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INTRODUCTION	  
Migraine	  is	  a	  disabling	  neurological	  disorder,	  manifesting	  primari-‐
ly	  as	  attacks	  of	  severe	  headache	  accompanied	  by	  a	  wide	  range	  of	  
symptoms.	  It	  is	  highly	  prevalent,	  affecting	  approximately	  10%	  of	  
the	  general	  population	  worldwide	  (4).	  According	  to	  the	  World	  
Health	  Organization	  migraine	  ranks	  seventh	  highest	  in	  the	  world	  
among	  causes	  of	  disability	  (2).	  Migraine	  has	  substantial	  socio-‐
economical	  costs	  mostly	  due	  to	  absenteeism	  from	  work.	  In	  the	  US	  
the	  economic	  cost	  of	  migraine	  is	  estimated	  at	  more	  than	  USD	  23	  
billion	  annually	  (5,6)	  and	  in	  Europe	  EUR	  27	  billion	  annually	  (7).	  	  
In	  order	  to	  relieve	  this	  global	  burden	  of	  disease	  better	  treatment	  
of	  migraine,	  and	  therefore	  a	  better	  understanding	  of	  the	  pa-‐
thophysiological	  mechanisms	  of	  the	  disorder,	  is	  warranted	  (8).	  
	  
MIGRAINE	  AURA	  
About	  one	  third	  of	  migraine	  patients	  experience	  aura,	  which	  is	  
defined	  as	  gradually	  developing,	  transient	  neurological	  symp-‐
toms,	  usually	  occurring	  before	  the	  onset	  of	  the	  migraine	  heada-‐

che	  (9),	  and	  most	  commonly	  presenting	  as	  homonymous	  visual	  
disturbances	  (10).	  Clinically,	  migraine	  aura	  is	  distinguishable	  from	  
symptoms	  of	  e.g.	  transient	  ischaemic	  attacks	  and	  epileptic	  auras	  
by	  the	  characteristic	  spread	  of	  symptoms,	  usually	  over	  5-‐20	  min	  
for	  each	  symptom.	  Although	  many	  variations	  occur,	  visual	  aura	  
typically	  begins	  as	  a	  vague	  spot	  of	  flickering	  lights	  or	  patterns	  
near	  the	  fixation	  point,	  which	  spreads	  to	  the	  lateral	  part	  of	  the	  
field	  of	  view.	  A	  classic	  manifestation	  is	  the	  “fortification	  
spectrum”,	  a	  definite	  zigzag	  pattern,	  so	  named	  because	  of	  its	  
resemblance	  to	  the	  fortifications	  of	  a	  castle	  seen	  from	  above.	  
Sensory	  auras	  are	  usually	  paresthesias,	  which	  start	  in	  the	  fingers	  
and	  spreads	  towards	  the	  upper	  arm	  and	  the	  head.	  Both	  the	  visual	  
and	  the	  sensory	  symptoms	  often	  have	  a	  bimodal	  progression	  with	  
positive	  symptoms	  such	  as	  shimmering	  lights	  or	  prickling	  sensati-‐
ons	  followed	  by	  negative	  symptoms	  such	  as	  scotoma	  or	  numb-‐
ness.	  Other	  aura	  symptoms	  include	  aphasia,	  hemiparesis	  and	  
more	  rare	  manifestations	  such	  as	  vertigo,	  tinnitus,	  diplopia,	  hea-‐
ring	  loss	  and	  confusion.	  
	  
CORTICAL	  SPREADING	  DEPRESSION	  	  
Based	  on	  a	  clinical	  evaluation	  of	  migraine	  aura,	  the	  character	  and	  
location	  of	  these	  symptoms	  clearly	  point	  to	  an	  origin	  in	  the	  cereb-‐
ral	  cortex.	  In	  1941	  Lashley,	  a	  visual	  physiologist,	  published	  some	  
observations	  of	  his	  own	  visual	  auras,	  including	  the	  suggestion	  that	  
the	  speed	  of	  progression	  of	  the	  visual	  disturbances	  corresponded	  
to	  a	  wave	  of	  excitation	  propagating	  over	  the	  visual	  cortical	  surfa-‐
ce	  at	  a	  speed	  of	  about	  3	  mm	  per	  minute	  (11).	  A	  few	  years	  later,	  
Leão	  reported	  his	  discovery	  of	  a	  spreading	  decrease	  of	  EEG	  activi-‐
ty	  following	  electrical	  stimulation	  in	  the	  rabbit	  brain	  (12).	  This	  
phenomenon,	  now	  known	  as	  cortical	  spreading	  depression	  (CSD),	  
was	  later	  shown	  to	  propagate	  at	  a	  rate	  of	  3	  to	  5	  mm	  per	  minute	  
and	  is	  now	  considered	  to	  be	  the	  underlying	  cause	  of	  migraine	  
aura.	  CSD	  is	  associated	  with	  changes	  in	  the	  cerebral	  blood	  flow	  
(CBF):	  a	  hyperemia	  phase	  (more	  than	  doubling	  of	  flow)	  followed	  
by	  a	  prolonged	  oligemia	  phase	  (i.e.	  reduced	  CBF	  but	  above	  the	  
ischemic	  threshold,	  lasting	  more	  than	  1	  hour).	  Changes	  in	  CBF	  
characteristic	  of	  CSD	  have	  been	  observed	  migraine	  patients	  du-‐
ring	  aura	  symptoms	  in	  the	  seminal	  works	  by	  Olesen	  and	  Lauritzen	  
(13,14).	  More	  recently,	  a	  slowly	  propagating	  wave	  of	  cerebral	  
blood	  oxygenation	  level-‐dependent	  (BOLD)	  signal	  change	  was	  
recorded	  during	  visual	  aura	  in	  a	  migraine	  patient	  using	  functional	  
magnetic	  resonance	  imaging	  (fMRI)(15).	  Although	  direct	  electr-‐
ophysiological	  measurements	  from	  the	  cortical	  surface	  has	  not	  
been	  performed	  during	  migraine	  aura,	  slowly	  propagating	  depola-‐
rizations	  closely	  resembling	  CSD	  have	  been	  observed	  in	  uncons-‐
cious	  patients	  following	  e.g.	  stroke	  (16),	  and	  head	  trauma	  (17).	  
CSD	  is	  able	  to	  activate	  trigeminovascular	  afferents	  (18)	  in	  animals,	  
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and	  CSD	  may	  thus	  initiate	  the	  subsequent	  headache	  in	  migraine	  
patients.	  Whereas	  the	  evidence	  for	  CSD	  underlying	  migraine	  aura	  
is	  firm,	  it	  is	  not	  known	  what	  makes	  the	  cerebral	  cortex	  of	  migrai-‐
ne	  patients	  with	  aura	  susceptible	  to	  occasionally	  exhibiting	  waves	  
of	  CSD.	  Unraveling	  the	  CSD-‐initiating	  processes	  may	  provide	  
important	  new	  targets	  for	  future	  migraine	  treatment.	  
	  
VISUAL	  HYPERSENSITIVITY	  IN	  MIGRAINE	  WITH	  AURA	  
Many	  migraine	  patients	  with	  aura	  report	  that	  bright	  or	  flickering	  
light	  can	  trigger	  their	  attacks	  (19,20),	  while	  this	  is	  not	  as	  often	  the	  
case	  for	  patients	  without	  aura	  (19,21).	  In	  mixed	  populations	  of	  
patients	  with	  and	  without	  aura,	  psychophysical	  studies	  have	  
demonstrated	  increased	  photosensitivity	  (22,23)	  and	  aversion	  to	  
the	  exposure	  to	  certain	  visual	  patterns	  (24)	  outside	  of	  attacks.	  
Transcranial	  magnetic	  stimulation	  (TMS)	  studies,	  although	  conflic-‐
ting,	  generally	  found	  lower	  thresholds	  for	  the	  induction	  of	  visual	  
perception	  (phospenes)	  in	  migraine	  with	  aura	  compared	  to	  cont-‐
rols	  (25),	  suggesting	  visual	  cortical	  hyperexcitability.	  Based	  on	  
these	  observations	  it	  has	  been	  suggested	  that	  an	  increased	  re-‐
sponsiveness,	  especially	  to	  visual	  stimuli,	  in	  the	  interictal	  state	  
predisposes	  migraine	  patients	  to	  developing	  attacks,	  possibly	  by	  
triggering	  CSD	  (reviewed	  in	  (26,27).	  Accordingly,	  in	  rabbits	  CSD	  
can	  be	  elicited	  by	  directing	  light	  flashes	  into	  the	  animal’s	  eyes,	  
following	  intravenous	  administration	  of	  pentylenetetrazol,	  a	  
GABA-‐A	  receptor	  blocker	  (28).	  	  
	  
