
  by	
  month	
  20.	
  As	
  a	
  

result,	
  the	
  main	
  areas	
  with	
  intense	
  amyloid	
  plaque	
  expression	
  include	
  the	
  cerebral	
  

cortex,	
  hippocampus	
  and	
  entorhinal	
  cortex.	
  Vascular	
  amyloidosis	
  is	
  not	
  observed	
  in	
  

these	
   rats.	
   In	
   terms	
   of	
   cognition,	
   McGill-­‐R-­‐Thy1-­‐APP	
   rats	
   show	
   hippocampus-­‐

dependent	
   behavioral	
   impairment	
   at	
   3	
  months,	
   shown	
  by	
   the	
  Morris	
  Water	
  Maze	
  

task.	
  The	
  performance	
  of	
  these	
  rats	
  worsens	
  by	
  13	
  months,	
  taking	
  more	
  time	
  to	
  find	
  

the	
  platform	
  compared	
  to	
  controls	
  (53).	
  	
  

	
  An	
   advantage	
   of	
   the	
   implication	
   of	
   these	
  McGill-­‐R-­‐Thy1-­‐APP	
   rat	
  models	
   is	
  

that	
   in	
   case	
   of	
  mutated	
   APP	
   expression	
   along	
  with	
   PS-­‐1	
  mutation,	
   amyloidosis	
   is	
  

accelerated	
  compared	
  to	
  APP	
  mutation	
  alone	
  (7).	
  Also,	
  the	
  hemizygous	
  Tg	
  rats	
  show	
  

lowered	
   amyloid	
   and	
   cognitive	
   expression,	
   illustrating	
   a	
   dose-­‐dependent	
   effect	
   of	
  

Aβ.	
   (53).	
   	
   Rodents	
   constitute	
   the	
   preclinical	
   research	
   animal	
   models	
   for	
   human	
  

diseases;	
  therefore,	
  human	
  neuroimaging	
  applications	
  are	
  also	
  required	
  for	
  rodents.	
  

Therefore,	
  we	
  have	
  applied	
  the	
  neuroimaging	
  techniques	
  used	
  in	
  human	
  research	
  in	
  

these	
  rats	
  to	
  look	
  for	
  longitudinal	
  changes	
  in	
  the	
  brain.	
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Study	
  Aims	
  and	
  Hypothesis	
  
First,	
  we	
  attempted	
  to	
  manually	
  segment	
   the	
  hippocampal	
   formation	
  of	
   the	
  

rats	
   at	
   11-­‐month	
   baseline	
   and	
   19-­‐month	
   follow-­‐up	
   time	
   points	
   to	
   compare	
  

volumetric	
   differences	
   between	
   the	
   Tg	
   and	
  Wt	
   groups.	
   Taking	
   and	
   incorporating	
  

multi-­‐modal	
   techniques	
   and	
   materials	
   we	
   have	
   available,	
   we	
   then	
   attempted	
   to	
  

correlate	
   longitudinal	
  structural	
  changes	
  occurring	
  in	
  the	
  brains	
  of	
  these	
  McGill-­‐R-­‐

Thy1-­‐APP	
  Tg	
  rats	
  with	
  initial	
  baseline	
  FDG-­‐	
  and	
  NAV-­‐PET	
  values	
  of	
  regions	
  known	
  

to	
  show	
  hypometabolism	
  or	
  amyloid	
  deposition.	
  By	
  correlating,	
  we	
  will	
  be	
  able	
   to	
  

identify	
   structures	
   that	
   are	
   affected	
   by	
   decreased	
   metabolism	
   and	
   increased	
  

amyloidosis.	
  

	
  

Aim	
   1)	
   To	
   observe	
   for	
   longitudinal	
   changes	
   occurring	
   in	
   the	
   hippocampal	
  

volumetric	
  measurements	
  in	
  the	
  brains	
  of	
  Tg	
  rats	
  in	
  vivo,	
  in	
  comparison	
  to	
  Wt	
  rats.	
  

	
  

Hypothesis	
  1)	
  In	
  accordance	
  to	
  the	
  expected	
  atrophy	
  of	
  the	
  hippocampus	
  in	
  the	
  Tg	
  

rats	
  and	
  Jack	
  et	
  al’s	
  plot,	
  atrophy	
  will	
  be	
  unlikely	
  to	
  be	
  detected	
  early	
  on	
  at	
  baseline	
  

but	
   will	
   be	
   apparent	
   in	
   the	
   follow-­‐up,	
   while	
   the	
   wt	
   rats	
   will	
   not	
   demonstrate	
  

atrophic	
  patterns.	
  	
  

	
  

Aim	
   2)	
   To	
   better	
   understand	
   the	
   relationship	
   between	
   longitudinal	
   structural	
  

changes	
  with	
  baseline	
  amyloidosis	
  occurring	
  in	
  the	
  brain	
  of	
  Tg	
  rats	
  in	
  vivo.	
  	
  

Hypothesis	
  1)	
  We	
  predict	
  increasing	
  atrophy	
  in	
  the	
  AD-­‐signature	
  brains	
  regions	
  of	
  

older	
   Tg	
   rats	
   along	
   with	
   increase	
   in	
   amyloidosis.	
   The	
   areas	
   of	
   amyloidosis	
   and	
  

atrophy	
   probably	
  will	
   not	
   occur	
   in	
   the	
   same	
   regions	
   since	
   amyloidosis	
   is	
   able	
   to	
  

cause	
  distant	
  atrophy.	
  	
  

	
  

Aim	
   3)	
   To	
   better	
   understand	
   the	
   relationship	
   between	
   longitudinal	
   structural	
  

changes	
  with	
  baseline	
  hypometabolism	
  occurring	
  in	
  the	
  brain	
  of	
  Tg	
  rats	
  in	
  vivo.	
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Hypothesis	
  2)	
  We	
  predict	
  increasing	
  atrophy	
  in	
  the	
  AD-­‐signature	
  brain	
  regions	
  of	
  

older	
  Tg	
  rats	
  along	
  with	
  decrease	
  in	
  metabolism.	
  	
  

	
  

For	
  the	
  purpose	
  of	
  producing	
  the	
  manuscript	
  that	
  is	
  more	
  focused	
  on	
  the	
  correlation	
  

analysis,	
  the	
  results	
  of	
  the	
  correlation	
  studies	
  (Aim	
  2	
  and	
  Aim	
  3)	
  are	
  included	
  in	
  the	
  

manuscript.	
   The	
   results	
   of	
   the	
   volumetry	
   analysis	
   (Aim	
   1),	
   will	
   follow	
   after	
   the	
  

manuscript	
  in	
  the	
  thesis.	
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Abstract	
  
Introduction:	
   McGill-­‐R-­‐Thy1-­‐APP	
   transgenic	
   (Tg)	
   rats	
   are	
   the	
   first	
   rat	
   models	
  

showing	
   full	
   amyloid	
   pathology.	
   Building	
   on	
   previous	
   findings	
   showing	
   amyloid	
  

plaque	
  deposition	
  in	
  many	
  brain	
  regions	
  in	
  the	
  absence	
  of	
  hippocampal	
  cell	
  death,	
  

we	
   performed	
   multi-­‐modal	
   experiments	
   involving	
   Magnetic	
   Resonance	
   Imaging	
  

(MRI)	
  and	
  Positron	
  Emission	
  Tomography	
  (PET),	
  hypothesizing	
  the	
  predictability	
  of	
  

longitudinal	
   structural	
   changes	
  by	
  baseline	
   levels	
  of	
  amyloid	
  and	
  hypometabolism	
  

in	
  Tg	
  but	
  not	
  Wild-­‐type	
  (Wt)	
  animals.	
  	
  

Methods:	
   From	
   5	
   Wt	
   and	
   9	
   Tg	
   rats	
   for	
   [18F]FDG	
   and	
   4	
   Wt	
   and	
   8	
   Tg	
   rats	
   for	
  

[18F]NAV4694,	
   baseline	
   and	
   follow-­‐up	
   PET	
   images	
   were	
   created.	
   Using	
   FDG	
  

standardized	
  uptake	
  value	
  ratio	
  maps	
  and	
  NAV	
  binding	
  potential	
  parametric	
  images,	
  

regional	
   Tg	
   PET	
   values	
   were	
   extracted	
   from	
   the	
   frontal	
   cortex,	
   somatosensory	
  

cortex,	
   hippocampus	
   and	
   the	
   subiculum,	
   which	
   were	
   then	
   correlated	
   with	
   the	
  

longitudinal	
  MRI	
  deformation	
  maps	
  using	
  a	
  voxel-­‐level	
  linear	
  model	
  to	
  generate	
  a	
  t-­‐

statistical	
  images.	
  After	
  multiple	
  comparison	
  correction	
  with	
  Random	
  Field	
  Theory,	
  

surviving	
  significant	
  regions	
  were	
  segmented	
  and	
  applied	
  onto	
  deformation	
  images	
  

to	
   extract	
   Jacobian	
   eigenvalues	
   from	
   both	
   Tg	
   and	
  Wt	
   groups.	
   Voxel-­‐level	
   general	
  

linear	
  model	
  of	
  the	
  PET	
  and	
  the	
  eigenvalues	
  were	
  correlated,	
  and	
  a	
  linear	
  model	
  of	
  

interaction	
   between	
   the	
   PET	
   measurements	
   with	
   the	
   group	
   on	
   the	
   deformation	
  

maps	
  refined	
  the	
  clusters.	
  	
  

Results:	
   Baseline	
   amyloidosis	
   at	
   9-­‐11	
   month	
   led	
   to	
   the	
   shrinkage	
   of	
   the	
   right	
  

somatosensory	
   and	
   entorhinal	
   cortices,	
  while	
   baseline	
   hypometabolism	
   led	
   to	
   the	
  

shrinkage	
   of	
   the	
   left	
   insular	
   and	
   primary	
   somatosensory	
   cortices,	
   fimbria	
   of	
   the	
  

hippocampus,	
   and	
   the	
  hippocampus.	
  Additionally,	
  baseline	
  hypometabolism	
   led	
   to	
  

the	
  expansion	
  of	
  the	
  left	
  lateral	
  ventricle.	
  

Conclusion:	
   Our	
   results	
   show	
   that	
   the	
   baseline	
   amyloidosis	
   and	
   hypometabolism	
  

predict	
  distinct	
  regional	
  structural	
  changes	
  that	
  are	
  not	
  simply	
  caused	
  by	
  aging	
  but	
  

also	
  by	
  the	
  existence	
  of	
  amyloidosis.	
  Moreover,	
  they	
  illustrate	
  that	
  amyloid	
  partially	
  

explains	
  atrophy	
  patterns	
  seen	
  in	
  AD,	
  which	
  are	
  possibly	
  caused	
  by	
  morphological	
  

changes	
  occurring	
  at	
  the	
  synapses.	
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Article	
  

Introduction	
  
Amongst	
   many	
   types	
   of	
   neurodegenerative	
   disorders,	
   Alzheimer’s	
   disease	
  

(AD)	
  has	
  become	
  the	
  most	
  common	
  form	
  of	
  dementia	
  in	
  the	
  aging	
  population	
  (1).	
  It	
  

is	
   characterized	
   by	
   a	
   cascade	
   of	
   multiple	
   pathologies	
   that	
   ultimately	
   leads	
   to	
  

cognitive	
   impairment	
   (2).	
   Without	
   a	
   definitive	
   cure	
   for	
   this	
   detrimental	
   disease,	
  

there	
  remains	
  a	
  need	
  for	
  the	
  discovery	
  of	
  a	
  therapeutic	
  intervention,	
  which	
  will	
  be	
  

made	
  possible,	
   first,	
   by	
  understanding	
   the	
  underlying	
  pathological	
  mechanisms	
  of	
  

AD.	
   Scientific	
   research	
   mapping	
   out	
   different	
   aspects	
   of	
   this	
   disease	
   will	
   help	
   us	
  

distinguish	
  an	
  accurate	
  progressive	
  pattern	
  and	
  an	
  early	
  diagnosis	
  of	
  AD.	
  	
  

A	
  well-­‐known	
  cascade	
  that	
  incorporates	
  the	
  characteristic	
  pathologies	
  of	
  AD	
  

has	
   been	
   plotted	
   by	
   Dr.	
   Clifford	
   Jack	
   in	
   his	
   ‘biomarker	
   cascade	
   model’	
   (3).	
   This	
  

model	
  shows	
  that	
  extracellular	
  amyloid-­‐β	
  (Aβ)	
  plaque	
  build-­‐up,	
  which	
  is	
  one	
  of	
  the	
  

major	
   biomarkers	
   of	
   AD,	
   acts	
   as	
   the	
   initial	
   trigger	
   that	
   leads	
   to	
   downstream	
  

expression	
  of	
  another	
  major	
  pathology,	
  hyperphosphorylated	
   tau	
   (p-­‐tau)	
  proteins,	
  

that	
   is	
   involved	
   in	
   the	
   formation	
   of	
   intracellular	
   neurofibrillary	
   tangles	
   (NFTs).	
  

Following	
   these	
   protein	
   changes,	
   this	
   model	
   shows	
   resulting	
   neurodegeneration,	
  

which	
   can	
   be	
   observed	
   by	
   magnetic	
   resonance	
   imaging	
   (MRI)	
   techniques	
   and	
  

positron	
   emission	
   tomography	
   (PET)	
   [18F]Fluorodeoxyglucose	
   (FDG)	
  

hypometabolism,	
   as	
  well	
   as	
   cognitive	
   decline.	
   Although	
   the	
   increasing	
   build-­‐up	
   of	
  

Aβ	
  plaques	
  is	
  considered	
  as	
  a	
  critical	
  aspect	
  in	
  the	
  beginning	
  of	
  this	
  model,	
  when	
  a	
  

plateau	
   is	
   reached,	
   the	
   disease	
   progression	
   is	
   led	
   on	
   by	
   the	
   expression	
   of	
   p-­‐tau,	
  

followed	
  by	
   the	
  severity	
  of	
   the	
  atrophy	
   in	
   the	
  brain.	
  Thus,	
   cognitive	
  decline	
   is	
  not	
  

considered	
   as	
   a	
   direct	
   impact	
   of	
   Aβ	
   but	
   rather	
   a	
   consequence	
   of	
   collaboration	
   of	
  

amyloid	
  and	
  p-­‐tau	
  protein	
  expressions.	
  Along	
  with	
  this	
  cascade	
  model,	
  the	
  amyloid	
  

hypothesis,	
  postulated	
  by	
  Hardy,	
   illustrates	
   the	
  necessity	
   for	
   the	
  primarily	
  altered	
  

form	
   of	
   amyloid	
   precursor	
   protein	
   (APP),	
   that	
   leads	
   to	
   over-­‐expression	
   of	
   Aβ	
  

proteins,	
   followed	
   by	
   causative	
   NFT	
   formation	
   that	
   eventually	
   leads	
   to	
   neuronal	
  

death	
  and	
  other	
  downstream	
  symptoms	
  seen	
  in	
  AD	
  (4).	
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   Studying	
  individual	
  aspects	
  of	
  AD	
  pathology	
  is	
  difficult,	
  especially	
  because	
  in	
  

many	
  cases,	
  the	
  disease	
  progression	
  takes	
  decades,	
  and	
  it	
  is	
  complicated	
  and	
  time-­‐

consuming	
  to	
  clinically	
  follow-­‐up	
  on	
  a	
  cohort	
  of	
  patients	
  with	
  large	
  enough	
  power.	
  