FUNCTIONAL	  MAGNETIC	  RESONANCE	  IMAGING	  
Functional	  magnetic	  resonance	  imaging	  (fMRI)	  is	  a	  neuroimaging	  
technique	  for	  measuring	  brain	  activity	  by	  detecting	  associated	  
changes	  in	  CBF.	  The	  most	  commonly	  used	  form	  of	  fMRI	  is	  based	  
on	  the	  blood	  oxygenation	  level	  dependent	  (BOLD)	  signal,	  which	  
relies	  on	  the	  different	  magnetic	  properties	  of	  oxygenated	  and	  
deoxygenated	  hemoglobin.	  Cerebral	  neuronal	  activity	  causes	  the	  
regional	  CBF	  to	  increase	  (neurovascular	  coupling).	  As	  a	  
consequence	  more	  oxygenated	  blood	  is	  delivered	  to	  the	  active	  
area	  than	  is	  needed	  by	  the	  active	  neurons.	  This	  local	  increase	  in	  
oxygenated	  blood	  implies	  that	  the	  local	  concentration	  of	  deoxy-‐
hemoglobin	  decreases.	  Deoxyhemoglobin	  distorts	  the	  magnetic	  
field	  and	  thereby	  attenuates	  the	  MRI	  signal.	  The	  BOLD	  signal	  
reflects	  MRI	  signal	  changes	  caused	  by	  field	  inhomogeneity,	  and	  
therefore	  an	  increase	  of	  neuronal	  activity	  can	  be	  detected	  as	  an	  
increase	  of	  the	  BOLD	  signal	  in	  an	  MR	  scanner.	  The	  measured	  
activation	  using	  this	  method	  most	  likely	  reflects	  the	  input	  and	  
local	  processing	  of	  neuronal	  information	  within	  a	  region,	  rather	  
than	  the	  neuronal	  output	  (29).	  Due	  to	  its	  relatively	  high	  spatial	  
resolution	  fMRI	  has	  the	  potential	  not	  only	  to	  detect,	  but	  also	  to	  
localize	  hypersensitive	  cortex.	  There	  are	  only	  few	  fMRI	  studies	  of	  
cortical	  responses	  to	  visual	  stimulation	  during	  the	  interictal	  state	  
of	  migraine	  with	  aura	  and	  results	  are	  inconsistent	  (30-‐32).	  
	  
INTERHEMISPHERIC	  COMPARISON	  
Aura	  symptoms	  are	  mostly	  half-‐sided	  (10),	  indicating	  involvement	  
of	  one	  cerebral	  hemisphere.	  From	  an	  investigational	  viewpoint	  
this	  advantageously	  offers	  the	  possibility	  of	  studying	  the	  disease	  
by	  using	  the	  unaffected	  hemisphere	  as	  control.	  In	  such	  a	  compari-‐
son,	  variation	  due	  to	  physiological	  processes	  during	  the	  investiga-‐
tion,	  such	  as	  heart	  and	  respiratory	  rates,	  hormonal	  and	  electroly-‐
te	  levels,	  as	  well	  as	  sources	  of	  variation	  from	  the	  investigational	  
procedure,	  e.g.	  measurement	  noise,	  are	  all	  cancelled	  out.	  This	  
low	  variability	  makes	  the	  side-‐to-‐side	  comparison	  design	  more	  
sensitive	  and	  accurate	  than	  a	  longitudinal	  design	  in	  which	  a	  
subject	  is	  examined	  at	  two	  different	  time	  points	  and	  much	  supe-‐

rior	  to	  a	  comparison	  of	  independent	  groups,	  e.g.	  patients	  compa-‐
red	  to	  healthy	  controls.	  
To	  investigate	  the	  features	  of	  migraine	  aura,	  an	  ideal	  approach	  
would	  therefore	  be	  to	  compare	  affected	  cerebral	  hemispheres	  to	  
the	  contralateral,	  non-‐affected	  hemispheres	  of	  the	  same	  patients.	  
A	  challenge	  to	  this	  approach	  is	  the	  fact	  that	  the	  affected	  side	  
often	  changes	  from	  attack	  to	  attack	  and	  the	  symptoms	  rarely	  
occur	  consistently	  on	  the	  same	  side	  (10).	  Some	  patients,	  howe-‐
ver,	  experience	  aura	  symptoms	  on	  the	  same	  side	  in	  every	  attack.	  
The	  interhemispheric	  comparison	  approach	  has	  previously	  been	  
applied	  to	  MRI	  data	  for	  comparison	  of	  grey	  matter	  structure	  
(33,34)	  and	  for	  assessment	  of	  hemispheric	  language	  dominance	  
(35)	  but	  not	  for	  interhemispheric	  comparison	  of	  cortical	  respon-‐
ses	  to	  visual	  stimulation.	  	  
	  
SPECIFIC	  AIMS	  
• To	  validate	  a	  method	  for	  comparing	  fMRI	  data	  of	  responses	  

to	  visual	  stimulation	  between	  the	  two	  cerebral	  hemispheres	  
and	  apply	  this	  method	  to	  compare	  visual	  activation	  between	  
left	  and	  right	  hemispheres	  in	  healthy	  subjects	  

• To	  investigate	  if	  migraine	  with	  side-‐fixed	  visual	  aura	  is	  asso-‐
ciated	  with	  functional	  changes	  in	  the	  visual	  system,	  as	  asses-‐
sed	  by	  BOLD-‐fMRI	  

• To	  investigate	  if	  migraine	  with	  side-‐fixed	  visual	  aura	  is	  asso-‐
ciated	  with	  structural	  cortical	  changes,	  as	  assessed	  by	  MRI-‐
based	  morphometry	  

METHODS	  
PARTICIPANTS	  
We	  recruited	  60	  healthy	  controls	  (36	  F,	  24	  M,	  mean	  age	  35.4	  
years	  [range	  19	  -‐	  61]).	  	  We	  also	  included	  20	  patients	  (15	  F,	  5	  M,	  
mean	  age	  35.0	  [range	  20.7	  –	  55.0])	  suffering	  from	  migraine	  with	  
typical	  aura	  (MA)	  according	  to	  the	  second	  edition	  of	  The	  Interna-‐
tional	  Classification	  of	  Headache	  Disorders	  (36).	  Inclusion	  criteria	  
for	  the	  patients	  were	  unilateral,	  homonymous	  visual	  aura	  occur-‐
ring	  on	  the	  same	  side	  (either	  the	  left	  or	  the	  right	  hemifield)	  in	  
90%	  of	  attacks	  or	  more	  and	  an	  attack	  frequency	  of	  1	  attack	  per	  
month	  or	  more.	  An	  equal	  number	  of	  patients	  with	  right-‐	  and	  left-‐
sided	  symptoms	  were	  included,	  i.e.	  10	  patients	  with	  symptoms	  in	  
the	  right	  visual	  field,	  and	  10	  with	  symptoms	  in	  the	  left	  visual	  field.	  
Twenty	  of	  the	  healthy	  controls	  were	  individually	  age	  and	  sex	  
matched	  to	  the	  migraine	  patients	  (15	  F,	  5	  M,	  mean	  age	  35.1	  
[range	  20.6	  –	  54.7]).	  Exclusion	  criteria	  for	  both	  groups	  were:	  Any	  
type	  of	  non-‐migraine	  headache	  (except	  for	  tension-‐type	  heada-‐
che	  3	  days	  per	  month	  or	  less);	  serious	  somatic	  or	  psychiatric	  
conditions;	  intake	  of	  daily	  medication	  including	  prophylactic	  
migraine	  treatment;	  ineligibility	  of	  being	  MR	  scanned	  (e.g.	  metal	  
implants,	  pregnancy,	  and	  claustrophobia).	  We	  excluded	  healthy	  
controls	  with	  a	  history	  of	  any	  type	  of	  migraine	  or	  first-‐degree	  
relatives	  with	  a	  history	  of	  any	  type	  of	  migraine.	  Patients	  and	  
controls	  had	  a	  general	  medical	  history	  taken	  and	  underwent	  a	  
neurological	  examination.	  All	  participants	  reported	  normal	  or	  
corrected	  to	  normal	  vision.	  In	  addition,	  we	  assessed	  handedness,	  
visual	  acuity	  and	  ocular	  dominance	  in	  healthy	  controls.	  Handed-‐
ness	  was	  assessed	  using	  the	  Edinburgh	  Handedness	  Invento-‐
ry(37).	  Decimal	  visual	  acuity	  was	  determined	  with	  the	  Freiburg	  
Acuity	  and	  Contrast	  Test	  (FrACT)(38),	  i.e.	  Landolt-‐C	  optotypes	  
displayed	  on	  an	  LED	  display	  (22	  inch	  Brilliance	  220SW	  LED	  display,	  
1680	  x	  1050	  pixels;	  Philips,	  Best,	  The	  Netherlands)	  at	  a	  viewing	  
distance	  was	  3	  meters.	  Eye	  dominance	  was	  examined	  using	  the	  
‘hole	  in	  hand’	  variant	  of	  the	  Miles	  test	  (39).	  
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GENERAL	  STUDY	  INFORMATION	  
Patients	  and	  controls	  reported	  headache-‐free	  to	  the	  research	  
facility	  on	  the	  study	  day,	  i.e.	  all	  patients	  were	  studied	  in	  the	  inte-‐
rictal	  phase.	  Following	  interviews	  and	  examination	  all	  participants	  
underwent	  functional	  and	  structural	  MRI	  (see	  below).	  The	  studies	  
were	  carried	  out	  at	  Glostrup	  Hospital,	  Copenhagen,	  Denmark	  
from	  April	  2011	  to	  July	  2013.	  All	  subjects	  gave	  informed	  consent	  
to	  participate	  in	  the	  studies.	  The	  studies	  were	  approved	  by	  The	  
Ethics	  Committee	  of	  the	  Capital	  Region	  of	  Denmark.	  
	  
MRI	  PROCEDURE	  (STUDIES	  I-‐III)	  
MRI	  was	  performed	  on	  a	  3.0T	  Philips	  Intera	  Achieva	  scanner	  
(Philips	  Medical	  Systems,	  Best,	  The	  Netherlands)	  using	  a	  32-‐
element	  phased-‐array	  receive	  head	  coil.	  Anatomical	  images	  were	  
acquired	  using	  a	  T1-‐weighted	  three-‐dimensional	  turbo	  field-‐echo	  
sequence	  (170	  sagittal	  slices	  of	  1	  mm	  thickness;	  in-‐plane	  resoluti-‐
on	  1	  x	  1	  mm;	  repetition	  time	  9.9	  s;	  echo	  time	  4.6	  ms;	  and	  flip	  
angle	  81	  deg).	  	  
Functional	  imaging	  used	  a	  gradient-‐echo	  echo-‐planar	  imaging	  
sequence	  (32	  slices	  of	  4.0	  mm	  thickness;	  slice	  gap	  0.1	  mm;	  field	  of	  
view	  230	  x	  230	  mm;	  in-‐plane	  acquired	  resolution	  2.9	  x	  2.9	  mm;	  
repetition	  time	  3.0	  s;	  echo	  time	  35	  ms;	  flip	  angle	  90	  degrees;	  and	  
SENSE	  (SENSitivity	  Encoding)	  factor	  2).	  Phase	  encoding	  was	  car-‐
ried	  out	  in	  the	  anterior-‐posterior	  direction	  to	  avoid	  left-‐right	  
asymmetry.	  Dummy	  scans	  (two	  volumes)	  were	  applied	  to	  ensure	  
steady-‐state	  longitudinal	  magnetization.	  Heart	  rate	  and	  respirato-‐
ry	  frequency	  was	  monitored	  during	  the	  scanning	  procedure.	  The	  
lighting	  conditions	  inside	  the	  scanner	  and	  in	  the	  scanner	  room	  
were	  identical	  in	  each	  scan	  session.	  	  
Visual	  stimulation	  was	  presented	  using	  OLED	  video	  goggles	  (Nor-‐
dicNeuroLab,	  Bergen,	  Norway;	  SVGA,	  800	  x	  600	  pixels,	  refresh	  
rate	  85	  Hz,	  FOV	  30°	  horizontal,	  23°	  vertical,	  stimulus	  luminance:	  
70-‐110	  cd/m2).	  A	  fiber	  optic	  cable	  connected	  the	  system	  to	  a	  
control	  computer	  outside	  the	  scanner	  room.	  The	  block-‐design	  
stimulation	  paradigm	  consisted	  of	  an	  alternation	  of	  stimulation	  
and	  rest	  blocks	  each	  comprising	  18	  s.	  During	  stimulation	  blocks	  a	  
symmetrical	  full-‐field	  high	  contrast	  motion	  stimulus	  was	  presen-‐
ted	  i.e.,	  a	  moving	  black	  and	  white	  dartboard	  pattern	  [diameter:	  
22	  deg	  (circular	  aperture);	  ring	  width:	  0.6	  deg;	  spoke	  width:	  15	  
deg;	  patterns	  in	  each	  spoke	  moved	  in	  opposite	  directions,	  alter-‐
nately	  inward	  and	  outward,	  with	  random	  changes	  of	  the	  motion	  
direction	  approx.	  every	  2-‐3	  s].	  The	  stimulus	  was	  generated	  using	  
freely	  available	  Matlab-‐based	  software	  
(http://vistalab.stanford.edu/software).	  A	  complete	  scan	  com-‐
prised	  thirty-‐two	  18	  s	  blocks	  and	  lasted	  576	  s.	  The	  subjects	  were	  
instructed	  to	  fixate	  on	  a	  central	  fixation	  point	  during	  the	  entire	  
scan.	  They	  performed	  no	  additional	  stimulus	  driven	  task	  (e.g.	  
button	  press)	  to	  avoid	  task	  related	  effects	  on	  response	  laterali-‐
zation(40).	  The	  onset	  of	  visual	  stimulation	  was	  triggered	  by	  the	  
scan	  acquisition.	  	  
	  
VALIDATION	  EXPERIMENT	  (STUDY	  I)	  	  
To	  validate	  the	  method	  of	  functional	  interhemispheric	  compari-‐
son,	  we	  initially	  conducted	  an	  experiment	  in	  which	  healthy	  
subjects	  were	  stimulated	  in	  one	  visual	  hemifield	  at	  a	  time,	  to	  
compare	  “activated”	  hemispheres	  (contralateral	  to	  the	  stimulati-‐
on)	  to	  the	  opposite	  “non-‐activated”	  hemispheres	  (Fig.	  1).	  This	  
experiment	  was	  conducted	  to	  assess	  the	  effects	  of	  data	  flipping,	  
averaging	  and	  registration	  to	  a	  symmetrical	  standard	  space	  (see	  
below).	  Five	  of	  the	  included	  healthy	  volunteers	  participated	  in	  
this	  experiment	  (1	  F,	  4	  M,	  mean	  age	  29.6	  years	  [range	  24.3	  -‐	  37.2	  
years]).	  Each	  subject	  was	  scanned	  twice	  using	  the	  procedure	  and	  
visual	  stimulation	  described	  above,	  but	  with	  unilateral	  stimulati-‐

on:	  one	  scan	  with	  stimulation	  in	  the	  left	  hemifield	  and	  one	  scan	  
with	  stimulation	  in	  the	  right	  hemifield.	  
	  
Figure	  1:	  
	  

	  
(a)	  Two	  scan	  sessions	  were	  carried	  out	  in	  five	  subjects	  out	  during	  visual	  stimulation	  of	  
the	  left	  and	  right	  hemifield,	  respectively.	  (b)	  Left-‐right	  mirrored	  copies	  of	  the	  acquired	  
data	  were	  created	  for	  each	  scan	  session.	  (c)	  After	  processing	  the	  first-‐level	  fMRI	  
results,	  left	  hemifield	  stimulation	  images	  were	  averaged	  with	  mirrored	  right	  hemi-‐
field	  images	  and	  vice	  versa.	  Thus,	  ”activated”	  hemispheres,	  contralateral	  to	  the	  
stimulation,	  are	  averaged	  in	  the	  same	  side	  of	  the	  image	  space.	  (d)	  Hemispheres	  were	  
compared	  in	  a	  higher-‐level	  analysis.	  A	  paired	  analysis	  of	  brains	  with	  the	  ”activated”	  
hemispheres	  in	  the	  right	  side	  of	  image	  space	  vs.	  corresponding	  mirrored	  images	  was	  
carried	  out.	  This	  would	  produce	  the	  same	  results	  (with	  opposite	  sign)	  for	  both	  hemi-‐
spheres.	  To	  avoid	  this	  redundancy	  the	  left	  side	  of	  the	  image	  space	  was	  zeroed	  by	  a	  
binary	  mask,	  thus	  performing	  calculations	  on	  the	  right	  side	  only.	  
	  
GOGGLE	  POSITION	  (STUDY	  I)	  	  
Fifty-‐six	  healthy	  volunteers,	  including	  one	  subject	  from	  the	  valida-‐
tion	  study,	  were	  stimulated	  using	  the	  full-‐field	  stimulation	  as	  
described	  above.	  These	  subjects	  underwent	  one	  scan	  with	  the	  
video	  goggles	  in	  the	  standard	  position	  and	  one	  scan	  with	  the	  
goggles	  rotated	  180	  degrees	  to	  control	  for	  lateralization	  effects	  
caused	  by	  asymmetry	  of	  the	  stimulation	  (Fig.	  2).	  The	  sequence	  of	  
goggle	  positions	  was	  changed	  every	  time	  a	  new	  subject	  was	  scan-‐
ned	  to	  avoid	  differences	  between	  scans	  obtained	  in	  the	  two	  
positions	  to	  be	  due	  to	  time	  effects.	  
	  
DATA	  ANALYSIS	  (STUDIES	  I-‐III)	  
The	  main	  objective	  of	  the	  analysis	  was	  to	  compare	  functional	  
activation	  in	  response	  to	  visual	  stimulation	  between	  cerebral	  
hemispheres:	  “stimulated”	  vs.	  “non-‐stimulated”	  hemispheres	  for	  
the	  validation	  experiment	  (Study	  I),	  left	  vs.	  right	  hemispheres	  for	  
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the	  study	  of	  healthy	  subjects	  (Study	  I)	  and	  symptomatic	  vs.	  
asymptomatic	  hemispheres	  for	  the	  migraine	  aura	  patients	  (Study	  
II).	  In	  addition	  grey	  matter	  structure	  was	  compared	  between	  
symptomatic	  and	  asymptomatic	  hemispheres	  (Study	  III).	  This	  was	  
primarily	  achieved	  by	  direct	  comparison	  of	  voxels	  in	  hemispheres	  
to	  corresponding	  voxels	  in	  the	  contralateral	  hemispheres	  by	  
comparing	  image	  data	  in	  the	  standard	  radiological	  convention	  to	  
mirrored	  data	  (i.e.	  flipped	  horizontally	  in	  the	  left-‐right	  direction,	  
see	  Fig.	  3).	  Hemispheres	  were	  also	  compared	  using	  a	  region	  of	  
interest	  (ROI)	  based	  approach	  and,	  for	  structural	  data,	  a	  vertex-‐
wise	  comparison	  (see	  “Surface-‐based	  morphometry”).	  
	  
Figure	  2:	  
	  

	  
(a)	  Two	  scan	  sessions	  were	  carried	  out	  in	  54	  subjects	  out	  during	  full-‐field	  visual	  
stimulation:	  one	  with	  the	  stimulation	  goggles	  in	  the	  standard	  position	  and	  one	  with	  
the	  goggles	  flipped	  180	  degrees.	  (b)	  Left-‐right	  mirrored	  copies	  of	  the	  acquired	  data	  
were	  created	  for	  each	  scan	  session.	  (c)	  After	  processing	  the	  first-‐level	  fMRI	  results,	  
data	  from	  the	  two	  scan	  sessions	  were	  averaged	  for	  each	  subject.	  (d)	  First-‐level	  results	  
of	  mirrored	  data	  were	  subtracted	  from	  first-‐level	  results	  of	  data	  in	  the	  original	  
orientation	  to	  produce	  left-‐right	  difference	  images	  that	  would	  allow	  for	  adding	  
covariates	  to	  the	  model.	  The	  difference	  images	  have	  the	  same	  values	  in	  the	  right	  and	  
left	  sides	  of	  image	  space	  but	  with	  opposite	  signs.	  To	  avoid	  this	  redundancy	  the	  left	  
side	  of	  the	  image	  space	  was	  zeroed	  by	  a	  binary	  mask.	  
	  