Furthermore,	
   considering	
  differences	
   in	
   the	
   environmental	
   and	
  genetic	
  diversities	
  

in	
  humans,	
  focusing	
  on	
  a	
  single	
  disease	
  pathology	
  is	
  merely	
  possible.	
  To	
  overcome	
  

these	
  challenges,	
  animal	
  models	
  are	
  often	
  used	
  in	
  research	
  facilities.	
  Animal	
  models	
  

with	
  similar	
  genetic	
  maps	
  as	
  humans	
  contribute	
  as	
  a	
  helpful	
  research	
  template	
  for	
  

further	
   observation	
   and	
   understanding	
   of	
   disease	
   characteristics	
   (1).	
   The	
   main	
  

advantage	
   is	
   the	
   capability	
   to	
   systematically	
   address	
   different	
   aspects	
   of	
   human	
  

aging	
  by	
  maintaining	
  the	
  animals	
  in	
  a	
  controlled	
  environment,	
  isolating	
  factors	
  that	
  

contribute	
   to	
   individual	
   differences	
   (5).	
   Rodents	
   expressing	
   AD-­‐like	
   pathologies	
  

serve	
  as	
  adequate	
  candidate	
  models	
  for	
  testing	
  key	
  elements	
  of	
  the	
  disease	
  cascade	
  

(4).	
   Multiple	
   mice	
   and	
   a	
   few	
   rat	
   models	
   of	
   AD	
   have	
   been	
   shown	
   in	
   previous	
  

literatures,	
   mostly	
   expressing	
   mutations	
   in	
   both	
   APP	
   and	
   Presinilin	
   -­‐	
   (PS-­‐1)	
   (6)	
  

genes,	
  which	
  when	
  mutated,	
  are	
  known	
  to	
  cause	
  familial	
  AD.	
  	
  

Taking	
   into	
   consideration	
   that	
   rats	
   display	
   a	
   richer	
   behavioural	
   spectrum	
  

along	
   with	
   a	
   larger	
   brain	
   size	
   than	
   mice	
   (7),	
   Dr.	
   A.	
   Claudio	
   Cuello	
   and	
   his	
   team	
  

generated	
  the	
  McGill-­‐R-­‐Thy1-­‐APP	
  transgenic	
  (Tg)	
  Wistar	
  rat	
   line	
  which	
   is	
   the	
   first	
  

Tg	
   rat	
   model	
   showing	
   full	
   amyloid	
   pathology.	
   In	
   these	
   rats,	
   a	
   single	
   human	
   APP	
  

transgene	
   with	
   Swedish	
   and	
   Indiana	
   double	
   mutations,	
   under	
   the	
   control	
   of	
   a	
  

murine	
  thymocyte	
  antigen	
  promoter,	
  leads	
  to	
  the	
  production	
  of	
  amyloid	
  proteins	
  as	
  

early	
  as	
  1	
  week	
  postnatal.	
  This	
  APP,	
  as	
  a	
  gene	
  responsible	
  for	
  familial	
  cases	
  of	
  AD,	
  

leads	
  to	
  extracellular	
  amyloid	
  plaques	
  deposit	
  by	
  6-­‐month	
  postnatal,	
  starting	
  from	
  

the	
  subiculum	
  and	
  spreading	
  to	
  the	
  hippocampus	
  by	
  month-­‐13.	
  The	
  main	
  areas	
  with	
  

intense	
   amyloid	
   plaque	
   expressions	
   include	
   the	
   cerebral	
   cortex,	
   the	
   hippocampus	
  

and	
  the	
  entorhinal	
  cortex	
  (8).	
  Most	
  of	
  Tg	
  rodent	
  models	
  of	
  AD	
  express	
  both	
  APP	
  and	
  

PS-­‐1	
  gene	
  mutations,	
  which	
  lead	
  to	
  over	
  expression	
  of	
  APP	
  that	
  is	
  not	
  comparable	
  to	
  

levels	
  seen	
  in	
  humans.	
  Since	
  the	
  McGill-­‐R-­‐Thy1-­‐APP	
  rats	
  only	
  express	
  APP	
  mutation,	
  

amyloid	
  loads	
  in	
  these	
  animals	
  are	
  more	
  alike	
  the	
  levels	
  seen	
  in	
  humans.	
  	
  

In	
  these	
  Tg	
  rats,	
  a	
  few	
  studies	
  focusing	
  on	
  characterizing	
  this	
  model	
  has	
  been	
  

published,	
   but	
   a	
   voxel-­‐wise	
   quantitative	
   comparison	
   between	
   the	
   effects	
   of	
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magnitude	
  of	
  early	
  amyloidosis	
  or	
  hypometabolism	
  on	
  longitudinal	
  atrophy	
  pattern	
  

has	
  not	
  yet	
  been	
  studied.	
  Correlation	
  studies,	
  with	
  the	
  aim	
  to	
  unravel	
   the	
  regional	
  

distribution	
  of	
  the	
  discrepancy	
  between	
  the	
  pathological	
  processes	
  throughout	
  the	
  

brain,	
  can	
  provide	
  useful	
   information	
  on	
  temporal	
  sequencing	
  of	
  different	
  features	
  

of	
  the	
  disease.	
  This	
  approach	
  also	
  brings	
  forth	
  the	
  validation	
  of	
  predictive	
  capability	
  

of	
  early	
  levels	
  of	
  amyloidosis	
  and	
  metabolism	
  on	
  possible	
  future	
  neurodegeneration.	
  

Correlation	
  studies	
  involving	
  multi-­‐modality	
  techniques	
  are	
  useful	
  since	
  at	
  an	
  early	
  

prodromal	
  stage	
  of	
  AD,	
   it	
   is	
  especially	
  challenging	
   to	
  solely	
  measure	
   the	
  degree	
  of	
  

atrophy,	
   since	
   it	
   superficially	
   resembles	
   the	
   volume	
   loss	
   that	
   is	
   also	
   observed	
   in	
  

healthy	
   elderly	
   individuals	
   (9).	
   Therefore,	
   specific	
   biomarkers	
   capable	
   of	
  

distinguishing	
  AD	
  from	
  other	
  types	
  of	
  dementia	
  are	
  needed.	
  	
  	
  

Based	
  on	
  of	
  existing	
  literatures	
  showing	
  higher	
  rates	
  of	
  grey	
  matter	
  atrophy	
  

in	
   human	
   AD	
   brains	
   with	
   higher	
   amyloidosis	
   (10),	
   as	
   well	
   as	
   spatially	
   distinct	
  

neurodegeneration	
   associated	
  with	
  Aβ	
   and	
   tau	
   pathologies	
   in	
   preclinical	
   AD	
   (11),	
  

we	
   performed	
   a	
   serial	
  multi-­‐modal	
   correlation	
   study	
  with	
   [18F]NAV-­‐4694	
   (NAV-­‐),	
  

FDG-­‐PET	
  and	
  MRI	
   for	
   the	
  detection	
  of	
   amyloidosis,	
  hypometabolism,	
  and	
  atrophy,	
  

respectively.	
  The	
  first	
  aim	
  of	
  this	
  study	
  was	
  to	
  predict	
  and	
  locate	
  brain	
  regions	
  that	
  

are	
  vulnerable	
  to	
  progressive	
  atrophy	
  in	
  case	
  of	
  early	
  regional	
  amyloid	
  expression	
  

of	
   areas	
   that	
   are	
  known	
   to	
  have	
  high	
  amyloid	
  plaque	
  build-­‐up	
  at	
  baseline	
  of	
  9-­‐11	
  

months.	
  Referring	
  to	
  previous	
  literature	
  characterizing	
  the	
  pattern	
  of	
  amyloidosis	
  in	
  

the	
  McGill-­‐R-­‐Thy1-­‐APP	
   rats,	
   the	
   regions	
   of	
   interest	
   (ROI)	
  were	
   the	
   frontal	
   cortex,	
  

hippocampus,	
   somatosensory	
   cortex	
   and	
   the	
   subiculum	
   (8,	
   12).	
   To	
   quantify	
  

longitudinal	
   structural	
   changes	
   at	
   follow-­‐up	
   of	
   19	
   months	
   compared	
   to	
   baseline,	
  

MRI	
   images	
   were	
   analyzed	
   at	
   voxel-­‐level	
   using	
   deformation-­‐based	
   morphometry	
  

(DBM)	
   technique.	
   The	
  DBM	
  maps	
   can	
   be	
   applied	
   in	
   quantifying	
   the	
  magnitude	
   of	
  

regional	
  volume	
  change	
  at	
  a	
  voxel	
   level.	
  Secondly,	
  using	
  these	
  ROI	
  seed	
  regions	
  to	
  

quantify	
   baseline	
   hypometabolism,	
  we	
   attempted	
   to	
   predict	
   structural	
   changes	
   in	
  

areas	
  vulnerable	
  to	
  early	
  decrease	
  in	
  metabolism.	
  When	
  interpreting	
  the	
  NAV-­‐DBM	
  

t-­‐statistical	
  maps,	
   the	
   expected	
   relationship	
  was	
   a	
   negative	
   relationship,	
   since	
   the	
  

brain	
  volume	
  is	
  predicted	
  to	
  decrease	
  when	
  fibrillar	
  amyloid	
  level	
  increases.	
  On	
  the	
  

other	
  hand,	
  when	
  considering	
  at	
  FDG-­‐DBM	
  t-­‐statistical	
  maps,	
  a	
  positive	
  correlation	
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was	
  expected	
  so	
  that	
  decrease	
   in	
  brain	
  volume	
  follows	
  hypometabolism.	
  With	
  this	
  

serial	
   multi-­‐modality	
   image	
   correlation	
   approach,	
   we	
   aim	
   to	
   provide	
   better	
  

prognostic	
   information	
   for	
   region-­‐specific	
   neurodegeneration	
   pattern	
   in	
   AD,	
   with	
  

sensitivity	
   to	
   different	
   aspects	
   of	
   AD	
   pathologies	
   such	
   as	
   amyloidosis	
   and	
  

hypometabolism.	
  	
  

	
  

Methods	
  and	
  Materials	
  
All	
   experimental	
   procedures	
   involved	
   in	
   this	
   study	
   were	
   approved	
   by	
   the	
   McGill	
  

Animal	
  Care	
  ethics	
  committee	
  and	
  were	
  carried	
  out	
  following	
  the	
  Canadian	
  Council	
  

on	
  Animal	
  Care	
  guidelines.	
  The	
  animals	
  were	
  provided	
  by	
  Dr.	
  A.	
  Claudio	
  Cuello	
  at	
  

the	
  department	
  of	
  pharmacology	
  at	
  McGill	
  University	
  in	
  Montreal,	
  Quebec,	
  Canada.	
  

Housing	
   for	
   the	
   rats	
  were	
  held	
  at	
   the	
  animal	
   facility	
  of	
   the	
  Douglas	
  Mental	
  Health	
  

University	
  Institute	
  with	
  a	
  12/12h	
  light/darkness	
  cycle.	
  

	
  

Cohort	
  
The	
   cohort	
   consisted	
   of	
   medically	
   healthy	
   McGill-­‐R-­‐Thy1-­‐APP	
   Tg	
   and	
   Wild-­‐type	
  

(Wt)	
   Wistar	
   rats.	
   Baseline	
   NAV-­‐PET	
   correlation	
   analysis	
   with	
   longitudinal	
   DBM	
  

included	
  4	
  Tg	
  and	
  8	
  Wt	
  rats,	
  while	
  baseline	
  FDG-­‐PET	
  correlation	
  analysis	
  included	
  5	
  

Tg	
  and	
  9	
  Wt	
  rats.	
  The	
  difference	
  in	
  the	
  sample	
  size	
  between	
  the	
  two	
  analyses	
  was	
  

due	
  to	
  physical	
  complications,	
  such	
  as	
  brain	
  tumours,	
  that	
  led	
  to	
  exclusion	
  of	
  certain	
  

rats	
  in	
  this	
  study.	
  

	
  

MRI	
  ACQUISITION	
  AND	
  PROCESSING	
  
General	
  Procedure:	
  

The	
   image	
   acquisition	
   procedure	
  was	
   performed	
   by	
   the	
  MRI	
   technician	
   on	
  

location,	
   in	
   agreement	
  with	
   the	
  policies	
  of	
   the	
   “Animal	
  Care	
  Committee”	
  of	
  McGill	
  

University,	
  Montreal,	
  Quebec,	
  Canada.	
  

	
  

Animal	
  Preparation:	
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The	
  rats	
  were	
  initially	
  anesthetized	
  	
  for	
  5	
  minutes	
  with	
  5%	
  isoflurane	
  in	
  the	
  

preparation	
  for	
  scanning	
  10	
  minutes	
  prior.	
  After,	
  they	
  were	
  secured	
  using	
  a	
  bite-­‐bar	
  

and	
  adhesive	
  tape	
  onto	
  the	
  MRI	
  machine	
  and	
  were	
  maintained	
  anesthetized	
  under	
  

2-­‐3%	
  isoflurane	
  for	
  the	
  duration	
  of	
  the	
  scanning	
  process.	
  The	
  amount	
  of	
  anesthesia	
  

varied	
   depending	
   on	
   the	
  weight	
   of	
   the	
   rat.	
   For	
   the	
   entire	
   span	
   of	
   the	
   acquisition	
  

process,	
   the	
   heart	
   rate	
   and	
   respiration	
   were	
   monitored;	
   the	
   breathing	
   rate	
   was	
  

maintained	
  at	
  25-­‐30/min.	
  	
  

	
  

MRI	
  Parameters:	
  	
  
Whole	
   brain	
   anatomical	
   images	
   were	
   acquired	
   on	
   a	
   7T	
   Bruker	
   70/30USR	
  

Biospect	
   equipped	
  with	
   the	
   BGA-­‐12S	
   gradient/shim	
   set,	
   the	
   500V/300A	
   gradient	
  

power	
   supply	
   upgrade	
   and	
   a	
   Bruker	
   issued	
   75/40mm	
   1H	
   quadrature	
   volumetric	
  

coil.	
  The	
  standard	
  Bruker	
  3D-­‐TrueFISP	
  (Fast	
  Imaging	
  with	
  Steady	
  State	
  Precession)	
  

pulse	
  sequence	
  in	
  ParaVision	
  5.1	
  was	
  utilized,	
  with	
  8	
  different	
  phase	
  advance	
  (ΔΦ)	
  

angles	
  resulting	
   in	
  8	
   images.	
  The	
   final	
   image	
  was	
   the	
  root	
  mean	
  square	
  of	
   these	
  8	
  

images	
   for	
   a	
   total	
   scanning	
   time	
   just	
   over	
   45	
  minutes.	
   The	
  RMS	
   composite	
   image	
  

was	
   generated	
   using	
   the	
   MINC2	
   toolbox	
  

(http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC).	
  	