FUNCTIONAL	  MRI	  ANALYSIS	  (STUDIES	  I-‐II)	  
Analysis	  of	  the	  fMRI	  images	  to	  identify	  regions	  exhibiting	  signifi-‐
cant	  stimulus-‐correlated	  changes	  in	  blood	  oxygen	  level	  depen-‐
dent	  (BOLD)	  signal	  was	  carried	  out	  in	  a	  multi-‐stage	  process	  using	  
FMRIB's	  Software	  Library	  (FSL)	  ver.	  4.1.19(41).	  	  
	  
IMAGE	  PRE-‐PROCESSING	  AND	  ALIGNMENT	  
Mirror	  images	  of	  the	  acquired	  functional	  and	  anatomical	  data	  
were	  created	  for	  each	  subject.	  In	  order	  to	  avoid	  left-‐right	  bias	  
from	  registration	  to	  an	  asymmetrical	  standard	  space,	  a	  symmetri-‐
cal	  version	  of	  the	  Montreal	  Neurological	  Institute	  (MNI)	  152	  
template	  was	  created	  by	  adding	  a	  mirrored	  version	  of	  the	  templa-‐
te	  to	  the	  original	  version	  (35).	  The	  T1-‐weighted	  high-‐resolution	  
anatomical	  scans	  were	  brain-‐extracted	  (i.e.	  non-‐brain	  structures	  

were	  removed)	  using	  FSL	  BET.	  Functional	  data	  were	  registered	  
(aligned)	  to	  the	  brain	  extracted	  images	  and	  to	  the	  symmetrical	  
MNI152	  template	  using	  FSL	  FLIRT	  linear	  registration.	  Registration	  
from	  high	  resolution	  structural	  to	  standard	  space	  was	  further	  
refined	  using	  FSL	  FNIRT	  nonlinear	  registration.	  Mirrored	  functio-‐
nal	  images	  were	  registered	  to	  the	  corresponding	  mirrored	  T1-‐
weighted	  images.	  	  
	  
FIRST-‐LEVEL	  VOXEL-‐WISE	  ANALYSIS	  
First-‐level	  analysis	  of	  the	  functional	  data	  was	  carried	  out	  using	  FSL	  
FEAT	  (FMRI	  EXPERT	  Analysis	  Tool)	  ver.	  5.98.	  Pre-‐processing	  inclu-‐
ded	  slice	  time	  correction,	  spatial	  smoothing	  (FWHM	  5	  mm),	  high	  
pass	  filtering	  (cut-‐off	  36	  s),	  head	  motion	  correction	  using	  FSL	  
MCFLIRT	  and	  brain	  extraction	  of	  functional	  and	  anatomical	  ima-‐
ges	  using	  FSL	  BET.	  After	  pre-‐processing,	  a	  voxel-‐based	  analysis	  
was	  performed	  using	  a	  general	  linear	  modeling	  approach,	  with	  
local	  autocorrelation	  correction,	  of	  seven	  regressors	  (main	  stimu-‐
lus	  (box-‐car),	  a	  temporal	  derivative	  and	  six	  motion	  regressors)	  
convolved	  with	  a	  canonical	  single	  gamma	  hemodynamic	  response	  
function.	  Z	  (Gaussianized	  T)	  statistic	  images	  were	  thresholded	  
using	  clusters	  determined	  by	  Z	  >	  2.3	  and	  a	  corrected	  cluster	  signi-‐
ficance	  threshold	  of	  P	  <	  0.05	  (using	  a	  distribution	  based	  on	  Gaus-‐
sian	  Random	  Field	  Theory).	  Mean	  activation	  and	  deactivation	  
maps	  of	  all	  scan	  sessions	  from	  eligible	  subjects	  was	  calculated	  
using	  a	  fixed-‐effects	  analysis	  in	  FSL-‐FEAT.	  
	  
VALIDATION	  EXPERIMENT	  (STUDY	  I)	  
After	  processing	  the	  first-‐level	  fMRI	  results,	  left-‐hemifield	  stimu-‐
lation	  images	  were	  averaged	  with	  mirrored	  right-‐hemifield	  stimu-‐
lation	  images	  and	  vice	  versa	  using	  a	  fixed-‐effects	  analysis	  in	  FSL-‐
FEAT	  (Fig.	  1c).	  Thus,	  ”activated”	  hemispheres,	  contralateral	  to	  the	  
stimulation,	  were	  averaged	  in	  the	  same	  side	  of	  the	  image	  space.	  A	  
paired	  analysis	  of	  brains	  with	  the	  ”activated”	  hemispheres	  in	  the	  
right	  side	  of	  image	  space	  vs.	  corresponding	  mirrored	  images	  was	  
carried	  out	  using	  FSL-‐FLAME.	  The	  null-‐hypothesis	  was	  no	  average	  
difference	  between	  “activated	  hemisphere”	  and	  “non-‐activated	  
hemisphere”.	  As	  in	  the	  first-‐level	  analysis,	  Z	  statistic	  images	  were	  
thresholded	  using	  clusters	  determined	  by	  Z	  >	  2.3	  and	  a	  corrected	  
cluster	  significance	  threshold	  of	  P	  <	  0.05	  (using	  a	  distribution	  
based	  on	  Gaussian	  Random	  Field	  Theory).	  This	  analysis	  would	  
produce	  the	  same	  results	  (with	  opposite	  sign)	  for	  both	  hemisphe-‐
res.	  To	  avoid	  this	  redundancy	  the	  left	  side	  of	  the	  image	  space	  was	  
zeroed	  by	  a	  binary	  mask.	  For	  the	  method	  to	  be	  considered	  valid	  
this	  should	  show	  activation	  differences	  in	  relevant	  brain	  areas	  for	  
the	  contrast	  “activated	  hemisphere”	  >	  “non-‐activated	  hemisphe-‐
re”	  and	  no	  differences	  for	  “non-‐activated	  hemispheres”	  >	  “activa-‐
ted	  hemispheres”.	  The	  results	  of	  this	  analysis	  are	  shown	  in	  Fig.	  4.	  
	  
GOGGLE	  POSITION	  (STUDY	  I)	  
We	  assessed	  if	  the	  goggle	  position	  per	  se	  would	  cause	  differences	  
in	  the	  activation	  pattern	  following	  full-‐field	  visual	  stimulation.	  A	  
second-‐level	  paired	  voxel-‐wise	  group	  comparison	  was	  carried	  out	  
using	  FSL	  FLAME	  (goggles	  in	  the	  standard	  position	  vs.	  goggles	  
rotated	  180	  degrees).	  We	  found	  no	  differences	  in	  activation	  
between	  the	  two	  goggle	  positions.	  
Comparison	  of	  left	  vs.	  right	  hemispheres	  (Study	  I)	  
To	  compare	  left	  and	  right	  hemispheres	  of	  the	  healthy	  subjects,	  
data	  in	  the	  original	  orientation	  were	  compared	  to	  mirrored	  data	  
(Fig.	  2b).	  Functional	  data	  from	  the	  two	  goggle	  positions	  were	  
averaged	  for	  each	  subject	  (Fig.	  2c).	  Followingly,	  left-‐right	  differen-‐
ce	  maps	  were	  calculated	  by	  subtracting	  first-‐level	  results	  of	  mirro-‐
red	  data	  from	  first-‐level	  results	  of	  original	  data	  in	  a	  fixed-‐effects	  
analysis	  (Fig.	  2d).	  	  To	  investigate	  the	  sources	  of	  interhemispheric	  
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differences,	  we	  analyzed	  left-‐right	  difference	  maps	  from	  each	  
subject	  in	  a	  general	  linear	  model	  with	  six	  subject-‐dependent	  
regressors:	  mean	  effect,	  handedness,	  interocular	  difference	  in	  
visual	  acuity,	  age,	  gender,	  and	  one	  voxel-‐dependent	  regressor	  
(anatomical	  grey	  matter	  probability	  maps	  created	  using	  the	  FSL	  
script	  feat_gm_prepare	  (42)).	  The	  latter	  integrates	  a	  voxel-‐based	  
morphometry	  grey	  matter	  map	  (difference	  between	  right	  and	  left	  
hemisphere)	  into	  the	  analysis	  to	  correct	  for	  functional	  activation	  
differences	  due	  to	  differences	  in	  grey	  matter	  volume.	  The	  analysis	  
was	  performed	  using	  FSL-‐FLAME.	  As	  in	  the	  first-‐level	  analysis,	  Z	  
statistic	  images	  were	  thresholded	  using	  clusters	  determined	  by	  Z	  
>	  2.3	  and	  a	  corrected	  cluster	  significance	  threshold	  of	  P	  <	  0.05.	  
	  