  

Scanning	
   was	
   performed	
   under	
   the	
   following	
   Fast	
   Imaging	
   with	
   Steady	
   State	
  

Precession	
   (FISP)	
   parameters:	
   spin	
   echo	
   sequence	
   TE/TR=	
   2.5/5.0ms,	
   effective	
  

spectral	
  bandwidth=	
  50kHz,	
  flip	
  angel=	
  30°,	
  field	
  of	
  view=	
  3.6	
  x	
  3.6	
  x	
  3.6	
  cm,	
  matrix	
  

size=	
  180	
  x	
  180	
  x	
  180	
  points,	
   resolution=	
  200	
  x	
  200	
  x	
  200	
  µm,	
  number	
  of	
   slices=	
  

180,	
  phase	
  advance	
  arrays=	
  180o,	
  0o,	
  90o,	
  270o,	
  45o,	
  225o,	
  135o,	
  315o	
  (2	
  averages	
  for	
  

each	
  angle,	
  acquisition	
  time	
  of	
  5	
  minutes	
  and	
  48	
  seconds	
  each).	
  

	
  

Deformation	
  Map	
  Generation	
  
	
   For	
   the	
   generation	
   of	
   cross-­‐sectional	
   DBM	
  maps,	
   each	
   of	
   the	
   T2-­‐weighted	
  

MRI	
  scans	
  was	
  pre-­‐processed	
  by	
  first,	
  de-­‐noising	
  using	
  the	
  adaptive	
  non-­‐local	
  mean	
  

algorithm	
   and	
   then	
   by	
   non-­‐uniformity	
   correction	
   algorithm	
   using	
   N4ITK	
  method	
  

(14)	
   with	
   the	
   following	
   parameters:	
   12	
   mm	
   spline	
   distance,	
   shrink	
   factor	
   of	
   4,	
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convergence	
  threshold	
  of	
  0.0001	
  and	
  2000	
  iterations.	
  Subsequently,	
  linear	
  intensity	
  

normalization	
  was	
  done	
  using	
  histogram-­‐matching	
  with	
  an	
  averaged	
  rat	
  anatomical	
  

template.	
   Consecutively,	
   a	
   rough	
   non-­‐linear	
   registration	
   to	
   the	
   rat	
   anatomical	
  

template	
  was	
  generated	
  using	
  the	
  Elastix	
  registration	
  program	
  with	
  optical	
  manual	
  

initialization	
  using	
   anatomical	
   landmarks	
   and	
  B-­‐spline	
   freeform	
  deformation	
  with	
  

3.75mm	
   distance	
   between	
   nodes.	
   Rigid	
   body	
   registration	
   of	
   the	
   subjects	
   into	
  

template	
   space	
  was	
   carried	
   out	
  with	
   Elaxtix	
   program,	
   using	
   subject-­‐specific	
   brain	
  

masks	
   generated	
   by	
   transforming	
   brain	
   masks	
   in	
   template	
   space	
   into	
   subject-­‐

specific	
  space,	
  applying	
  an	
  inverse	
  non-­‐linear	
  transformation.	
  Finally,	
  a	
  refined	
  non-­‐

linear	
   registration	
   between	
   each	
   subject	
   scan	
   and	
   the	
   template	
   was	
   done	
   using	
  

ANTs	
  algorithm.	
  

	
   To	
   generate	
   the	
   Jacobian	
   determinants,	
   a	
   non-­‐linear	
   transformation,	
  

generated	
   by	
   co-­‐registering	
   the	
   independently	
   processed	
   T2-­‐weighted	
   scans	
   and	
  

brain	
   masks	
   in	
   template	
   space	
   using	
   ANTs,	
   was	
   used.	
   Using	
   each	
   subject’s	
   non-­‐

linear	
   transformation	
   from	
  each	
  baseline	
  and	
   follow-­‐up	
   time	
  points,	
   the	
   logarithm	
  

was	
  calculated	
  for	
  each	
  voxel.	
  This	
  step	
  was	
  followed	
  by	
  non-­‐linear	
  warping	
  into	
  the	
  

common	
  template	
  space	
  using	
  the	
  non-­‐linear	
  transformation	
  calculated	
  previously	
  

from	
  the	
  cross-­‐sectional	
  analysis	
  for	
  the	
  baseline	
  scan.	
  Subsequently,	
   log-­‐Jacobians	
  

of	
  different	
  subjects	
  were	
  analyzed	
  in	
  this	
  space	
  using	
  a	
  unified	
  statistical	
  approach	
  

(15).	
  Finally,	
  the	
  Jacobian	
  deformation	
  maps	
  were	
  blurred	
  using	
  a	
  Gaussian	
  kernel	
  

of	
  1mm	
  full-­‐width	
  half-­‐maximum.	
  	
  

	
  

PET	
  ACQUISITION	
  AND	
  PROCESSING	
  
Scanning	
   of	
   all	
   animals	
   was	
   done	
   using	
   a	
   CTI	
   Concorde	
   R4	
   microPET	
   for	
  

small	
   animals	
   (CTI,	
   Siemens	
   Medical	
   Solutions,	
   Munich,	
   Germany)	
   located	
   at	
  

Montreal	
   Neurological	
   Institute,	
   Montreal,	
   Quebec,	
   Canada.	
   The	
   scanner	
   was	
  

equipped	
   with	
   an	
   anesthesia	
   apparatus	
   as	
   well	
   as	
   a	
   monitor	
   for	
   maintaining	
   the	
  

animals	
  in	
  a	
  healthy	
  physiological	
  state	
  for	
  the	
  duration	
  of	
  the	
  scan.	
  The	
  anesthesia	
  

of	
  choice	
  was	
  isoflurane,	
  which	
  was	
  administered	
  at	
  5%	
  initially,	
  then	
  reduced	
  and	
  

maintained	
  at	
  2-­‐2.5%	
  with	
  0.5L/min	
  of	
  oxygen	
  throughout	
  the	
  scanning	
  procedure.	
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With	
  the	
  nose	
  cone	
  in	
  place	
  for	
  the	
  administration	
  of	
  the	
  anesthesia,	
  the	
  rats	
  were	
  

positioned	
  onto	
  the	
  microPET	
  scanner	
  with	
  the	
  brain	
  centered	
  in	
  the	
  field	
  of	
  view.	
  

	
  

NAV	
  Scans	
  and	
  Imaging	
  Processing	
  
First,	
  a	
  transmission	
  scan	
  was	
  carried	
  out	
  using	
  a	
  rotating	
  [57Co]	
  point	
  source	
  

for	
  9	
  minutes.	
  Then,	
  a	
  simultaneous	
  bolus	
  tail-­‐vein	
  injection	
  of	
  the	
  radiotracer	
  was	
  

done	
   with	
   the	
   start	
   of	
   a	
   60-­‐minute	
   emission	
   scan	
   in	
   list	
   mode	
   acquisition.	
   The	
  

resulting	
  dynamic	
   images	
  were	
  histrogrammed	
   into	
   consecutive	
   time	
   frames	
  with	
  

the	
  following	
  increasing	
  durations:	
  8	
  frames	
  x	
  30	
  seconds,	
  6	
  frames	
  x	
  60	
  seconds,	
  5	
  

frames	
  x	
  120	
  seconds	
  and	
  8	
  frames	
  x	
  300	
  seconds,	
  for	
  a	
  total	
  of	
  27	
  frames.	
  Obtained	
  

images	
   were	
   reconstructed	
   using	
   a	
   Maximum	
   A	
   Posteriori	
  (MAP)	
   algorithm	
   and	
  

corrected	
  for	
  scatter,	
  attenuation,	
  dead	
  time	
  and	
  decay.	
  

MINC	
   tools	
   were	
   used,	
   again,	
   for	
   the	
   processing	
   and	
   analysis	
   of	
   the	
   images	
  

(www.bic.mni.mcgill.ca/ServicesSoftware).	
   Voxel-­‐level	
   analysis	
   of	
   NAV	
   images	
  

comprised	
   of	
   calculation	
   of	
   Binding	
   Potential	
   (BPND)	
   parametric	
   images	
   using	
   the	
  

Simplified	
  Reference	
  Tissue	
  Method	
  with	
  the	
  cerebellar	
  grey	
  matter	
  as	
  the	
  reference	
  

region	
  (17).	
  	
  

	
  

FDG	
  Scans	
  and	
  Imaging	
  Processing	
  
For	
  a	
  uniform	
  [18F]	
  FDG	
  absorption,	
  all	
  rats	
  fasted	
  12	
  hours	
  prior	
  to	
  scanning.	
  

Upon	
  the	
  preparation	
  of	
  scanning,	
  11MBq	
  bolus	
  of	
   [18F]	
  FDG	
  was	
   injected	
  through	
  

the	
   tail	
   vein	
   of	
   awake	
   animals	
   50	
  minutes	
   prior	
   to	
   initiation	
   of	
   the	
   transmission	
  

scan.	
   Each	
   scan	
   consisted	
   of	
   a	
   static	
   emission	
   scan	
   for	
   20	
  minutes,	
   followed	
   by	
   a	
  

transmission	
   scan	
   of	
   9	
   minutes.	
   List	
   mode	
   data	
   were	
   framed	
   into	
   a	
   dynamic	
  

sequence	
  of	
  8	
  ×	
  30	
  seconds,	
  6	
  ×	
  60	
  seconds,	
  5	
  ×	
  120	
  seconds,	
  and	
  8	
  ×	
  300	
  seconds	
  

frames.	
  Obtained	
  images	
  were	
  reconstructed	
  using	
  a	
  MAP	
  algorithm	
  and	
  corrected	
  

for	
   scatter,	
   attenuation,	
  dead	
   time	
  and	
  decay.	
  Processing	
  and	
  analysis	
  of	
   the	
  FDG-­‐

PET	
  images	
  was	
  carried	
  out	
  using	
  the	
  MINC	
  Tool	
  Kit	
  as	
  well.	
  After	
  the	
  normalization	
  

of	
   the	
   tissue-­‐radioactivity	
   images	
   using	
   the	
   pons	
   as	
   a	
   region	
   of	
   reference,	
  

Standardized	
  Uptake	
  Value	
  ratio	
  (SUVr)	
  maps	
  were	
  generated.	
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Generation	
  of	
  PET	
  Parametric	
  Images	
  
For	
  each	
  of	
  both	
  NAV-­‐BPND	
  and	
  FDG-­‐SUVr	
  parametric	
   images,	
   first,	
  manual	
  

co-­‐registration	
   of	
   the	
   PET	
   images	
   onto	
   their	
   own	
   MRI	
   was	
   carried	
   out	
   using	
   six	
  

degrees	
   of	
   freedom	
   (rigid	
   body	
   transformation).	
   Then,	
   they	
   were	
   non-­‐linearly	
  

transformed	
   into	
   a	
   standardized	
   rat	
   brain	
   space,	
   followed	
   by	
   blurring	
   with	
   a	
  

Gaussian	
   kernel	
   of	
   2.4mm	
   full-­‐width	
   half-­‐maximum.	
   The	
   regional	
   NAV	
   binding	
  

potential	
   and	
   FDG	
   uptake	
   values	
   were	
   obtained	
   from	
   these	
   images	
   by	
   applying	
  

masks	
  of	
  the	
  region	
  of	
   interest,	
  which	
  in	
  turn,	
  gave	
  the	
  average	
  of	
  the	
  values	
  from	
  

the	
  voxels	
  covered	
  by	
  the	
  masks.	
  The	
  hippocampus	
  and	
  frontal	
  cortex	
  masks	
  were	
  

generated	
   by	
   a	
   colleague,	
   whereas	
   the	
   somatosensory	
   cortex	
   and	
   the	
   subiculum	
  

masks	
   were	
   generated	
   by	
  myself,	
   referring	
   to	
   Paxino’s	
   rat	
   brain	
   atlas	
   as	
   a	
   guide	
  

(17).	
  

	
  

DBM	
  AND	
  PET	
  CORRELATION	
  ANALYSIS	
  
First	
   level	
  analysis	
  was	
  performed	
  using	
  a	
  linear	
  regression	
  model	
  between	
  

the	
   regional	
  FDG	
  and	
  NAV	
  measurements	
  of	
  Tg	
   rats	
  as	
   independent	
  variables	
  and	
  

the	
  deformation	
  maps	
  at	
  voxel	
  level	
  as	
  dependent	
  variables.	
  Operation	
  of	
  the	
  script	
  

‘glim_image’	
   between	
   these	
   variables	
   produced	
   t-­‐statistical	
   maps,	
   which	
   showed	
  

areas	
   of	
   significant	
   correlation.	
   As	
   for	
   correction	
   regarding	
  multiple	
   comparisons,	
  

the	
  Random	
  Field	
  Theory	
  method	
  was	
  used	
  at	
  a	
  threshold	
  of	
  p<0.05.	
  	
  

Following	
   this	
   regression	
   analysis,	
   the	
   regions	
   that	
   survived	
   the	
   multiple	
  

comparison	
   test	
   were	
   apparent	
   on	
   newly-­‐generated	
   corrected	
   t-­‐statistical	
   maps.	
  

Manuel	
   segmentation	
   was	
   performed	
   on	
   these	
   significant	
   clusters	
   to	
   generate	
  

cluster	
  maps,	
  which	
  were	
  then	
  applied	
  onto	
  the	
  deformation	
  maps	
  for	
  the	
  extraction	
  

of	
  Jacobian	
  eigenvalues,	
  representing	
  the	
  amount	
  of	
  deformation	
  required	
  to	
  impose	
  

in	
   a	
   grid	
   to	
   match	
   the	
   follow-­‐up	
   to	
   the	
   baseline	
   MRI	
   images.	
   The	
   initial	
   linear	
  

regression	
  was	
  implemented	
  on	
  only	
  the	
  Tg	
  group,	
  but	
  the	
  cluster	
  masks	
  were	
  also	
  

applied	
   on	
   the	
  Wt	
   rats	
   to	
   extract	
   the	
   Jacobian	
   Eigenvalues	
   of	
   this	
   group	
   as	
   well.	
  

Taking	
  these	
  measurements,	
  general	
  linear	
  model	
  analysis	
  was	
  performed	
  with	
  the	
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PET	
   values	
   of	
   FDG	
   and	
   NAV	
   from	
   each	
   of	
   the	
   respective	
   groups.	
   Lastly,	
   the	
  

regression	
  coefficients	
  of	
   the	
  two	
  groups	
  were	
  compared	
  to	
   further	
  aid	
   in	
  refining	
  

the	
  clusters,	
  leading	
  to	
  the	
  elimination	
  of	
  results	
  that	
  had	
  comparable	
  coefficients	
  in	
  

both	
  groups.	
  As	
   a	
   result,	
   only	
   the	
   correlations	
   that	
   are	
   significant	
   to	
  Tg	
   rats	
  were	
  

retained.	
  

	
  

Results	
  
Frontal	
  Cortex	
  	
  
A	
   negative	
   correlation	
   was	
   seen	
   between	
   frontal	
   cortex	
   amyloidosis	
   and	
   the	
  

longitudinal	
  deformation	
  map	
  of	
  Tg	
  rats	
  in	
  the	
  left	
  secondary	
  somatosensory	
  cortex	
  

(slope	
   coefficient=	
   -­‐1.74,	
   R2=	
   0.95,	
   p<0.0001****)	
   and	
   the	
   right	
   primary	
  

somatosensory	
   cortex	
   (slope	
   coefficient=	
   -­‐1.64,	
   R2=	
   0.99,	
   p<0.0001****)	
   (Figure	
   1).	
  

Meanwhile,	
   concerning	
   the	
   frontal	
   cortex	
   hypometabolism,	
   a	
   positive	
   correlation	
  

was	
  present	
  in	
  the	
  left	
  insular	
  cortex	
  (slope	
  coefficient=	
  1.04,	
  R2=	
  0.91,	
  p<0.0001****)	
  

(Figure	
  2).	
  

	
  

	
  

a)	
   b)	
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Figure	
  1.	
  t-­‐statistical	
  maps	
  showing	
  regions	
  of	
  significant	
  correlation	
  between	
  frontal	
  cortex	
  NAV	
  
seed	
  with	
  longitudinal	
  DBM.	
  The	
  areas	
  correspond	
  to	
  a)	
  left	
  secondary	
  somatosensory	
  cortex	
  and	
  
b)	
  right	
  primary	
  somatosensory	
  cortex.	
  c)	
  Graphical	
  representation	
  of	
  frontal	
  cortex	
  NAV	
  
correlation	
  with	
  longitudinal	
  deformation	
  changes.	
  
	
  
	
  

	
  
Figure	
  2.	
  a)	
  t-­‐statistical	
  map	
  showing	
  left	
  insular	
  cortex	
  shrinkage	
  in	
  correlation	
  with	
  frontal	
  cortex	
  FDG.	
  b)	
  
Graphical	
  representation	
  of	
  frontal	
  cortex	
  FDG	
  correlation	
  with	
  longitudinal	
  deformation	
  changes.	
  

c)	
  

a)	
   b)	
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Hippocampus	
  
The	
   right	
  entorhinal	
   cortex	
  atrophy	
  was	
   found	
   to	
  be	
   correlated	
  with	
  hippocampal	
  

amyloidosis	
  (slope	
  coefficient=	
  -­‐1.75,	
  R2=	
  0.95,	
  p<0.0001****)	
  (Figure	
  3),	
  whereas	
  the	
  

left	
  fimbria	
  of	
  the	
  hippocampus	
  (slope	
  coefficient=	
  0.97,	
  R2=	
  0.85,	
  p=0.0004***)	
  and	
  

the	
   left	
   somatorysensory	
   cortex	
   (slope	
   coefficient=	
   0.45,	
   R2=	
   0.87,	
   p=0.0002***)	
  

correlated	
  with	
  the	
  hippocampal	
  hypometabolism.	
  As	
  expected,	
  a	
  desirable	
  negative	
  

correlation	
  was	
  also	
  found	
  in	
  the	
  left	
  lateral	
  ventricle	
  (slope	
  coefficient=	
  -­‐0.75,	
  R2=	
  

0.83,	
  p=0.0006***)	
  (Figure	
  4).	
  	
  

	
  

	
  
Figure	
  3.	
  a)	
  t-­‐statistical	
  map	
  showing	
  right	
  entorhinal	
  cortex	
  shrinkage	
  in	
  correlation	
  with	
  hippocampus	
  
NAV.	
  	
  b)	
  Graphical	
  representation	
  of	
  hippocampal	
  NAV	
  correlation	
  with	
  longitudinal	
  deformation	
  
changes.	
  
	
  

	
  
	
  

a)	
  

b)	
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Figure	
  4.	
  t-­‐statistical	
  maps	
  showing	
  regions	
  of	
  significant	
  correlation	
  between	
  hippocampus	
  FDG	
  seed	
  
with	
  longitudinal	
  DBM.	
  The	
  areas	
  correspond	
  to	
  a)	
  left	
  fimbria	
  of	
  the	
  hippocampus,	
  b)	
  left	
  lateral	
  
ventricle,	
  and	
  c)	
  left	
  primary	
  somatosensory	
  cortex.	
  d)	
  Graphical	
  representation	
  of	
  hippocampal	
  FDG	
  
correlation	
  with	
  longitudinal	
  deformation	
  changes	
  
	
  

Somatosensory	
  Cortex	
  
When	
   looking	
   at	
   the	
   somatosensory	
   cortex	
   amyloidosis,	
   regions	
   that	
   showed	
  

negative	
  correlation	
  were	
  the	
  right	
  entorhinal	
  cortex	
  (slope	
  coefficient=	
  -­‐1.76,	
  R2=	
  

0.90,	
   p=0.0004***),	
   which	
   was	
   a	
   region	
   previously	
   seen	
   to	
   correlate	
   with	
  

hippocampal	
   amyloidosis,	
   and	
   the	
   right	
   primary	
   somatosensory	
   cortex	
   (slope	
  

a)	
  

b)	
  

c)	
  

d)	
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coefficient=	
   -­‐1.03,	
   R2=	
   0.88,	
   p=0.0006***)	
   (Figure	
   5).	
   The	
   left	
   primary	
  

somatosensory	
   cortex	
   (slope	
   coefficient=	
   0.67,	
   R2=	
  0.89,	
   p=0.0001***)	
   and	
   the	
   left	
  

hippocampus	
   (slope	
  coefficient=	
  1.13,	
  R2=	
  0.91,	
  p<0.0001****)	
  positively	
  correlated	
  

with	
  the	
  somatosensory	
  cortex	
  hypometabolism	
  (Figure	
  6).	
  

	
  

	
  

a)	
  

b)	
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Figure	
  5.	
  t-­‐statistical	
  maps	
  showing	
  regions	
  of	
  significant	
  correlation	
  between	
  
somatosensory	
  cortex	
  NAV	
  seed	
  with	
  longitudinal	
  DBM.	
  The	
  areas	
  correspond	
  to	
  a)	
  right	
  
primary	
  somatosensory	
  cortex	
  and	
  b)	
  right	
  entorhinal	
  cortex.	
  c)	
  Graphical	
  representation	
  
of	
  somatosensory	
  cortex	
  NAV	
  correlation	
  with	
  longitudinal	
  deformation	
  changes.	
  
	
  

	
  
Figure	
  6.	
  t-­‐statistical	
  maps	
  showing	
  regions	
  of	
  significant	
  correlation	
  between	
  somatosensory	
  cortex	
  
FDG	
  seed	
  with	
  longitudinal	
  DBM.	
  The	
  areas	
  correspond	
  to	
  a)	
  left	
  primary	
  somatosensory	
  cortex	
  and	
  b)	
  
left	
  hippocampus.	
  c)	
  Graphical	
  representation	
  of	
  somatosensory	
  cortex	
  FDG	
  correlation	
  with	
  
longitudinal	
  deformation	
  changes.	
  
	
  

Subiculum	
  

a)	
  

b)	
  

c)	
  

c)	
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Again,	
   resembling	
   the	
   correlations	
   seen	
   with	
   the	
   hippocampal	
   and	
   the	
  

somatosensory	
   amyloidosis,	
   the	
   subiculum	
   amyloidosis	
   revealed	
   a	
   negative	
  

correlation	
   with	
   the	
   right	
   entorhinal	
   cortex	
   (slope	
   coefficient=	
   -­‐1.39,	
   R2=	
   0.91,	
  

p=0.0003***)	
   (Figure	
   7).	
   Moreover,	
   an	
   overlapping	
   finding	
   to	
   hippocampal	
  

hypometabolism	
  appeared	
  when	
  correlating	
  subiculum	
  hypometabolism	
  with	
  DBM,	
  

which	
   is	
   a	
   positive	
   correlation	
  with	
   the	
   left	
   primary	
   somatosensory	
   cortex	
   (slope	
  

coefficient=	
   0.32,	
   R2=	
   0.84,	
   p=0.0005***)	
   and	
   a	
   negative	
   correlation	
   with	
   the	
   left	
  

lateral	
  ventricle	
  (slope	
  coefficient=	
  -­‐0.55,	
  R2=	
  0.85,	
  p=0.0004***)	
  (Figure	
  8).	
  	
  

	
  

	
  
Figure	
  7.	
  a)	
  t-­‐statistical	
  map	
  showing	
  right	
  entorhinal	
  cortex	
  shrinkage	
  in	
  correlation	
  with	
  subiculum	
  
NAV.	
  b)	
  Graphical	
  representation	
  of	
  subiculum	
  NAV	
  correlation	
  with	
  longitudinal	
  deformation	
  changes.	
  
	
  
	
  
	
  	
  

a)	
   b)	
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Figure	
  8.	
  t-­‐statistical	
  maps	
  showing	
  regions	
  of	
  significant	
  correlation	
  between	
  subiculum	
  FDG	
  seed	
  with	
  
longitudinal	
  DBM.	
  The	
  areas	
  correspond	
  to	
  a)	
  left	
  primary	
  somatosensory	
  cortex	
  and	
  b)	
  left	
  lateral	
  
ventricle.	
  c)	
  Graphical	
  representation	
  of	
  subiculum	
  FDG	
  correlation	
  with	
  longitudinal	
  deformation	
  
changes.	
  
	
  

Discussion	
  
Amyloidosis	
  and	
  Atrophy	
  
Our	
   findings	
   of	
   region-­‐specific	
   longitudinal	
   neurodegeneration	
   of	
   McGill-­‐R-­‐Thy1-­‐

APP	
  Tg	
   rats	
   in	
   correlation	
  with	
  baseline	
   levels	
  of	
   amyloid	
   support	
   the	
  notion	
   that	
  

a)	
   b)	
  

c)	
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there	
  exists	
  a	
  spatial	
  pattern	
  of	
  atrophy	
  in	
  brains	
  expressing	
  high	
  loads	
  of	
  amyloid	
  

plaque.	
  Specifically,	
  amyloidosis	
  in	
  the	
  frontal	
  cortex	
  correlated	
  with	
  the	
  atrophy	
  of	
  

the	
  left	
  secondary	
  and	
  the	
  right	
  primary	
  somatosensory	
  cortices.	
  To	
  emphasize,	
  the	
  

right	
   entorhinal	
   cortex	
   degeneration	
   correlated	
  with	
   the	
   amyloid	
   load	
   in	
   all	
   seed	
  

ROIs	
  except	
  for	
  the	
  frontal	
  cortex.	
  This	
  eminent	
  presence	
  of	
  atrophy,	
  in	
  correlation	
  

with	
  amyloid	
   load,	
   confirmed	
   the	
  vulnerability	
  of	
   the	
  entorhinal	
   cortex	
   in	
  AD	
  (18;	
  

19)	
  and	
  stresses	
  its	
  crucial	
  role.	
  Gateway	
  functions	
  of	
  the	
  entorhinal	
  cortex,	
  such	
  as,	
  

connecting	
  the	
  neocortex	
  and	
  the	
  hippocampus	
  formation	
  (20),	
  receiving	
  afferencts	
  

from	
   the	
   association	
   and	
   limbic	
   areas,	
   projecting	
   to	
   the	
   hippocampus,	
   receiving	
  

afferents	
   from	
   the	
   hippocampus,	
   and	
   sending	
   afferents	
   back	
   to	
   the	
   association	
  

cortices	
  (21),	
  may	
  attribute	
  to	
  the	
  this	
  volumetric	
  finding	
  specific	
  to	
  AD.	
  

	
  

The	
  mechanism	
  of	
  degeneration	
  is	
  still	
  an	
  area	
  of	
  research	
  that	
  questions	
  whether	
  

the	
  reducing	
  of	
  entorhinal	
  cortex	
  volume	
  is	
  due	
  to	
  either	
  neuronal	
  or	
  synaptic	
  loss.	
  

However,	
   our	
   significant	
   regional	
   finding	
   supports	
   previous	
   studies	
   in	
   humans	
  

showing	
   that	
   the	
   amount	
   of	
   neuronal	
   loss	
   in	
   the	
   entorhinal	
   cortex	
   of	
   AD	
   brains	
  

parallels	
  neuritic	
   changes	
   including	
  plaques	
   (22).	
  The	
   specificity	
   of	
   the	
   entorhinal	
  

cortex	
   as	
   a	
   vulnerable	
   hallmark	
   of	
   AD	
   has	
   been	
   confirmed	
   by	
   the	
   absence	
   of	
  

substantial	
  neuronal	
  loss	
  of	
  this	
  region	
  in	
  healthy	
  aging	
  (20).	
  

	
  

To	
   summarize,	
   the	
   relationship	
   between	
   the	
   rate	
   of	
   brain	
   atrophy	
   and	
   the	
  whole	
  

brain	
  and	
  regional	
  amyloidosis	
   in	
  humans	
  has	
  been	
   found	
  to	
  be	
  positive	
  (23),	
  and	
  

our	
  data	
  supports	
   this	
   finding,	
  with	
   the	
  absence	
  of	
  any	
  positive	
  correlation.	
  These	
  

results	
  further	
  confirm	
  that	
  the	
  central	
  role	
  of	
  amyloid	
  lies	
  in	
  the	
  pathogenesis	
  of	
  AD	
  

and	
  that	
  McGill-­‐R-­‐Thy1-­‐APP	
  Tg	
  rat	
  model	
  is	
  adequate	
  for	
  translational	
  studies.	
  Our	
  

model	
  of	
  approach	
  implies	
  interdependent	
  roles	
  for	
  MRI	
  and	
  NAV	
  imaging	
  in	
  AD.	
  

	
  

Hypometabolism	
  and	
  Atrophy	
  
Several	
  studies	
  have	
  indicated	
  functional	
  disruption	
  as	
  a	
  contributing	
  mechanism	
  to	
  

distant	
   atrophy	
   pattern	
   of	
   AD	
   (24).	
   Here,	
   we	
   also	
   observed	
   atrophy	
   of	
   distant	
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regions	
   caused	
   by	
   early	
   hypometabolism	
   in	
   specific	
   brain	
   areas,	
   analyzed	
   by	
  

correlative	
   studies	
   of	
   baseline	
   FDG-­‐PET	
   and	
   longitudinal	
   DBM.	
   Both	
   the	
  

hippocampus	
   and	
   the	
   subiculum	
   hypometabolism	
   correlated	
   well	
   with	
   the	
  

shrinkage	
   of	
   the	
   left	
   primary	
   somatosensory	
   cortex	
   and	
   the	
   expansion	
   of	
   the	
   left	
  

lateral	
   ventricle,	
   with	
   the	
   addition	
   of	
   the	
   expansion	
   the	
   fimbria	
   of	
   the	
   left	
  

hippocampus	
   in	
   case	
   of	
   hippocampal	
   hypometabolism.	
  While	
   the	
   right	
   entorhinal	
  

cortex	
  was	
  specified	
  as	
  the	
  degeneratively	
  vulnerable	
  region	
  that	
  correlated	
  the	
  best	
  

with	
   amyloidosis,	
   in	
   the	
   case	
   of	
   hypometabolism,	
   the	
   left	
   primary	
   somatosensory	
  

cortex	
  stood	
  out	
  in	
  accordance	
  with	
  decreased	
  metabolism	
  in	
  all	
  areas	
  except	
  for	
  the	
  

frontal	
  cortex.	
  The	
  frontal	
  cortex	
  hypometabolism	
  revealed	
  a	
  unique	
  region,	
  which	
  

is	
   the	
   left	
   insular	
   cortex.	
   The	
   decreased	
  metabolism	
   of	
   the	
   somatosensory	
   cortex	
  

showed	
  correlation	
  with	
  the	
  left	
  hippocampus	
  as	
  well.	
  