COMPARISON	  OF	  SYMPTOMATIC	  VS.	  ASYMPTOMATIC	  HEMI-‐
SPHERES	  (STUDY	  II)	  
Functional	  activation	  of	  the	  symptomatic	  hemispheres	  (i.e.	  cont-‐
ralateral	  to	  the	  visual	  symptoms)	  of	  the	  patients	  was	  compared	  to	  
the	  activation	  level	  of	  their	  contralateral	  asymptomatic	  hemi-‐
spheres	  (Fig.	  1).	  Since	  right-‐sided	  and	  left-‐sided	  symptoms	  were	  
reported	  by	  an	  equal	  number	  of	  patients,	  an	  equal	  number	  of	  
right	  and	  left	  symptomatic	  hemispheres	  were	  analyzed.	  Thus,	  any	  
differences	  between	  right	  and	  left	  hemispheres	  (e.g.	  caused	  by	  
physiological	  left/right	  bias,	  asymmetry	  of	  the	  visual	  stimulation	  
or	  magnetic	  field	  inhomogeneity	  of	  the	  scanner)	  would	  be	  ex-‐
pected	  to	  cancel	  each	  other	  out	  in	  the	  analysis.	  Study	  I	  showed	  
that	  left-‐right	  functional	  asymmetry	  of	  the	  healthy	  brain	  also	  
depends	  on	  age.	  Patients	  with	  left-‐sided	  and	  right-‐sided	  symp-‐
toms	  were	  of	  equal	  age	  (mean	  age	  34.7	  years	  for	  left-‐sided	  vs.	  
35.2	  years	  for	  right-‐sided).	  The	  symptomatic	  hemispheres	  were	  
also	  compared	  to	  the	  corresponding	  hemispheres	  in	  age	  and	  sex-‐
matched	  healthy	  controls,	  as	  were	  the	  asymptomatic	  hemisphe-‐
res	  (e.g.	  for	  a	  patient	  with	  left-‐sided	  symptoms,	  the	  symptomatic	  
right	  hemisphere	  was	  compared	  to	  a	  right	  hemisphere	  in	  a	  
healthy	  control	  of	  same	  age	  and	  sex).	  	  
Initially,	  hemispheric	  comparison	  was	  carried	  out	  using	  a	  voxel-‐
wise	  approach	  following	  the	  same	  method	  as	  in	  the	  validation	  
experiment	  (Fig.	  1).	  	  
Subsequently,	  hemispheres	  were	  compared	  using	  a	  ROI-‐based	  
approach.	  Values	  from	  ROIs	  were	  extracted	  from	  the	  previously	  
calculated	  FSL-‐FEAT	  results	  using	  featquery	  (a	  part	  of	  the	  FSL	  
software	  package).	  ROIs	  were	  mask	  images	  derived	  from	  the	  
results	  of	  the	  voxel-‐wise	  analyses,	  from	  Freesurfer	  segmentations	  
(see	  below)	  or	  ROIs	  from	  the	  Jülich	  histological	  (cyto-‐	  and	  myelo-‐
architectonic)	  atlas	  (43).	  The	  values	  used	  for	  calculations	  were	  the	  
median	  percentual	  signal	  changes	  during	  activation.	  
For	  ROIs	  derived	  from	  the	  voxel-‐wise	  analysis	  values	  were	  ext-‐
racted	  from	  functional	  data	  registered	  to	  the	  symmetrical	  version	  
of	  the	  MNI-‐template.	  For	  all	  other	  ROIs,	  values	  were	  extracted	  
from	  functional	  data	  registered	  to	  the	  standard	  MNI152	  2mm	  
template.	  Statistical	  calculations	  were	  carried	  out	  using	  R	  ver.	  
2.14.1	  for	  MacOS	  X.	  Values	  of	  ROIs	  were	  compared	  using	  paired	  
T-‐tests	  corrected	  for	  multiple	  comparison	  using	  the	  sequential	  
Bonferroni	  correction	  after	  Holm	  (44).	  
Individual	  visual	  area	  ROIs	  were	  created	  for	  each	  subject	  by	  corti-‐
cal	  reconstruction	  and	  volumetric	  segmentation	  of	  the	  acquired	  
high-‐resolution	  T1-‐weighted	  images	  using	  the	  FreeSurfer	  image	  
analysis	  suite	  (http://surfer.nmr.mgh.harvard.edu/)(45,46).	  In	  this	  
procedure	  spatial	  probability	  maps	  of	  different	  Brodmann	  areas	  
were	  created.	  An	  accurate	  prediction	  of	  primary	  visual	  cortex	  (V1)	  
based	  on	  cortical	  folds	  (47)	  was	  furthermore	  carried	  out.	  The	  
latter	  method	  has	  a	  very	  high	  agreement	  with	  fMRI	  retinotopic	  
mapping	  for	  the	  identification	  of	  V1	  (48).	  In	  Freesurfer	  only	  the	  
following	  visual	  area	  definitions	  are	  provided:	  Primary	  visual	  

cortex	  (V1),	  secondary	  visual	  cortex	  (V2)	  and	  visual	  area	  V5/MT.	  
To	  expand	  the	  analysis	  to	  other	  areas,	  we	  additionally	  evaluated	  
ROIs	  provided	  by	  the	  Jülich	  atlas	  (43)	  i.e.	  visual	  areas	  V3	  and	  V4	  
and	  the	  lateral	  geniculate	  nucleus	  (LGN).	  	  
	  
Figure	  3:	  

	  
Hemispheres	  of	  patients	  with	  visual	  aura	  symptoms	  consistently	  originating	  from	  
either	  the	  right	  (N=10)	  or	  the	  left	  (N=10)	  hemisphere	  are	  examined.	  Symptomatic	  
(Symp)	  hemispheres	  (red	  stripes)	  of	  the	  patients	  (N=20)	  are	  compared	  to	  their	  
contralateral	  asymptomatic	  (Asymp)	  hemispheres	  (grey	  stripes,	  N=20).	  Subsequently,	  
the	  symptomatic	  and	  asymptomatic	  patient	  hemispheres	  are	  compared	  to	  hemisphe-‐
res	  of	  matched	  healthy	  control	  subjects	  (white).	  Left	  patient	  hemispheres	  are	  compa-‐
red	  to	  left	  control	  hemispheres	  and	  vice	  versa.	  
	  
STRUCTURAL	  MRI	  ANALYSIS	  (STUDY	  III)	  
Grey	  matter	  structure	  was	  compared	  between	  the	  symptomatic	  
and	  asymptomatic	  hemispheres	  of	  the	  patients	  using	  two	  diffe-‐
rent	  techniques:	  voxel-‐based	  morphometry	  (VBM)	  and	  surface-‐
based	  morphometry	  (SBM).	  While	  cortical	  thickness	  is	  selectively	  
measured	  using	  the	  SBM-‐based	  method,	  VBM	  provides	  a	  mixed	  
measure	  of	  grey	  matter	  including	  cortical	  density,	  as	  well	  as	  corti-‐
cal	  thickness	  (49).	  Thus,	  a	  combination	  of	  these	  two	  complimen-‐
tary	  methods	  is	  useful	  to	  both	  detect	  and	  specify	  the	  underlying	  
grey	  matter	  changes.	  As	  a	  secondary	  endpoint,	  we	  compared	  
interhemispheric	  differences	  with	  regard	  to	  headache	  side.	  	  
	  
VOXEL-‐BASED	  MORPHOMETRY	  	  
Structural	  data	  were	  analyzed	  with	  FSL-‐VBM	  
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM)(50),	  an	  optimized	  
VBM	  protocol	  (51)	  carried	  out	  with	  FSL	  tools	  (52).	  Before	  the	  
analysis,	  mirror	  images	  of	  the	  acquired	  anatomical	  data	  were	  
created	  for	  each	  subject	  by	  flipping	  the	  images	  along	  the	  x-‐axis.	  
The	  brain	  was	  extracted	  using	  the	  structural	  images	  and	  grey	  
matter	  segmentation	  was	  performed	  before	  the	  images	  were	  
registered	  to	  the	  Montreal	  Neurological	  Institute	  (MNI)	  152	  stan-‐
dard	  space	  using	  non-‐linear	  registration	  (53).	  The	  resulting	  ima-‐
ges,	  mirrored	  and	  original	  data,	  were	  averaged	  to	  create	  a	  left-‐
right	  symmetric,	  study-‐specific	  grey	  matter	  template.	  Second,	  all	  
native	  grey	  matter	  images	  were	  non-‐linearly	  registered	  to	  this	  
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study-‐specific	  template	  and	  "modulated"	  to	  correct	  for	  local	  
expansion	  (or	  contraction)	  due	  to	  the	  non-‐linear	  component	  of	  
the	  spatial	  transformation.	  The	  modulated	  grey	  matter	  images	  
were	  then	  smoothed	  with	  an	  isotropic	  Gaussian	  kernel	  with	  a	  
sigma	  of	  3	  mm,	  i.e.	  approximately	  full	  width	  half	  maximum	  
(FWHM)	  of	  3x2.3	  =	  6.9	  mm.	  Finally,	  images	  in	  the	  original	  orienta-‐
tion	  were	  compared	  to	  the	  corresponding	  mirrored	  images	  in	  a	  
paired	  fashion	  by	  application	  of	  voxel-‐wise	  general	  linear	  model	  
(GLM)	  using	  permutation-‐based	  non-‐parametric	  testing	  (54),	  
correcting	  for	  multiple	  comparisons	  across	  space	  by	  threshold-‐
free	  cluster	  enhancement	  (55)	  (cluster-‐wise	  P	  <	  0.05).	  
	  