	
  

All	
  the	
  regional	
  significances	
  found	
  in	
  our	
  study	
  support	
  a	
  previous	
  study	
  showing	
  

an	
   overlap	
   of	
   hypometabolism	
   and	
   atrophy	
   in	
   the	
   hippocampal	
   regions,	
   temporal	
  

neocortex,	
  insula	
  and	
  middle	
  and	
  orbital	
  frontal	
  areas,	
  suggesting	
  the	
  existence	
  of	
  a	
  

causal	
  relationship	
  between	
  the	
  level	
  of	
  metabolism	
  with	
  atrophy	
  pattern	
  (24).	
  The	
  

expansion	
  of	
  the	
  lateral	
  ventricle	
  was	
  apprehended,	
  since	
  it	
  is	
  a	
  well-­‐known	
  fact	
  that	
  

ventricle	
   expansion	
   clinically	
   accompanies	
   AD	
   progression	
   (25),	
   with	
   probable	
  

representation	
  for	
  global	
  atrophy	
  occurring	
  in	
  the	
  brain.	
  

	
  

Atrophy	
  of	
  the	
  insula	
  also	
  mirrors	
  previous	
  studies	
  focusing	
  on	
  grey	
  matter	
  atrophy	
  

in	
  AD	
  patients,	
  which	
  have	
  detected	
  unexpected	
  decrease	
  of	
  not	
  only	
  the	
  insula	
  but	
  

also	
  the	
  caudate	
  nucleus	
  (24,	
  26).	
  A	
  possible	
  explanation	
  of	
   insular	
  atrophy	
  comes	
  

from	
   its	
   abundant	
   connections	
  with	
   the	
   temporal	
   pole	
   and	
   the	
   superior	
   temporal	
  

sulcus	
  of	
  the	
  temporal	
  lobe,	
  along	
  with	
  local	
  intra-­‐insular	
  connections.	
  The	
  presence	
  

of	
   these	
   connections	
   and	
   projects	
   to	
   subdivisions	
   of	
   the	
   cingulate	
   gyrus,	
  

amygdaloidal	
  and	
  non-­‐amygdaloidal	
  connections	
  such	
  as	
  perirhinal,	
  entorhinal	
  and	
  

periamygdaloid	
   cortices,	
   have	
   confirmed	
   the	
   role	
   of	
   insula	
   as	
   a	
   limbic	
   integration	
  

cortex.	
  In	
  addition,	
  its	
  role	
  as	
  a	
  somatosensory	
  area,	
  multifaceted	
  sensory	
  area	
  and	
  

involvement	
  in	
  AD	
  explains	
  the	
  atrophy	
  seen	
  in	
  the	
  left	
  somatosensory	
  cortex	
  (27).	
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Although	
  our	
  analysis	
  did	
  not	
   include	
  hypometabolism	
  hallmark	
  regions	
  of	
  human	
  

AD	
  patients,	
  future	
  studies	
  involving	
  those,	
  such	
  as	
  the	
  parieto-­‐temporal,	
  posterior	
  

cingulate-­‐precuneous	
   area,	
   and	
   the	
   anterior	
   cingulate	
   cortex	
   (28)	
   should	
   be	
  

designed	
   to	
   reveal	
   relationships	
   between	
   these	
   regional	
   hypometabolisms	
   and	
  

atrophy	
   patterns.	
   Since	
   the	
   hypometabolism	
   of	
   the	
   posterior	
   association	
   cortex,	
  

especially	
  the	
  posterior	
  cingulate	
  cortex,	
  is	
  a	
  region	
  that	
  shows	
  dramatic	
  decrease	
  in	
  

metabolism	
  in	
  AD,	
  whether	
  this	
  indicates	
  a	
  distant	
  effect	
  of	
  neuronal	
  damage	
  in	
  the	
  

hippocampus,	
  via	
  the	
  cingulum	
  bundle,	
  needs	
  further	
  investigation	
  (29).	
  	
  

	
  

Advantage	
  of	
  Our	
  Analytic	
  Method	
  
Analysis	
   of	
   in-­‐vivo	
   images	
   illustrating	
   causative	
   relationship	
   patterns	
   of	
   amyloid	
  

deposition,	
  hypometabolism	
  and	
  neurodegeneration	
  contribute	
  as	
  an	
  insight	
  about	
  

affected	
   brain	
   networks	
   and	
   can	
   help	
   identify	
   vulnerable	
   regions	
   for	
   use	
   as	
  

biomarkers	
  of	
  AD.	
  Fastly	
  emerging	
  therapeutic	
  approaches	
  in	
  attempt	
  to	
  modify	
  AD	
  

stresses	
  the	
  importance	
  of	
  early	
  diagnosis	
  and	
  disease	
  monitoring	
  (30).	
  In	
  addition,	
  

the	
  use	
  of	
  automated	
  voxel-­‐level	
  DBM	
  fulfills	
  the	
  need	
  of	
  techniques	
  that	
  accurately	
  

localize	
  atrophy	
  in	
  an	
  unbiased	
  manner,	
  providing	
  means	
  of	
  modeling	
  changes	
  over	
  

the	
   whole	
   brain	
   without	
   the	
   problem	
   of	
   operator-­‐dependent	
   inter-­‐subject	
  

variability,	
  eliminating	
  the	
  restriction	
  that	
  imposes	
  a	
  priori	
  judgment	
  (26).	
  	
  

	
  

Since	
  many	
   cognitively	
   normal	
   individuals	
   show	
   high	
   prevalence	
   of	
   Aβ	
   positivity	
  

(31,	
  32),	
  even	
  though	
  they	
  are	
  one	
  of	
  the	
  major	
  defining	
  pathological	
  features	
  of	
  AD,	
  

diagnosis	
  solely	
  on	
  amyloid	
  PET	
  itself	
  brings	
  about	
  potential	
  error	
  in	
  case-­‐selection	
  

procedure.	
  Instead	
  of	
  focusing	
  on	
  a	
  single	
  imaging	
  modality,	
  using	
  a	
  combination	
  of	
  

methods	
  provides	
  a	
  helpful	
  guide	
  to	
  avoid	
  this	
  risk.	
  Therefore,	
  age-­‐related	
  amyloid	
  

detection,	
   along	
   with	
   cross-­‐examination	
   of	
   other	
   AD-­‐related	
   biomarkers,	
   may	
  

prevent	
  the	
  occurrence	
  of	
  such	
  misinterpretations	
  with	
  unsuspected	
  early	
  AD	
  cases	
  

(32).	
   Integration	
  of	
  AD	
  pathological	
  hallmarks	
  aid	
   in	
  providing	
  a	
  helpful	
   insight	
   to	
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track	
  disease	
  progression,	
  which	
  can	
  be	
  applicable	
  in	
  clinical	
  trials	
  of	
  new	
  therapies	
  

that	
  target	
  specific	
  biomarkers	
  at	
  different	
  stages	
  of	
  the	
  disease	
  (30).	
  

	
  

An	
  advantage	
   that	
   comes	
  with	
   the	
  utilization	
  of	
  Tg	
  rats	
  displaying	
   familial	
  genetic	
  

case	
  of	
  AD	
  is	
  that	
  the	
  young	
  age	
  of	
  onset	
  minimizes	
  confounding	
  effect	
  of	
  age-­‐related	
  

comorbidity.	
   Not	
   only	
   is	
   age	
   a	
   problematic	
   issue	
   when	
   studying	
   diseases	
   of	
   the	
  

elderly	
  population,	
  but	
  also,	
  a	
  wide	
  rage	
  of	
  psychiatric	
  problems,	
  due	
  to	
  the	
  increase	
  

in	
   prevalence	
   of	
   mixed-­‐cause	
   dementia	
   with	
   age,	
   introduces	
   complexity	
   when	
  

examining	
   AD	
   patients.	
   Moreover,	
   rats	
   representing	
   similar	
   amyloidogenic	
  

progression	
  as	
  humans	
  aid	
  in	
  overcoming	
  the	
  difficulty	
  associated	
  with	
  translation	
  

of	
  research	
  findings	
  to	
  clinical	
  populations	
  (32).	
  

	
  

Limitations/Improvements	
  
The	
  most	
  evident	
  weakness	
  of	
  our	
  study	
  comes	
  from	
  the	
  limited	
  number	
  of	
  rats	
  that	
  

were	
  utilized.	
  Despite	
  our	
  effort	
   to	
   initiate	
   this	
   longitudinal	
  study	
  with	
  a	
  cohort	
  of	
  

enough	
   statistical	
   power,	
   the	
   15	
  WT	
   and	
  15	
  Tg	
   rats	
   faced	
   physical	
   complications,	
  

leading	
   to	
   the	
   reduction	
   of	
   our	
   sample	
   size	
   to	
   between	
   4	
   and	
   9	
   rats	
   per	
   group.	
  

Additionally,	
  the	
  acquisition	
  of	
  imaging	
  data	
  from	
  only	
  2	
  time	
  points	
  does	
  not	
  fully	
  

illustrate	
   the	
  complete	
  clinical	
  progression	
  of	
  AD.	
  By	
   the	
   follow-­‐up	
   time	
  point,	
   the	
  

rats	
  were	
  only	
  19	
  months	
  old,	
  which	
  is	
  approximately	
  the	
  age	
  of	
  40	
  in	
  humans	
  (33).	
  

Also,	
  age-­‐to-­‐age	
  comparison	
  may	
  not	
  be	
  the	
  best	
   interpretation	
  when	
  studying	
  the	
  

Tg	
   rats,	
   since	
  while	
  AD	
   is	
   a	
   progressive	
   neurodegenerative	
   disease	
   that	
   spans	
   for	
  

more	
   than	
   20	
   years	
   with	
   age	
   of	
   onset	
   before	
   65	
   (34),	
   the	
   rats	
   develop	
   plaque	
  

deposition	
  as	
  early	
  as	
  6	
  months	
  (8,	
  13),	
  which	
  is	
  about	
  age	
  of	
  10	
  in	
  humans.	
  Looking	
  

into	
  two	
  time	
  points	
  does	
  not	
  provide	
  information	
  that	
  is	
  representative	
  enough	
  to	
  

map	
  out	
  the	
  full	
  biomarker	
  changes	
  occurring	
  in	
  the	
  McGill-­‐R-­‐Thy1-­‐APP	
  rats,	
  and	
  a	
  

technique	
   for	
   solving	
   the	
  differences	
   in	
  aging	
  processes	
  of	
   animals	
  and	
  humans	
   is	
  

necessary	
  for	
  successful	
  translational	
  studies.	
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Voxel-­‐level	
  DBM	
  approach	
   provides	
   an	
   unbiased	
  method	
   for	
   assessing	
   volumetric	
  

changes	
   over	
   the	
   whole	
   brain.	
   However,	
   deviation	
   in	
   the	
   shape	
   or	
   anatomical	
  

position	
   of	
   a	
   particular	
   structure	
  may	
   be	
   a	
  weakness	
   of	
   this	
   technique,	
   especially	
  

when	
  focusing	
  on	
  smaller	
  regions	
  that	
  have	
  large	
  surface	
  area-­‐to-­‐volume	
  ratio	
  (30).	
  

Another	
   limitation	
  of	
  our	
   study	
  comes	
   from	
   the	
  presence	
  of	
  variable	
  plaque	
   loads	
  

among	
  the	
  Tg	
  rats	
  used	
  (R),	
  which	
  indicates	
  that	
  the	
  onset	
  of	
  spreading	
  of	
  amyloid	
  

pathology	
  fluctuates	
  according	
  to	
  individual	
  differences.	
  	
  

	
  

Future	
  Directions	
  
Successful	
  translational	
  studies	
  using	
  our	
  animal	
  results	
  of	
  complementary	
  imaging	
  

modalities	
  with	
  human	
  studies	
  for	
  prediction	
  of	
  future	
  cognitive	
  course	
  in	
  patients	
  

with	
  AD.	
  Incorporating	
  more	
  time	
  points	
  from	
  both	
  earlier	
  and	
  later	
  stages	
  can	
  aid	
  

in	
  revealing	
  of	
  alterations	
  of	
  significant	
  sites	
  of	
  atrophy	
  as	
  the	
  disease	
  advances.	
  

Our	
   analysis	
   used	
   the	
   DBM	
   to	
   correlate	
   with	
   baseline	
   levels	
   of	
   amyloidosis	
   and	
  

metabolism,	
   but	
   interchanging	
   the	
   dependent	
   and	
   independent	
   variables	
   to	
  

correlate	
   baseline	
   amyloidosis	
   with	
   progressive	
   hypometabolism	
   in	
   different	
  

regions,	
  would	
  also	
  provide	
  a	
  useful	
  insight	
  for	
  spatio-­‐temporal	
  changes	
  in	
  AD,	
  as	
  it	
  

is	
  already	
  known	
  that	
  decrease	
  in	
  metabolism	
  occurs	
  following	
  amyloid	
  deposition	
  

(3).	
  

Focusing	
  on	
  the	
  areas	
  that	
  are	
  discovered	
  to	
  show	
  atrophy	
  in	
  our	
  study,	
  a	
  more	
  in-­‐

depth	
   analysis	
   at	
   cellular	
   level	
   to	
   identify	
   whether	
   this	
   decline	
   is	
   at	
   the	
   level	
   of	
  

synapses	
  or	
   is	
  actual	
  neuronal	
   loss,	
   is	
   required.	
   In	
  order	
   to	
   improve	
   the	
  statistical	
  

power,	
   a	
   larger	
   and	
   longitudinally	
   followed	
   cohort	
   with	
   a	
   more	
   complete	
   and	
  

consistently	
  accumulated	
  data	
  on	
  imaging	
  and	
  fluid	
  biomarker,	
  is	
  needed.	
  Eventual	
  

success	
  of	
  full	
  validation	
  of	
  biomarker	
  pathologies	
  of	
  the	
  rat	
  model	
  of	
  AD	
  may	
  aid	
  in	
  

even	
   earlier	
   clinical	
   evaluation	
   of	
   risk	
   for	
   AD,	
   developing	
  methods	
   for	
   stratifying	
  

those	
  with	
  likelihood	
  of	
  facing	
  cognitive	
  decline	
  (9).	
  