SURFACE-‐BASED	  MORPHOMETRY	  	  
Cortical	  reconstruction	  and	  volumetric	  segmentation	  was	  perfor-‐
med	  with	  the	  FreeSurfer	  image	  analysis	  suite	  (45,46).	  Using	  this	  
approach,	  the	  grey	  and	  white	  matter	  surfaces	  were	  defined	  by	  an	  
automated	  brain	  segmentation	  process.	  An	  experienced	  investi-‐
gator,	  who	  was	  blinded	  with	  respect	  to	  the	  symptomatic	  hemi-‐
spheres	  of	  the	  subjects,	  then	  manually	  corrected	  the	  automated	  
segmentation.	  Cortical	  thickness	  was	  estimated	  at	  each	  point	  
across	  the	  cortex	  by	  calculating	  the	  distance	  between	  the	  
grey/white	  matter	  boundary	  and	  the	  cortical	  surface.	  Individual	  
whole	  brain	  (right	  and	  left	  hemisphere)	  surface	  maps	  were	  then	  
registered	  to	  a	  common	  FreeSurfer	  template	  surface	  pseudo-‐
hemisphere	  (fsaverage_sym)(56)	  by	  the	  FreeSurfer	  spherical	  
registration	  system(57)	  and	  smoothed	  with	  a	  10	  mm	  2D	  Gaussian	  
smoothing	  kernel(57).	  Symptomatic	  and	  asymptomatic	  hemisphe-‐
res	  were	  statistically	  compared	  in	  a	  paired	  design	  while	  applying	  
cluster-‐wise	  correction	  for	  multiple	  comparisons	  using	  a	  permuta-‐
tion-‐based	  non-‐parametric	  analysis	  (cluster-‐wise	  P	  <	  0.05).	  Addi-‐
tionally,	  we	  measured	  the	  volume	  of	  the	  thalamus,	  caudate,	  
putamen,	  amygdala	  and	  hippocampus	  bilaterally	  for	  each	  subject	  
using	  FreeSurfer’s	  automated	  subcortical	  segmentation.	  
Region	  of	  interest	  analysis	  	  
Several	  ROIs	  were	  examined	  for	  focal	  changes	  of	  grey	  matter	  
using	  both	  VBM	  and	  SBM.	  We	  investigated	  the	  following	  ROIs	  
parcellated	  by	  FreeSurfer:	  Primary	  visual	  cortex	  (V1),	  secondary	  
visual	  cortex	  (V2),	  visual	  area	  V5/MT	  and	  somatosensory	  cortex	  
(SSC,	  Brodmann	  areas	  BA1,	  BA2,	  BA3a	  and	  BA3b).	  Furthermore,	  
we	  examined	  the	  following	  ROIs,	  which	  are	  not	  available	  in	  Free-‐
Surfer,	  using	  the	  FSL	  version	  of	  the	  Jülich	  histological	  atlas	  (43):	  
Visual	  area	  V3,	  visual	  area	  V4	  and	  the	  lateral	  geniculate	  nucleus	  
(LGN).	  	  
Finally,	  we	  specifically	  checked,	  whether	  the	  hyperresponsivity	  of	  
the	  symptomatic	  hemispheres	  with	  respect	  to	  aura,	  observed	  in	  
study	  II	  (see	  Results),	  is	  directly	  related	  to	  changes	  of	  cortical	  
morphology.	  This	  was	  done	  for	  all	  ROIs	  for	  which	  hyperresponsivi-‐
ty	  was	  observed	  (inferior	  frontal	  gyrus,	  superior	  parietal	  lobule	  
and	  inferior	  parietal	  parietal	  lobule)	  by	  correlating	  the	  BOLD	  to	  
visual	  stimulation	  to	  the	  mean	  cortical	  density	  (VBM	  results)	  and	  
mean	  cortical	  thickness	  (SBM	  results)	  of	  these	  areas.	  Statistical	  
calculations	  were	  carried	  out	  using	  R	  ver.	  2.14.1	  for	  MacOS	  X.	  
Mean	  cortical	  thickness	  and	  mean	  grey	  matter	  density	  for	  each	  
ROI	  was	  compared	  using	  paired	  T-‐tests	  corrected	  for	  multiple	  
comparison	  using	  the	  sequential	  Bonferroni	  correction	  according	  
to	  Holm	  (44).	  

RESULTS	  
All	  subjects	  completed	  the	  study.	  One	  healthy	  subject	  was	  exclu-‐
ded	  because	  she	  fell	  asleep	  during	  one	  of	  the	  two	  functional	  
scans.	  All	  other	  subjects	  complied	  well	  with	  the	  study	  procedures.	  
The	  T1-‐weighted	  images	  were	  reviewed	  by	  an	  experienced	  neuro-‐

radiologist	  who	  found	  a	  structural	  abnormality	  in	  one	  healthy	  
subject,	  causing	  this	  subject	  to	  be	  excluded.	  The	  neuroradiologist	  
reported	  no	  structural	  abnormalities	  in	  the	  patients.	  
	  
FUNCTIONAL	  MRI	  ANALYSIS	  (STUDIES	  I-‐II)	  
Validation	  experiment	  (Study	  I)	  	  
Comparing	  “activated”	  to	  “non-‐activated”	  hemispheres	  in	  five	  
subjects	  showed	  a	  marked	  activation	  in	  the	  occipital	  lobe,	  peaking	  
in	  the	  primary	  visual	  cortex	  (MNI	  coordinates	  (x,	  y,	  z)	  =	  (-‐14,	  -‐94,	  
8))	  for	  “activated”	  >	  “non-‐activated”	  hemispheres	  and	  no	  diffe-‐
rence	  for	  “non-‐activated”	  >	  “activated”	  hemispheres.	  See	  Fig.	  4.	  
	  
Figure	  4:	  	  

	  
Maximum	  intensity	  projections	  (“glass-‐brain”)	  presentations	  of	  the	  voxel-‐wise	  results	  
from	  the	  interhemispheric	  comparison	  analyses.	  Right>Left	  activation	  is	  shown	  on	  
the	  right	  side	  while	  Left>Right	  activation	  is	  shown	  on	  the	  left	  side.	  
	  
Average	  activation	  (Study	  I)	  
We	  found	  no	  differences	  between	  stimulation	  with	  the	  goggles	  
placed	  in	  the	  standard	  position	  compared	  to	  scans	  performed	  
with	  the	  goggles	  rotated	  180	  degrees.	  Thus,	  the	  goggle	  position	  
did	  not	  cause	  any	  asymmetry	  of	  cortical	  activation.	  Averaging	  all	  
108	  scans	  from	  the	  54	  eligible	  healthy	  subjects	  showed	  that	  the	  
stimulation	  was	  able	  to	  activate	  a	  large	  part	  of	  the	  cerebral	  cortex	  
(Fig.	  5).	  
	  
Figure	  5:	  

	  
Maximum	  intensity	  projections	  of	  the	  average	  activation	  and	  deactivation	  for	  all	  
scan	  sessions	  (2	  sessions	  with	  2	  different	  goggle	  positions	  in	  all	  eligible	  subjects).	  Due	  
to	  the	  high	  power	  of	  the	  approach	  great	  expanses	  are	  activated,	  which	  creates	  the	  
impression	  that	  activation	  and	  deactivation	  appear	  to	  overlap	  locally.	  Both	  maps	  are,	  
however,	  exclusive.	  
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Comparison	  of	  left	  vs.	  right	  hemispheres	  (Study	  I)	  
In	  the	  healthy	  subjects	  the	  voxel-‐wise	  interhemispheric	  compari-‐
son	  showed	  a	  lateralized	  activation	  in	  response	  to	  the	  symmetri-‐
cal	  visual	  stimulation.	  Most	  asymmetrically	  activated	  areas	  were	  
lateralized	  to	  the	  right	  hemisphere	  (Fig.	  6).	  This	  asymmetry	  of	  
visual	  cortical	  activation	  was	  partly	  explained	  by	  a	  larger	  grey	  
matter	  density	  of	  the	  right	  visual	  cortex	  (Fig.	  6C)	  and	  it	  was	  age-‐
dependent	  for	  one	  area	  in	  the	  parietal	  cortex	  (less	  right-‐ward	  
lateralization	  with	  increasing	  age,	  Fig.	  6B).	  The	  asymmetry	  was	  
not	  related	  to	  handedness,	  interocular	  difference	  in	  visual	  acuity	  
or	  ocular	  dominance.	  
	  
Figure	  6:	  
	  

	  
Maximum	  intensity	  projections	  (“glass-‐brain”)	  presentations	  of	  the	  voxel-‐wise	  results	  
from	  the	  interhemispheric	  comparison	  analyses.	  Right>Left	  activation	  is	  shown	  on	  
the	  right	  hemisphere	  side	  (marked	  “R”)	  while	  Left>Right	  activation	  is	  shown	  on	  the	  
left	  side.	  (a)	  Left-‐to-‐right	  activation	  differences	  corrected	  for	  six	  different	  parameters	  
(See	  text).	  (b)	  and	  (c)	  Differences	  that	  correlate	  positively	  with	  age	  and	  grey	  matter	  
volume,	  respectively.	  
	  