	
  
Conclusion	
  
Overall,	
   our	
   preliminary	
   data	
   showing	
   that	
   amyloidosis	
   and	
   hypometabolism	
  

pertain	
   to	
   different	
   regional	
   atrophy,	
   validates	
   findings	
   that,	
   in	
   AD,	
   the	
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neuropathology	
   follows	
   a	
   gradual,	
   stereotypical	
   progression	
   through	
   phases	
   that	
  

are	
  defined	
  for	
  Aβ	
  deposition	
  (36).	
  The	
  presence	
  of	
  relationsihips	
  between	
  baseline	
  

levels	
  of	
  amyloidosis	
  and	
  hypometaboism	
  with	
  atrophy	
  pattern	
  only	
   in	
  the	
  Tg,	
  not	
  

the	
  WT	
  rats,	
   is	
  consistent	
  with	
  the	
  hypothesis	
  that	
  the	
  process	
  of	
  AD	
  and	
  aging	
  do	
  

not	
   belong	
   as	
   a	
   part	
   of	
   a	
   continuous	
   aging	
   spectrum,	
   but	
   rather	
   as	
   dichotomous	
  

processes.	
   The	
   differences	
   in	
   locations	
   of	
   atrophy	
   depending	
   on	
   the	
   biomarker	
  

expression	
  explain	
  the	
  intrinsic	
  variability	
  in	
  susceptibilities	
  to	
  discrete	
  pathological	
  

expressions	
   in	
   AD.	
   Although	
   the	
   expected	
   AD	
   hallmark	
   areas	
   were	
   detected,	
  

including	
  the	
  hippocampus	
  and	
  the	
  entorhinal	
  cortex,	
  the	
  absence	
  of	
  other	
  hallmark	
  

cortical	
   regions	
   suggest	
   that	
   the	
   complete	
   neurodegeneration	
   profile	
   not	
   only	
  

results	
   from	
  Aβ	
  alone,	
  but	
   is	
   likely	
   to	
  be	
   from	
   the	
   synergistic	
   effect	
  of	
  Aβ	
  and	
   tau	
  

(35,	
  37,	
  38).	
  	
  

	
  

Incorporation	
   of	
   advancing	
   neuroimaging	
   techniques,	
   which	
   allow	
   accurate	
  

measurement	
  of	
  atrophy,	
  metabolism,	
  inflammation,	
  amyloid	
  plaques,	
  and	
  NFT	
  load,	
  

along	
  with	
  fluid	
  biomarkers,	
  will	
  bring	
  about	
  the	
  possibility	
  for	
  preclinical	
  detection	
  

of	
  AD,	
  as	
  promising	
   tools	
   for	
  early	
  diagnosis	
  and	
  disease	
  monitoring	
  (9).	
  Different	
  

diagnostic	
  methods	
  serve	
  as	
  valuable	
  assessment	
  approaches	
  in	
  testing	
  the	
  efficacy	
  

of	
  region-­‐specific	
  disease-­‐modifying	
  treatments.	
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Hippocampal	
  Volumetry	
  Analysis	
  

Materials	
  and	
  Methods	
  
All	
   experimental	
   procedures	
   involved	
   in	
   this	
   study	
   were	
   approved	
   by	
   the	
   McGill	
  

Animal	
  Care	
  ethics	
  committee	
  and	
  were	
  carried	
  out	
  following	
  the	
  Canadian	
  Council	
  

on	
  Animal	
  Care	
  guidelines.	
  The	
  animals	
  were	
  provided	
  by	
  Dr.	
  A.	
  Claudio	
  Cuello	
  at	
  

the	
  department	
  of	
  pharmacology	
  at	
  McGill	
  University	
  in	
  Montreal,	
  Quebec,	
  Canada.	
  

Housing	
   for	
   the	
   rats	
  were	
  held	
  at	
   the	
  animal	
   facility	
  of	
   the	
  Douglas	
  Mental	
  Health	
  

University	
  Institute	
  with	
  a	
  12/12h	
  light/darkness	
  cycles.	
  

	
  

Total	
  Cohort	
  
We	
  began	
  with	
  12	
  medically	
  healthy	
  wild-­‐type	
   (Wt)	
  Wistar	
   rats	
   and	
  13	
  medically	
  

healthy	
   homozygous	
   McGill-­‐Thy1-­‐R-­‐APP	
   transgenic	
   (Tg)	
   rats.	
   At	
   baseline,	
   the	
  

average	
   weights	
   of	
   the	
   6	
  male	
   and	
   6	
   female	
  Wt	
   rats	
   were	
   639.17	
   ±	
   37.39	
   g	
   and	
  

361.67	
  ±	
  28.81	
  g,	
  respectively.	
  Similarly,	
  the	
  7	
  male	
  and	
  6	
  female	
  Tg	
  rats	
  weighed	
  in	
  

at	
  613.00	
  ±	
  55.92	
  g	
  and	
  353.17	
  ±	
  14.19	
  g.	
  

	
  

Longitudinal	
  Cohort	
  
All	
  12	
  Wt	
  and	
  13	
  Tg	
  rats	
  were	
  successfully	
  scanned	
  for	
  baseline	
  acquisition	
  of	
  MRI	
  

and	
  PET	
  at	
  9-­‐11	
  months	
  after	
  birth.	
  By	
  the	
  time	
  for	
  the	
  16-­‐19	
  month	
  follow-­‐up	
  MRI	
  

and	
  PET	
  measures,	
  the	
  numbers	
  had	
  reduced	
  to	
  5	
  Wt	
  (2	
  males,	
  3	
  females)	
  and	
  9	
  Tg	
  

(3	
  males,	
  6	
   females)	
  rats.	
  The	
   loss	
  of	
  cohort	
  was	
  due	
  to	
  a	
  variety	
  of	
  complications	
  

including	
  tumours	
  of	
  the	
  brain,	
  abdomen	
  and	
  legs,	
  pneumonia	
  and	
  unknown	
  causes.	
  

The	
  weights	
  the	
  longitudinal	
  cohort	
  were,	
  on	
  average,	
  603.00	
  ±	
  4.24	
  g	
  for	
  male	
  and	
  

359.33	
  ±	
  26.27	
  g	
  for	
  female	
  Wt	
  rats.	
  The	
  average	
  weights	
  for	
  the	
  male	
  and	
  female	
  Tg	
  

rats	
  were	
  578.33	
  ±	
  58.18	
  g	
  and	
  353.17	
  ±	
  14.19	
  g,	
  respectively	
  at	
  baseline.	
  

At	
  follow-­‐up,	
  the	
  average	
  weights	
  were	
  660.00	
  ±	
  8.49	
  g	
  and	
  425.00	
  ±	
  61.83	
  g	
  for	
  the	
  

male	
   and	
   the	
   female	
  WT	
   rats,	
   while	
   the	
   Tg	
   male	
   and	
   female	
   rats	
   weighted	
   in	
   at	
  

650.33	
  ±	
  76.43	
  g	
  and	
  408.00	
  ±	
  21.27	
  g	
  each.	
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Manual	
  Hippocampal	
  Segmentation	
  
Hippocampal	
  3D	
  manual	
  volumetry	
  was	
  performed	
  using	
  the	
  image	
  analysis	
  

software	
   Display,	
   which	
   allows	
   the	
   user	
   to	
  manually	
   select	
   the	
   region	
   of	
   interest	
  

(ROI)	
   for	
   volumetric	
   calculation	
   of	
   that	
   region.	
   The	
   hippocampal	
   formation	
   was	
  

manually	
  segmented	
  to	
  include	
  the	
  dentate	
  gyrus,	
  the	
  hippocampus	
  proper,	
  and	
  the	
  

subiculum.	
   The	
   sagittal	
   view	
   of	
   the	
   MRI	
   was	
   used	
   for	
   preliminary	
   manual	
  

segmentation.	
  Adjustments	
  were	
   guided	
  by	
   the	
   correspondent	
   lateral	
   and	
   coronal	
  

views	
  of	
  the	
  brains.	
  	
  

	
  

Lateral	
  to	
  Medial	
  (Sagittal	
  View)	
  

The	
   first	
   step	
  of	
  hippocampal	
   segmentation	
  was	
   carried	
  out	
  on	
   the	
   sagittal	
  

view	
  of	
  the	
  rat	
  brain.	
  Starting	
  from	
  the	
  very	
  lateral	
  edge	
  of	
  the	
  brain,	
  the	
  3D	
  image	
  

was	
  carefully	
  scrolled,	
  slice-­‐by-­‐slice,	
  towards	
  the	
  medial	
  portion.	
  Due	
  to	
  the	
  natural	
  

position	
  of	
  the	
  hippocampus	
  in	
  the	
  rat	
  brain,	
  the	
  segmentation	
  was	
  carried	
  out	
  from	
  

the	
  temporal	
  (caudo-­‐ventral)	
  towards	
  the	
  septal	
  (rostro-­‐dorsal)	
  hippocampal	
  areas.	
  

After	
  the	
  appearance	
  of	
  the	
  outermost	
  cortical	
  regions	
  consisting	
  of	
  primary	
  

and	
  secondary	
  auditory	
  cortex,	
  the	
  disappearance	
  of	
  deep	
  cerebral	
  white	
  matter	
  and	
  

the	
   lateral	
   ventricle	
   demarcated	
   the	
   initiation	
   point	
   of	
   hippocampal	
   segmentation	
  

(Figure	
  1).	
  

	
  	
  

	
  

Figure	
  1.	
  Lateral	
  towards	
  medial	
  slice-­‐by-­‐slice	
  of	
  MRI	
  image	
  (left	
  to	
  right)	
  to	
  demonstrate	
  the	
  Initiation	
  

point	
  of	
  hippocampus	
  segmentation.	
  

	
  



	
  

	
   47	
  

The	
   layers	
   of	
   the	
   CA1	
   region	
   located	
   in	
   the	
   intermediate	
   portion	
   (in	
   the	
  

septo-­‐temporal	
   axis	
   perspective)	
   of	
   the	
   hippocampal	
   formation	
   appeared	
   in	
   the	
  

order	
   of:	
   stratum	
   oriens,	
   pyramidal	
   cell	
   layer,	
   and	
   stratum	
   radiatum.	
   The	
   strong	
  

white	
  fimbria	
  of	
  the	
  hippocampus	
  set	
  the	
  rostral	
  border	
  while	
  deep	
  cerebral	
  white	
  

matter	
  and	
  fibers	
  of	
  the	
  corpus	
  callosum	
  set	
  the	
  dorso-­‐ventral	
  border	
  (Figure	
  2).	
  

	
  
Figure	
  2.	
  MRI	
  images	
  showing	
  the	
  areas	
  of	
  rostral	
  (fimbria	
  of	
  hippocampus)	
  and	
  dorso-­‐ventral	
  borders	
  

(forceps	
  of	
  corpus	
  callosum)	
  of	
  segmentation	
  region	
  of	
  interest.	
  

	
  

Eventually,	
  the	
  segmentation	
  process	
  migrated	
  deeper	
  until	
  rostrally	
  located	
  

CA3	
   and	
   caudally	
   located	
   subiculum	
   disappeared	
   from	
   center	
   portion	
   of	
   the	
  

hippocampus,	
   followed	
   by	
   the	
   dentate	
   gyrus.	
   As	
   the	
   segmentation	
   progressed	
  

medially,	
   the	
   lateral	
   ventricle	
   and	
   white	
   matter	
   separated	
   the	
   septal	
   from	
   the	
  

temporal	
   portions.	
   Along	
   with	
   the	
   CA	
   fields	
   and	
   the	
   dentate	
   gyrus,	
   the	
   septal	
  

segmentation	
   included	
   the	
  dorsal	
   subiculum	
  while	
   the	
   temporal	
  portion	
  consisted	
  

the	
  ventral	
  subiculum	
  (Figure	
  3).	
  	
  

	
  

	
  
Figure	
  3.	
  MRI	
  and	
  anatomical	
  reference	
  atlas	
  showing	
  the	
  ventricle	
  that	
  separates	
  the	
  septal	
  from	
  the	
  

ventral	
  portion	
  of	
  the	
  hippocampal	
  formation.	
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Segmentation	
  of	
  the	
  temporal	
  portion	
  of	
  the	
  hippocampus	
  terminated	
  prior	
  

to	
   the	
   septal	
   region	
   due	
   to	
   its	
   gradual	
   disappearance	
   as	
   the	
   process	
   progressed	
  

towards	
  the	
  medial	
  view.	
  CA3	
  was	
  the	
  last	
  region	
  to	
  remain	
  until	
  the	
  termination	
  of	
  

temporal	
  hippocampus	
  segmentation	
  (Figure	
  4).	
  

	
   	
   	
  
Figure	
  4.	
  The	
  immediate	
  slice	
  prior	
  to	
  the	
  disappearance	
  of	
  temporal	
  hippocampus	
  is	
  shown,	
  with	
  only	
  a	
  

small	
  part	
  of	
  CA3	
  remaining	
  for	
  segmentation.	
  

	
  

	
  The	
   segmentation	
   of	
   dorsal	
   (septal)	
   portion	
   of	
   the	
   hippocampus	
   continuously	
  

consisted	
   of	
   the	
   CA	
   fields,	
   the	
   DG	
   and	
   the	
   dorsal	
   subiculum.	
   The	
   fimbria	
   of	
   the	
  

hippocampus	
  served	
  as	
  the	
  rostral	
  anterior	
  border	
  while	
  the	
  post-­‐subiculum	
  guided	
  

the	
  caudal	
  posterior	
  limit	
  (Figure	
  5).	
  

	
  	
  

	
  	
   	
  
Figure	
  5.	
  Continuation	
  of	
  septal	
  hippocampus	
  is	
  shown,	
  with	
  the	
  fimbria	
  of	
  the	
  hippocampus	
  and	
  the	
  

post-­‐subiculum	
  setting	
  the	
  rostral	
  and	
  caudal	
  limits	
  of	
  segmentation.	
  

	
  

As	
   the	
   medial	
   limit	
   approached,	
   segmentation	
   was	
   guided	
   by	
   the	
  

retrosplenial	
   granular	
   cortex	
   at	
   posterior	
   border	
   and	
   by	
   the	
   ventral	
   hippocampal	
  

commissure	
   at	
   the	
   anterior	
   limit.	
   	
   The	
   dorsal	
   hippocampal	
   commissure	
   also	
  

demonstrated	
   to	
   serve	
   good	
   contrast	
   for	
   easy	
   identification	
   of	
   the	
   hippocampus	
  

(Figure	
  6).	
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Figure	
  6.	
  Near	
  the	
  medial	
  rat	
  brain,	
  the	
  rostral	
  and	
  caudal	
  segmentation	
  limits	
  were	
  guided	
  by	
  the	
  

hippocampal	
  commissure	
  and	
  the	
  retrosplenial	
  granula	
  cortex,	
  respectively.	
  