Comparison	  of	  symptomatic	  vs.	  asymptomatic	  hemispheres	  
(Study	  II)	  
The	  voxel-‐wise	  analysis	  revealed	  multiple	  areas	  of	  significantly	  
higher	  activation	  levels	  in	  the	  symptomatic	  compared	  to	  the	  
contralateral	  asymptomatic	  hemispheres.	  Significantly	  lower	  
activation	  was	  not	  detected	  anywhere	  in	  the	  symptomatic	  hemi-‐
spheres.	  Fig.	  7A	  shows	  “glass	  brain”	  maximum	  intensity	  projecti-‐
ons	  of	  these	  voxel-‐wise	  results.	  The	  most	  significant	  voxel	  clusters	  
were	  in	  the	  inferior	  frontal	  gyrus	  (561	  voxels,	  most	  significant	  
voxel	  MNI	  coordinates	  (x,y,z)	  =	  (-‐38,36,16),	  P=	  8.5	  .10-‐6),	  in	  the	  
superior	  parietal	  lobule	  (SPL)/intra-‐parietal	  sulcus	  (IPS)	  (324	  
voxels,	  (-‐18,-‐62,50),	  P=0.0013),	  in	  the	  inferior	  parietal	  lobule	  (IPL)	  
(234	  voxels,	  (-‐60,	  -‐40,	  38),	  P=0.011)	  and	  in	  a	  separate	  cluster	  of	  
the	  inferior	  frontal	  gyrus,	  possibly	  corresponding	  to	  the	  pars	  
opercularis	  (195	  voxels,	  (-‐46,	  10,	  16),	  P=0.03).	  A	  detailed	  account	  
of	  the	  individual	  results	  for	  these	  areas	  is	  given	  in	  Fig.	  8.	  In	  this	  
quantitative	  ROI	  analysis	  the	  largest	  signal	  increases	  in	  the	  symp-‐
tomatic	  hemisphere	  were	  evident	  for	  the	  cluster	  superior	  parietal	  
lobule/intra-‐parietal	  sulcus.	  In	  the	  asymptomatic	  hemisphere	  
median	  percentual	  signal	  changes	  are	  negative	  for	  some	  of	  the	  
clusters	  analyzed.	  This	  signal	  decrease	  is	  most	  pronounced	  for	  the	  
cluster	  inferior	  parietal	  lobule/supramarginal	  gyrus.	  No	  significant	  

differences	  were	  found	  for	  the	  occipital	  lobe	  or	  LGN	  ROIs.	  Compa-‐
rison	  of	  mean	  instead	  of	  median	  percentual	  signal	  changes	  provi-‐
ded	  the	  same	  statistical	  conclusions	  for	  the	  paired	  T-‐test	  and	  the	  
sign	  test.	  
We	  did	  not	  find	  correlations	  between	  the	  level	  and	  direction	  of	  
asymmetry	  and	  the	  attack	  frequency	  or	  disease	  duration.	  
In	  the	  voxel-‐wise	  comparison	  of	  symptomatic	  hemispheres	  in	  
patients	  to	  corresponding	  hemispheres	  in	  controls	  (Fig.	  7B),	  we	  
found	  an	  activation	  pattern	  similar	  to	  that	  of	  the	  within-‐patient	  
analysis,	  and	  no	  differences	  when	  comparing	  asymptomatic	  he-‐
mispheres	  to	  corresponding	  controls	  (Fig.	  7C).	  No	  voxels	  had	  
significantly	  higher	  activity	  in	  hemispheres	  of	  controls	  than	  in	  
hemispheres	  of	  patients.	  Accordingly,	  the	  individual	  results	  indi-‐
cate	  significantly	  higher	  activations	  in	  symptomatic	  than	  in	  cor-‐
responding	  control	  hemispheres	  for	  all	  four	  clusters	  identified	  
above,	  but	  no	  differences	  between	  asymptomatic	  patient	  hemi-‐
spheres	  and	  controls	  in	  any	  clusters	  (Fig.	  8).	  No	  significant	  diffe-‐
rences	  were	  found	  for	  the	  occipital	  lobe	  or	  LGN	  ROIs.	  No	  statisti-‐
cal	  voxel-‐wise	  differences	  were	  found	  in	  a	  whole-‐brain	  
comparison	  of	  patients	  versus	  controls	  with	  images	  from	  both	  
groups	  in	  the	  original	  orientation.	  
	  
Figure	  7:	  

	  
	  
Maximum	  Intensity	  Projections	  (“Glass	  brain”)	  from	  the	  voxel-‐wise	  hemisphere	  
comparisons	  of	  the	  fMRI-‐BOLD	  responses	  to	  visual	  stimulation.	  The	  significantly	  
activated	  three-‐dimensional	  areas	  are	  projected	  onto	  different	  two-‐dimensional	  
planes:	  lateral,	  coronal	  and	  axial.	  Symptomatic	  hemispheres	  of	  the	  patients	  
are	  compared	  to	  their	  contralateral	  asymptomatic	  hemispheres	  (A).	  Then	  the	  symp-‐
tomatic	  and	  asymptomatic	  patient	  hemispheres	  are	  compared	  to	  hemispheres	  of	  
matched	  healthy	  controls	  (B	  and	  C).	  
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Figure	  8:	  
	  

	  
ROI-‐based	  results	  from	  extracted	  clusters.	  The	  fMRI-‐BOLD	  activation	  levels	  in	  the	  four	  
significant	  clusters	  of	  activation	  from	  the	  voxel-‐wise	  comparison	  of	  symptomatic	  and	  
asymptomatic	  patient	  hemispheres.	  For	  each	  cluster	  a	  comparison	  of	  symptomatic	  
hemispheres	  (symp)	  to	  the	  contralateral	  asymptomatic	  hemispheres	  (asymp)	  within	  
patients	  is	  shown.	  Also	  shown	  are	  comparisons	  of	  the	  symptomatic	  and	  asymptoma-‐
tic	  patient	  hemispheres	  to	  hemispheres	  of	  matched	  healthy	  control	  subjects.	  Activa-‐
tion	  levels	  were	  compared	  using	  paired	  T-‐tests	  corrected	  for	  multiple	  comparison	  
using	  the	  sequential	  Bonferroni	  correction	  after	  Holm.	  Values	  on	  y-‐axes	  are	  median	  
percentual	  BOLD	  signal	  changes	  during	  activation.	  
	  
	  
STRUCTURAL	  MRI	  ANALYSIS	  (STUDY	  III)	  
Voxel-‐based	  morphometry	  	  
Voxel-‐wise	  whole-‐hemispheric	  comparison	  of	  symptomatic	  versus	  
asymptomatic	  hemispheres	  with	  regard	  to	  aura	  showed	  no	  diffe-‐
rences.	  We	  found	  no	  differences	  of	  regional	  grey	  matter	  density	  
in	  any	  of	  the	  examined	  ROIs.	  There	  was	  no	  correlation	  between	  
the	  functional	  activation	  of	  hyperresponsive	  ROIs	  (Study	  II)	  and	  
the	  mean	  VBM	  grey	  matter	  density	  values.	  Comparing	  the	  typical	  
headache	  side	  to	  the	  non-‐headache	  side	  did	  not	  reveal	  any	  side-‐
to-‐side	  differences	  for	  the	  voxel-‐wise	  whole-‐hemisphere	  compari-‐
son	  or	  the	  ROI	  based	  analysis,	  either.	  	  
	  
Surface-‐based	  morphometry	  	  
We	  found	  no	  differences	  for	  the	  whole-‐hemisphere	  or	  ROI	  based	  
comparison	  of	  symptomatic	  and	  asymptomatic	  hemispheres	  with	  
regard	  to	  aura.	  There	  was	  no	  correlation	  between	  the	  functional	  
activation	  of	  hyperresponsive	  ROIs	  (Study	  II)	  and	  the	  cortical	  
thickness	  of	  these	  ROIs.	  
For	  the	  comparison	  of	  headache	  side	  versus	  non-‐headache	  side	  
(patients	  with	  unilateral	  headache,	  N=13),	  the	  whole-‐hemispheric	  

analysis	  showed	  a	  between-‐hemisphere	  difference	  corresponding	  
to	  an	  increased	  cortical	  thickness	  in	  the	  hemispheres	  contralate-‐
ral	  to	  the	  perceived	  headache	  side	  in	  the	  pars	  opercularis	  of	  the	  
inferior	  frontal	  gyrus	  (mean	  between-‐hemisphere	  difference	  0.12	  
mm,	  SD	  0.64	  mm,	  cluster-‐wise	  P	  =	  0.036,	  MNI	  coordinates	  x,	  y,	  z	  =	  
-‐46,	  17,	  21),	  see	  Fig.	  9.	  No	  differences	  were	  seen	  for	  the	  a	  priori	  
specified	  ROIs	  or	  for	  volumes	  of	  subcortical	  structures.	  A	  subsidia-‐
ry	  analysis	  comparing	  left	  and	  right	  hemispheres	  revealed	  no	  
differences	  in	  frontal	  cortical	  thickness.	  Further,	  no	  interhemi-‐
spheric	  differences	  in	  the	  volume	  of	  thalamus,	  caudate,	  putamen,	  
amygdala	  or	  hippocampus	  were	  found	  between	  symptomatic	  and	  
asymptomatic	  or	  between	  headache	  and	  non-‐headache	  side.	  
An	  additional,	  exploratory	  analysis	  showed	  a	  correlation	  between	  
the	  difference	  in	  cortical	  thickness	  of	  the	  pars	  opercularis	  ROI	  
between	  the	  pain	  and	  non-‐pain	  sides	  in	  patients	  with	  unilateral	  
headache	  and	  the	  attack	  frequency	  (n=13,	  Pearson’s	  product-‐
moment	  correlation,	  P	  =	  0.005).	  We	  did	  not	  find	  a	  correlation	  
between	  the	  mean	  (left	  and	  right)	  cortical	  thickness	  of	  this	  ROI	  
and	  the	  attack	  frequency	  (N=20,	  Pearson’s	  product-‐moment	  
correlation,	  P	  =	  0.32).	  
Further,	  comparing	  the	  mean	  cortical	  thickness	  of	  the	  ROI	  bet-‐
ween	  patients	  with	  unilateral	  versus	  patients	  with	  bilateral	  
headaches	  did	  not	  show	  any	  difference	  (N=	  13	  vs.	  7,	  Two-‐sample	  
t-‐test,	  P	  =	  0.87).	  Additional	  whole-‐brain	  comparisons	  of	  patients	  
with	  unilateral	  versus	  bilateral	  headache	  (VBM	  and	  SBM)	  also	  did	  
not	  reveal	  any	  structural	  differences.	  
	  