	
  	
  

After	
  completion	
  of	
  one	
  hemisphere,	
  the	
  opposite	
  hemisphere	
  was	
  segmented	
  using	
  

the	
  identical	
  guidelines,	
  from	
  lateral	
  towards	
  the	
  medial	
  section	
  of	
  the	
  brain.	
  

	
  

Dorsal	
  to	
  Ventral	
  (Lateral	
  view)	
  

Due	
  to	
  the	
  position	
  of	
  the	
  hippocampal	
  formation	
  in	
  the	
  rat	
  brain,	
  going	
  from	
  

the	
   dorsal	
   towards	
   ventral	
   direction	
   led	
   to	
   septal	
   towards	
   temporal	
   parts	
   of	
   the	
  

hippocampus.	
   After	
   passing	
   through	
   the	
   cortical	
   layers	
   of	
   the	
   medial	
   parietal	
  

association	
   cortex,	
   followed	
  by	
   the	
   corpus	
   callosum,	
   the	
   segmentation	
  began	
  with	
  

the	
   appearance	
   of	
   the	
   DG,	
   surrounded	
   by	
   the	
   CA	
   regions	
   present	
   in	
   the	
   septal	
  

hippocampus.	
   Deep	
   cerebral	
   white	
   matter	
   made	
   clear	
   dark	
   boarders	
   around	
   the	
  

hippocampus.	
   As	
   the	
   process	
   is	
   carried	
   down	
   towards	
   the	
   ventral	
   (temporal)	
  

portion	
   of	
   the	
   hippocampus,	
   the	
   fimbria	
   of	
   the	
   hippocampus	
   and	
   the	
   lateral	
  

ventricle	
  set	
  the	
  lateral	
  borders.	
  	
  

There	
   is	
   no	
   visibly	
   concrete	
   landmark	
   that	
   demarcates	
   the	
   posterior	
   limit	
  

around	
   the	
   intermediate	
   portion	
   of	
   the	
   septotemporal	
   axis	
   of	
   the	
   hippocampus;	
  

therefore,	
   the	
   segmentor	
   carefully	
   selected	
   the	
   subicular	
   complexes	
   while	
  

exempting	
   the	
   entorhinal	
   cortex.	
   The	
   medial	
   region	
   of	
   the	
   hippocampus	
   was	
  

carefully	
   selected	
   so	
   that	
   the	
   ventral	
  medial	
   geniculate	
   nucleus,	
   which	
   is	
   present	
  

medially	
   to	
   the	
   DG,	
   was	
   not	
   included.	
   As	
   the	
   segmentation	
   progressed	
   deeper	
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towards	
  the	
  ventral	
  section	
  of	
  the	
  brain,	
  the	
  cerebral	
  peduncle	
  replaced	
  the	
  ventral	
  

medial	
   geniculate	
   nucleus	
   as	
   the	
   medial	
   border	
   of	
   the	
   hippocampus.	
   Manual	
  

segmentation	
  proceeded,	
  mainly	
   guided	
  by	
   the	
   deep	
   cerebral	
  white	
  matter	
   as	
   the	
  

rostro-­‐ventral	
   borders,	
   until	
   the	
   disappearance	
   of	
   CA3,	
   followed	
   by	
   the	
   ventral	
  

subiculum.	
  	
  

	
  

Anterior	
  to	
  Posterior/Rostral	
  to	
  Caudal	
  (Coronal	
  view)	
  

Going	
  from	
  anterior	
  to	
  posterior	
  portion	
  of	
  the	
  brain,	
  segmentation	
  initiated	
  

when	
  CA3,	
  surrounded	
  by	
  the	
  oriens	
  layer,	
  started	
  to	
  appear,	
  which	
  represents	
  the	
  

septal	
  end	
  of	
   the	
  hippocampal	
   formation.	
  The	
  surrounding	
  fimbria	
  set	
  the	
  borders	
  

that	
  distinguished	
  the	
  region	
  of	
  interest.	
  Segmentation	
  continued	
  as	
  radiatum	
  layer,	
  

stratum	
   lucidum	
  and	
   the	
  DG	
  also	
   appeared	
   to	
  be	
   selected.	
  The	
  dorsal	
   and	
  ventral	
  

borders	
  were	
  set	
  by	
  the	
  dorsal	
  hippocampal	
  commissure	
  as	
  well	
  as	
  the	
  laterodorsal	
  

thalamic	
  nuclei	
  and	
  the	
  stria	
  medullaris	
  thalamus,	
  respectively.	
  	
  

As	
   the	
   segmentation	
   progressed	
   towards	
   the	
   posterior	
   brain,	
   the	
   temporal	
  

end	
   of	
   the	
   hippocampal	
   formation,	
   which	
   consisted	
   of	
   the	
   oriens	
   layer	
   of	
   CA3,	
  

started	
  to	
  appear.	
  Stratum	
  lucidum	
  and	
  radiatum	
  layers	
  were	
  the	
  following	
  regions	
  

of	
  interest	
  to	
  be	
  manually	
  selected,	
  quickly	
  followed	
  by	
  the	
  rest	
  of	
  the	
  CA	
  regions.	
  At	
  

this	
   point,	
   the	
   lateral	
   ventricle	
   and	
   the	
   thalamus	
   marked	
   the	
   lateral	
   and	
   medial	
  

limits,	
  while	
  the	
  amygdala	
  set	
  the	
  ventral	
  border.	
  Dorsal	
  subiculum	
  at	
  the	
  top	
  end	
  of	
  

the	
  hippocampus	
  and	
  ventral	
  subiculum	
  at	
  the	
  bottom	
  end	
  were	
  carefully	
  selected	
  

to	
  be	
   included	
  as	
  our	
  region	
  of	
   interest.	
  Eventually,	
  segmentation	
  terminated	
  with	
  

the	
   disappearance	
   of	
   CA1	
   layers	
   and	
   DG,	
   followed	
   by	
   the	
   subiculum	
   at	
   the	
  

intermediate	
  section	
  of	
  the	
  septo-­‐temporal	
  axis.	
  	
  

	
  

Intracranial	
  Volume	
  Manual	
  Segmentation	
  
The	
  intracranial	
  regions	
  were	
  traced	
  to	
  measure	
  the	
  intracranial	
  (IC)	
  volume,	
  which	
  

included	
   the	
   grey	
   and	
   the	
   white	
   matter	
   without	
   the	
   ventricles.	
   The	
   calculated	
  

volumes	
   were	
   used	
   to	
   normalize	
   the	
   raw	
   hippocampal	
   volumes,	
   resulting	
   in	
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normalized	
   hippocampal	
   volumes,	
   which	
   would	
   account	
   for	
   variables	
   such	
   as	
  

differences	
  in	
  head	
  and	
  brain	
  sizes	
  of	
  the	
  rats.	
  

	
  

Statistical	
  Analysis	
  
Normalized	
   hippocampal	
   volumes	
   were	
   compared	
   using	
   mixed	
   model	
   2-­‐way	
  

ANOVA,	
  with	
  age	
  and	
  group	
  as	
  the	
  within	
  and	
  between	
  group	
  factors,	
  respectively.	
  

For	
  validation	
  of	
  our	
  method,	
  intra-­‐rater	
  stability	
  was	
  calculated	
  using	
  SPSS	
  (Intra-­‐

Class	
  Correlation).	
  

	
  

Results	
  
Cohort	
  
Initially,	
   16	
  Wild-­‐type	
   and	
   15	
   transgenic	
   littermates	
  were	
   assigned	
   for	
   the	
   use	
   of	
  

this	
   study.	
   Due	
   to	
   the	
   years	
   that	
   took	
   to	
   follow	
   up	
   on	
   these	
   rats,	
   there	
   were	
  

significant	
  health	
   issues	
  that	
  the	
  animals	
   faced.	
  As	
  a	
  result,	
  only	
  5	
  wild-­‐type	
  and	
  9	
  

transgenic	
   rats,	
   for	
   a	
   total	
   of	
   14,	
   were	
   included	
   in	
   the	
   longitudinal	
   volumetric	
  

analysis.	
  As	
  for	
  the	
  correlation	
  analyses,	
  4	
  wild-­‐type	
  and	
  8	
  transgenic	
  rats	
  survived	
  

for	
  NAV,	
  and	
  5	
  wild-­‐type	
  and	
  9	
  transgenic	
  rats	
  survived	
  for	
  FDG.	
  	
  

	
  

Volumetric	
  Analysis	
  
Raw	
  Hippocampal	
  Volume:	
  

The	
   two	
   groups	
   of	
   animals’	
   hippocampal	
   volumes	
   did	
   not	
   differ	
   at	
   baseline;	
   the	
  

average	
  for	
  the	
  Wt	
  and	
  tg	
  groups	
  were	
  79.0000±8.1706	
  mm3	
  and	
  78.2450±5.8221	
  

mm3,	
   respectively.	
   By	
   the	
   time	
   for	
   follow-­‐up	
   analysis,	
   the	
   average	
   volumes	
  

measured	
   at	
   80.4300±5.1744	
   mm3	
   and	
   74.6067±6.6295	
   mm3	
   for	
   Wt	
   and	
   Tg,	
  

respectively,	
  showing	
  7.24%	
  of	
  group	
  differences	
  (Table	
  1,	
  Figure	
  7-­‐A).	
  	
  

	
  
Table	
  1.	
  2-­‐way	
  ANOVA	
  statistical	
  analysis	
  of	
  raw	
  hippocampal	
  values	
  showed	
  significance	
   in	
  

the	
  interaction	
  of	
  time	
  and	
  group	
  factors	
  at	
  F(1,12)=	
  7.774	
  (p=0.0164*).	
  	
  

	
   Wild-­‐Type	
   Transgenic	
   Difference	
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Baseline	
   79.00±8.17	
  mm3	
   78.2450±5.82	
  mm3	
   0.96%	
  

Follow-­‐up	
   80.43±5.17	
  mm3	
   74.6067±6.63	
  mm3	
   7.24%*	
  

Difference	
   -­‐1.81%	
  	
   4.65%	
  *	
   	
  

	
  

Intracranial	
  Volume:	
  

The	
   average	
   intracranial	
   volumes	
   of	
  Wt	
   rats	
  were	
  2191.6201±110.5623	
  mm3	
   and	
  

2268.6433±116.2682	
   mm3	
   at	
   baseline	
   and	
   follow-­‐up,	
   respectively.	
   As	
   for	
   the	
   Tg	
  

rats,	
   the	
   baseline	
   and	
   follow-­‐up	
   average	
   intracranial	
   volumes	
   were	
  

2092.4241±121.4420	
  mm3	
  and	
  2166.2721±123.2318	
  mm3	
  (Table	
  2,	
  Figure	
  7-­‐B).	
  	
  

	
  
Table	
  2.	
  2-­‐way	
  ANOVA	
  statistical	
  analysis	
  of	
  the	
  intracranial	
  volumes	
  showed	
  only	
  significant	
  

age	
  effect	
  at	
  F(1,12)=108.0	
  (p<0.0001****)	
  

	
   Wild-­‐Type	
   Transgenic	
   Difference	
  

(Wt>Tg)	
  

Baseline	
   2191.62±110.56	
  mm3	
   2092.42±121.44	
  mm3	
   4.53%	
  

Follow-­‐up	
   2268.64±116.27	
  mm3	
   2166.27±123.23	
  mm3	
   4.51%	
  

Difference	
  

(FU>BS)	
  

3.51%****	
   3.53%****	
   	
  

	
  

Normalized	
  Hippocampal	
  Volume:	
  

The	
  normalization	
  procedure	
  was	
  completed	
  simply	
  by	
  taking	
  the	
  raw	
  hippocampal	
  

volume	
  and	
  dividing	
  by	
  the	
  intracranial	
  volume	
  for	
  each	
  animal.	
  As	
  a	
  result,	
  this	
  step	
  

yielded	
  a	
  ratio	
  representing	
  the	
  amount	
  of	
  brain	
  volume	
  the	
  hippocampus	
  took	
  part	
  

of,	
  taking	
  into	
  account	
  the	
  size	
  differences	
  between	
  individual	
  rats	
  (Table	
  3,	
  Figure	
  

7-­‐C).	
  	
  

	
  
Table	
   3.	
   2-­‐way	
   ANOVA	
   statistical	
   analysis	
   of	
   normalized	
   hippocampus	
   volumes	
   showed	
  

significant	
  interaction	
  factor	
  at	
  F(1,12)=	
  7.841	
  (p=0.016*)	
  

	
   Wild-­‐Type	
   Transgenic	
   Difference	
  

(Wt>tg)	
  

Baseline	
   0.0360±0.0020	
  	
   0.0374±0.0015	
  	
   -­‐3.89%	
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Follow-­‐up	
   0.0354±0.0008	
  	
   0.0344±0.0018	
  	
   2.82%	
  

Difference	
  

(BS>FU)	
  

1.67%	
  (ns)	
   8.02%***	
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Figure	
  7.	
  Group	
  comparisons	
  showing	
  an	
  age-­‐dependent	
  A)	
  reduction	
  in	
  hippocampal	
  volume	
  in	
  the	
  

Tg	
  group	
  (p=0.0164*),	
  B)	
  increase	
  in	
  intracranial	
  volume	
  of	
  both	
  groups	
  (p<0.0001****),	
  C)	
  

reduction	
  in	
  normalized	
  hippocampal	
  volume	
  in	
  Tg	
  group	
  (p=0.0162***).	
  

	
  

Data	
  Reproducibility	
  

After	
  repeated	
  the	
  manual	
  segementation	
  procedure	
  3	
  times	
  per	
  rat,	
  calculated	
  

intra-­‐class	
  correlation	
  coefficient	
  was	
  0.952.	
  

	
  

Summary	
  and	
  Significance	
  of	
  the	
  Research	
  
Summary	
  of	
  Correlation	
  Analysis	
  
Our	
   results	
   indicate	
   that	
   the	
   amount	
   of	
   both	
   amyloidosis	
   and	
   hypometabolism	
   in	
  

pre-­‐symptomatic	
  stages	
  of	
  McGill-­‐R-­‐Thy1-­‐APP	
  rats	
  are	
  able	
  to	
  detect	
  future	
  atrophic	
  

patterns	
  that	
  are	
  absent	
  in	
  Wt	
  rats.	
  The	
  degeneration	
  seen	
  in	
  the	
  entorhinal	
  cortex	
  

mirrors	
  previous	
  findings	
  that	
  the	
  it	
  is	
  indeed	
  an	
  area	
  prone	
  to	
  experience	
  atrophy	
  

in	
   correlation	
   with	
   amyloid	
   load	
   in	
   AD	
   (54).	
   Neurodegeneration	
   shown	
   with	
  

hypometabolism	
   correlation	
   found	
   in	
   our	
   research,	
   along	
   with	
   ventricular	
  

expansion,	
  further	
  confirms	
  human	
  findings	
  of	
  functional	
  disruption	
  contribution	
  to	
  

distant	
   atrophy	
  pattern	
   in	
  AD	
   (55).	
  Volume	
   loss	
   in	
  AD	
  hallmark	
   regions	
   in	
   the	
  Tg	
  

rats,	
   including	
   the	
  entorhinal	
   cortex,	
  hippocampus,	
   somatosensory	
  cortex,	
   and	
   the	
  

insular	
  cortex,	
  confirms	
  that	
  the	
  central	
  role	
  of	
  amyloid	
  resides	
  in	
  the	
  pathogenesis	
  

of	
  AD.	
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Summary	
  of	
  Volumetry	
  Analysis	
  	
  
The	
  hippocampus	
  is	
  amongst	
  one	
  the	
  first	
  brain	
  regions	
  known	
  to	
  be	
  susceptible	
  to	
  

atrophy	
  (27).	
  Our	
  results	
  showing	
  reduction	
  in	
  hippocampal	
  volumes	
  in	
  19-­‐month	
  

old	
  McGill-­‐R-­‐Thy1-­‐APP	
  Tg	
  rats,	
  is	
  consistent	
  with	
  the	
  findings	
  in	
  human	
  studies	
  that	
  

Aβ	
   deposition	
   may	
   be	
   sufficient	
   for	
   atrophy	
   in	
   the	
   hippocampus	
   (56).	
   Further	
  

investigations	
   of	
   other	
   AD	
   signature	
   regions	
  might	
   provide	
   additional	
   knowledge,	
  

since	
  it	
  is	
  suspected	
  that	
  other	
  regions,	
  such	
  as	
  cortical	
  thinning,	
  are	
  related	
  to	
  tau	
  

pathology,	
  emphasizing	
  the	
  synergistic	
  mediation	
  of	
  both	
  Aβ	
  and	
  tau	
  on	
  the	
  spatially	
  

distinct	
  neurodegenerative	
  patterns	
  in	
  AD	
  (56).	
  	
  

	
  

Although	
   our	
   rat	
   model	
   has	
   been	
   validated	
   to	
   display	
   a	
   comparable	
   pattern	
   of	
  

plaque	
   distribution	
   as	
   early	
   phases	
   of	
   human	
   AD	
   patients,	
   previous	
   research	
   has	
  

been	
   unsuccessful	
   in	
   detecting	
   neuronal	
   loss	
   in	
   the	
   hippocampal	
   and	
  

parahippocampal	
  regions	
  of	
  these	
  rats,	
  except	
  for	
  in	
  the	
  subiculum	
  at	
  19-­‐month	
  old	
  

cohort	
   (57).	
   This	
   leads	
   to	
   the	
   potential	
   interpretation	
   that	
   nerodegeneration	
   of	
  

hippocampus	
  is	
  occurring	
  at	
  the	
  level	
  of	
  synapses	
  instead	
  of	
  neuronal	
  loss,	
  possibly	
  

since	
  at	
  month-­‐19	
  follow-­‐up,	
  the	
  rats	
  are	
  only	
  approximately	
  60	
  years	
  in	
  human.	
  	
  

	
  

Maintenance	
   of	
   healthy	
   synapses	
   in	
   our	
   brain	
   is	
   crucial,	
   since	
   synapses	
   are	
   the	
  

structures	
   that	
   provide	
   connections	
   between	
   two	
   neurons	
   that	
   work	
   to	
   transmit,	
  

process	
  and	
  store	
  information.	
  Factors	
  that	
  are	
  harmful	
  in	
  normal	
  synaptic	
  function,	
  

such	
   as	
  Aβ	
  plaques	
   that	
   disturb	
   synaptic	
  mitochondrial	
   function	
   (58)	
   and	
  protein	
  

measures	
  (59,	
  60),	
  diffusible	
  Aβ	
  oligomers	
  (61,	
  62)	
  that	
  disrupt	
  synaptic	
  plasticity	
  

(63)	
  and	
  decrease	
  in	
  long-­‐term	
  potentiation	
  (64),	
  and	
  aging	
  that	
  increases	
  oxidation	
  

of	
   synaptic	
   mitochondria	
   (65),	
   may	
   expose	
   AD	
   brains	
   to	
   neurodegeneration.	
   In	
  

order	
  to	
  acquire	
  a	
  full	
  understanding	
  of	
  AD	
  pathogenesis,	
  it	
  is	
  important	
  to	
  know	
  the	
  

changes	
   occurring	
   at	
   the	
   level	
   of	
   synapses;	
   previous	
   findings	
   have	
   shown	
   Aβ-­‐

induced	
  synaptic	
  changes	
  in	
  AD	
  (66),	
  occurring	
  at	
  a	
  very	
  early	
  stage	
  of	
  the	
  disease,	
  

prior	
   to	
   detectable	
   NFT	
   (67).	
   Synaptic	
   depletions	
   arise	
   not	
   only	
   as	
   a	
   result	
   of	
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neuronal	
  death,	
  since	
  still	
   living	
  neurons	
  also	
  lose	
  their	
  synapses	
  in	
  AD	
  (68).	
  More	
  

in-­‐depth	
  studies	
  of	
  synaptic	
  disruption	
  in	
  AD	
  revealed	
  regional	
  loss	
  of	
  post-­‐synaptic	
  

dendritic	
  material,	
   focusing	
   at	
   the	
   terminal	
   portion	
   of	
   the	
   dendritic	
   tree.	
   Possible	
  

explanations	
  of	
  this	
  finding	
  are	
  due	
  to	
  reduced	
  synaptic	
  vesicle	
  trafficking	
  (Coleman	
  

and	
  Yao	
  2003;	
  Synaptic	
  slaughter	
  in	
  AD)	
  or	
  age-­‐dependent	
  accumulation	
  of	
  Aβ	
  and	
  

mitochondrial	
  alterations	
  of	
  synaptic	
  mitochondria,	
  making	
  them	
  more	
  susceptible	
  

to	
  Aβ-­‐induced	
  damage	
  (58.	
  62).	
  

	
  

It	
   has	
   already	
  been	
   studied	
   in	
  humans	
   that	
   synaptic	
   loss	
   contributes	
   to	
  decline	
   in	
  

cognition	
   (61)	
   and	
   that,	
   specifically,	
   synaptic	
   loss	
   of	
   the	
   hippocampus	
   and	
   the	
  

neocortex	
   is	
   an	
   early	
   event	
   (69)	
   that	
   correlates	
   with	
   cognitive	
   dysfunction	
   (70).	
  

Future	
  studies	
  correlating	
  atrophy	
  patterns	
  with	
  cognitive	
  dysfunction	
  will	
  provide	
  

additional	
  information	
  mapping	
  out	
  the	
  pathogenesis	
  of	
  the	
  AD	
  rat	
  model.	
  

	
  

Validity	
  and	
  Significance	
  of	
  Methodology	
  
MRI	
   alone	
   is	
   not	
   sufficient	
   to	
   serve	
   as	
   a	
   diagnostic	
   tool	
   of	
   AD,	
   but	
   it	
   provides	
  

complementary	
  information,	
  which	
  makes	
  the	
  diagnosis	
  more	
  accurate	
  than	
  using	
  a	
  

single	
   modality.	
   One	
   may	
   argue	
   that	
   manual	
   segmentation	
   is	
   a	
   labour-­‐intensive	
  

method	
  with	
  a	
  possibility	
  of	
  inter-­‐rater	
  variability,	
  due	
  to	
  subjectivity	
  for	
  definition	
  

of	
   structural	
   boundaries	
   (71).	
   However,	
   there	
   are	
   cases	
   when	
   it	
   is	
   a	
   preferred	
  

method	
   of	
   quantifying	
   volume	
   changes	
   over	
   automated	
   methods.	
   Automated	
  

quantification	
  method,	
   the	
  voxel-­‐wise	
  deformation-­‐based	
  morphometry	
   technique,	
  

may	
  be	
  adequate	
  to	
  analyze	
  the	
  whole-­‐brain	
  morphological	
  differences.	
  However,	
  in	
  

cases	
  regarding	
  analysis	
  of	
   the	
  volume	
  change	
  of	
  a	
  small	
  region	
  with	
   large	
  surface	
  

area-­‐to-­‐volume	
   ratios,	
   manual	
   segmentation	
   method	
   is	
   preferred	
   due	
   possible	
  

deviations	
  of	
   the	
  shape	
  or	
  relative	
  anatomical	
  positioning	
  of	
   that	
  region	
   inside	
  the	
  

brain	
  (71).	
  Indeed,	
  our	
  correlation	
  coefficient	
  of	
  0.952	
  confirmed	
  the	
  validity	
  of	
  the	
  

method.	
   Since	
   hippocampal	
   atrophy	
   is	
   not	
   only	
   seen	
   in	
   AD	
   but	
   also	
   in	
   other	
  

degenerative	
  diseases	
  (72),	
  manual	
  segmentation	
  quantification	
  method	
  may	
  have	
  

applicable	
  roles	
  in	
  providing	
  information	
  for	
  diagnosis	
  of	
  numerous	
  diseases.	
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Limitations	
  and	
  Improvements	
  
Many	
  challenges	
  exist	
  when	
  conducting	
  research	
  on	
  animal	
  models	
  representative	
  

of	
  human	
  diseases.	
  Though	
  inherent	
  to	
  any	
  animal	
  study,	
  one	
  standout	
  limitation	
  of	
  

our	
   study	
   is	
   the	
   number	
   of	
   animals	
   used.	
   Several	
   rats	
  were	
   either	
   found	
   dead	
   or	
  

developed	
  tumours	
  in	
  different	
  parts	
  of	
  the	
  body,	
  leading	
  to	
  the	
  reduction	
  of	
  power	
  

of	
  our	
  analysis.	
  

Another	
   limitation	
   originates	
   from	
   differences	
   in	
   rat	
   development	
   with	
   humans,	
  

which	
  needs	
  more	
  attention	
  when	
  working	
  in	
  translational	
  research	
  fields.	
  Instead	
  

of	
   the	
   atrophy	
   of	
   the	
   whole	
   brain	
   seen	
   in	
   human	
   AD	
   subjects	
   (28,	
   73),	
   the	
   rats	
  

displayed	
  a	
  growth	
  of	
  the	
  intracranial	
  volume,	
  which	
  was	
  also	
  found	
  to	
  be	
  present	
  in	
  

mouse	
   brains,	
  which	
   enlarge	
   significantly	
   from	
  6-­‐14	
  months	
   (74).	
   Also,	
   there	
   is	
   a	
  

complexity	
  when	
  correlating	
  ages	
  of	
   two	
  very	
  different	
  mammals,	
  and	
  only	
  a	
  very	
  

limited	
   number	
   of	
   literature	
   exists	
   regarding	
   this	
   concern.	
   This	
   difficulty	
   is	
  

magnified	
  by	
  the	
  fact	
  that	
  the	
  aging	
  processes	
  of	
  mammals	
  are	
  not	
  comparable.	
  For	
  

example,	
  rats	
  are	
  sexually	
  mature	
  at	
  1	
  month	
  post-­‐natal,	
  which	
  does	
  not	
  adequately	
  

compare	
  to	
  a	
  13-­‐year	
  old	
  human.	
  	
  

	
  

Lastly,	
  there	
  is	
  only	
  1	
  follow-­‐up	
  in	
  our	
  study.	
  AD	
  is	
  a	
  progressive	
  disease	
  that	
  spans	
  

over	
   decades	
  with	
   dynamic	
   pathologies	
   throughout	
   the	
  manifestation.	
   Along	
  with	
  

other	
  biomarkers,	
   atrophic	
  pattern	
  was	
  previously	
   found	
   to	
  have	
  a	
   sigmoidal	
   rate	
  

(24).	
   Therefore,	
   depending	
   on	
   the	
   time	
   points	
   chosen,	
   hippocampal	
   atrophy	
   rate	
  

may	
   or	
   may	
   not	
   be	
   visible.	
   It	
   is	
   important	
   that	
   researchers	
   study	
   the	
   complete	
  

developmental	
  process	
  of	
  the	
  disease,	
  rather	
  than	
  focusing	
  on	
  one	
  phase,	
  in	
  order	
  to	
  

fully	
  understand	
  the	
  disease	
  characteristic.	
  	
  

	
  

Future	
  Directions	
  
In	
  humans,	
   significant	
   reduction	
   in	
  hippocampal	
   volume	
   is	
   known	
   to	
  be	
  observed	
  

very	
  early,	
  even	
  years	
  before	
  cognitive	
  symptoms,	
  with	
   increasing	
  rates	
  over	
   time	
  

(28).	
  Consequently,	
  volumetric	
  analysis	
  of	
  the	
  Tg	
  rats	
  at	
  a	
  time	
  point	
  earlier	
  than	
  19	
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months	
   is	
   needed	
   to	
   identify	
   the	
   exact	
   onset	
   of	
   hippocampal	
   neurodegeneration.	
  

Applying	
   longitudinal	
   high-­‐resolution	
   imaging	
   techniques	
   in	
   quantifying	
   regional	
  

volume	
  could	
  help	
  distinguish	
  patients	
  that	
  will	
  subsequently	
  develop	
  AD,	
  since	
  it	
  is	
  

crucial	
   that	
  neurodegenerations	
  due	
   to	
  aging	
  and	
  AD	
  need	
   to	
  be	
   clearly	
   identified	
  

(75).	
  Since	
  mild	
  cognitively	
  impaired	
  subjects	
  with	
  higher	
  level	
  of	
  AB	
  was	
  found	
  to	
  

have	
   higher	
   rate	
   of	
   hippocampal	
   atrophy,	
   combination	
   of	
   volumetric	
   information	
  

with	
   other	
   biomarkers	
   will	
   provide	
   a	
   more	
   accurate	
   diagnostic	
   tool.	
   Analysis	
   of	
  

other	
   AD	
   hallmark	
   areas	
   of	
   neurodegenration,	
   such	
   as	
   the	
   precuneus	
   and	
   the	
  

posterior	
   cingulate	
   (71),	
  may	
   help	
   in	
   providing	
  more	
   information	
   on	
   progressive	
  

atrophy	
  pattern.	
  

	
  

Further	
   pathological	
   studies	
   are	
   needed	
   to	
   understand	
   the	
   changes	
   occurring	
   at	
  

cellular	
   level,	
   including	
   alterations	
   of	
   not	
   only	
   neuronal	
   bodies	
   but	
   also	
   inter-­‐

neuronal	
   synaptic	
   areas.	
   By	
   identifying	
   the	
   specific	
   proteomic	
   or	
   cytoskeletal	
  

changes	
  occurring	
  in	
  AD	
  brains,	
  therapeutic	
  interventions	
  attempting	
  to	
  block	
  these	
  

deteriorations	
   can	
   be	
   studied.	
   Application	
   of	
   this	
   method	
   can	
   be	
   combined	
   with	
  

automated	
  segmentation	
  method	
  to	
  develop	
  a	
  semi-­‐automated	
  method	
  that	
  would	
  

overcome	
  the	
  challenges	
  of	
  both	
  automated	
  and	
  manual	
  methods.	
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