Figure	  9:	  

	  
Results	  of	  interhemispheric	  comparison	  of	  headache	  side	  (N=13)	  versus	  non-‐
headache	  side	  (N=13).	  	  A	  statistically	  significant	  cluster	  of	  difference	  in	  cortical	  
thickness	  (non-‐headache	  side	  minus	  headache	  side)	  was	  found	  exclusively	  in	  the	  pars	  
opercularis	  of	  the	  inferior	  frontal	  gyrus	  (mean	  between-‐hemisphere	  difference	  0.12	  
mm,	  SD	  0.64	  mm,	  cluster-‐wise	  P	  =	  0.036,	  MNI	  coordinates	  x,	  y,	  z	  =	  -‐46,	  17,	  21).	  

DISCUSSION	  
INTERHEMISPHERIC	  COMPARISON	  AND	  CEREBRAL	  ASYMMETRY	  
(STUDY	  I)	  	  
Study	  I	  provided	  very	  useful	  information	  for	  the	  subsequent	  
investigation	  of	  migraine	  patients	  with	  side-‐fixed	  visual	  aura.	  We	  
applied	  a	  method	  for	  comparing	  cerebral	  hemispheres	  from	  
voxelized	  MRI	  data	  by	  comparison	  of	  mirrored	  data	  to	  the	  original	  
data.	  In	  a	  small	  sample	  of	  5	  neurologically	  and	  ophthalmologically	  
healthy	  subjects,	  this	  method	  showed	  a	  clear	  activation	  of	  visual	  
cortex	  in	  “stimulated”	  compared	  to	  “non-‐stimulated”	  hemisphe-‐
res.	  We	  therefore	  consider	  the	  method	  valid	  for	  the	  purpose	  of	  
interhemispheric	  comparison.	  The	  applied	  stimulus	  caused	  activa-‐
tion	  of	  a	  large	  part	  of	  the	  cerebral	  cortex,	  in	  accordance	  with	  the	  
general	  observation	  that	  more	  than	  25	  %	  of	  the	  brain	  is	  involved	  
in	  visual	  processing	  (58).	  Thus,	  the	  stimulation	  method	  allowed	  us	  
to	  study	  not	  only	  the	  early	  cortical	  visual	  areas	  but	  also	  areas	  of	  
higher-‐level	  visual	  processing.	  Finally,	  Study	  I	  showed	  that	  the	  
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cortical	  responses	  to	  visual	  stimulation,	  at	  least	  to	  this	  particular	  
stimulation,	  are	  asymmetrically	  distributed	  between	  the	  hemi-‐
spheres.	  We	  found	  some	  of	  this	  lateralization	  to	  be	  dependent	  on	  
age	  and	  increased	  right	  hemisphere	  grey	  matter	  volume,	  but	  not	  
on	  handedness,	  gender,	  ocular	  dominance	  or	  visual	  acuity.	  This	  
finding	  emphasizes	  the	  importance	  of	  including	  a	  balanced	  num-‐
ber	  of	  patients	  with	  left-‐sided	  and	  right-‐sided	  symptoms	  to	  avoid	  
bias	  due	  to	  physiological	  left-‐to-‐right	  differences.	  It	  further	  high-‐
lights	  that	  careful	  age-‐matching	  is	  necessary	  for	  the	  comparison	  
of	  two	  groups,	  e.g.	  patients	  and	  controls.	  Therefore	  in	  the	  sub-‐
sequent	  studies,	  10	  patients	  with	  left-‐sided	  and	  10	  patients	  with	  
right-‐sided	  visual	  symptoms	  were	  included	  and	  control	  subjects	  
were	  individually	  matched	  for	  age	  and	  gender.	  In	  addition,	  pati-‐
ents	  with	  left-‐sided	  and	  right-‐sided	  symptoms	  were	  of	  equal	  age	  
(mean	  age	  34.7	  vs.	  35.2	  years).	  
The	  physiological	  background	  of	  the	  observed	  left-‐to-‐right	  asym-‐
metry	  of	  responsiveness	  to	  stimulation	  in	  the	  healthy	  subject	  is	  
unknown.	  A	  left	  visual	  field	  and	  corresponding	  right	  hemisphere	  
advantage	  has	  been	  reported	  for	  several	  aspects	  of	  vision	  such	  as	  
face	  recognition	  (59),	  visual	  change	  detection	  (60)	  and	  visual	  
attention	  (61).	  In	  a	  recent	  study,	  the	  threshold	  for	  eliciting	  visual	  
perception	  was	  significantly	  lower	  in	  the	  right	  hemisphere	  com-‐
pared	  to	  the	  left	  hemisphere	  when	  applying	  direct	  electrical	  
stimulation	  to	  the	  cortex	  of	  awake	  subjects,	  suggesting	  increased	  
neuronal	  excitability	  (62).	  Interestingly,	  this	  effect	  was	  observed	  
in	  almost	  the	  exact	  same	  areas	  where	  we	  observed	  right	  hemi-‐
sphere	  dominance	  in	  the	  present	  study.	  	  
	  
INCREASED	  RESPONSIVENESS	  IN	  CEREBRAL	  HEMISPHERES	  PRO-‐
DUCING	  AURA	  SYMPTOMS	  (STUDY	  II)	  	  
The	  major	  result	  of	  study	  II	  was	  that	  fMRI-‐BOLD	  signals	  to	  visual	  
stimulation	  were	  increased	  in	  several	  non-‐occipital	  cortical	  areas	  
(inferior	  frontal	  gyrus,	  SPL,	  IPL	  and	  IPS)	  of	  the	  symptomatic	  hemi-‐
spheres	  of	  migraine	  patients	  with	  side-‐fixed	  aura.	  Hyperresponsi-‐
veness	  of	  these	  areas	  was	  also	  seen	  in	  the	  symptomatic	  hemi-‐
spheres	  of	  patients	  to	  age	  and	  sex	  matched	  healthy	  controls.	  	  
The	  hyperresponsive	  cortical	  areas	  are	  involved	  in	  advanced	  
visual	  processing	  (63),	  especially	  performance	  of	  visuospatial	  
tasks,	  i.e.	  localization	  of	  objects	  in	  space	  and	  guidance	  of	  actions,	  
eye-‐movements	  and	  shifts	  of	  spatial	  attention	  (64-‐67).	  The	  frontal	  
regions	  with	  hyper-‐responsiveness	  further	  include	  dorso-‐lateral	  
prefrontal	  areas	  that	  are	  engaged	  in	  memory-‐guided	  saccades	  
and	  spatial	  working	  memory	  (68,69).	  The	  study	  thus	  highlights	  a	  
very	  specific	  and	  lateralized	  alteration	  of	  a	  cortical	  network	  com-‐
prising	  these	  functions	  in	  migraine	  with	  unilateral	  aura.	  	  
Accordingly,	  previous	  studies	  have	  demonstrated	  that	  parts	  of	  
visual	  function	  supported	  by	  these	  cortical	  areas	  are	  impaired	  in	  
MA	  patients.	  The	  patients	  perform	  slower	  on	  tests	  of	  visual	  atten-‐
tion	  and	  visual	  memory	  outside	  of	  attacks	  compared	  to	  MO	  pati-‐
ents	  and	  healthy	  controls	  (70).	  Deficits	  of	  motion	  perception	  and	  
orientation	  discrimination	  were	  also	  found	  in	  MA	  interictally	  (71).	  
MA	  patients	  with	  side-‐fixed	  aura	  experience	  visual	  illusions	  of	  
motion	  and	  orientation	  in	  the	  affected	  hemifield	  when	  viewing	  
stripe	  patterns	  (72).	  MA	  patients	  find	  these	  patterns	  more	  un-‐
pleasant	  than	  MO	  patients	  and	  controls	  (73).	  Dysfunction	  of	  
saccadic	  eye	  movements	  in	  migraine	  has	  been	  reported	  (74,75),	  
although	  not	  consistently	  (76).	  It	  is	  possible	  that	  these	  abnormali-‐
ties	  of	  visual	  function	  in	  migraine	  patients	  are	  correlated	  to	  the	  
hyper-‐responsiveness	  of	  the	  cortical	  visual	  areas	  found	  in	  the	  
present	  study	  and,	  thus,	  that	  the	  altered	  function	  of	  this	  network	  
may	  explain	  visual	  dysfunction	  in	  MA.	  Abnormalities	  of	  motion	  
processing	  in	  migraine	  has	  previously	  been	  related	  to	  anatomical	  
alterations	  of	  cortical	  areas	  MT/V5	  and	  V3A	  (77).	  In	  the	  present	  

study	  we	  specifically	  studied	  the	  activation	  of	  these	  areas	  in	  the	  
ROI	  based	  analysis	  and	  found	  no	  interhemispheric	  functional	  
differences.	  While	  MT/V5	  plays	  an	  integral	  role	  in	  motion	  percep-‐
tion,	  prefrontal	  and	  parietal	  areas	  are	  probably	  equally	  important	  
at	  least	  for	  some	  types	  of	  motion	  perception	  (78,79).	  
These	  findings	  of	  hyperresponsivity	  of	  higher-‐level	  visual	  cortical	  
areas	  specifically	  were	  surprising,	  since	  MA	  patients	  theoretically	  
would	  be	  expected	  to	  show	  hyperexcitability	  of	  the	  primary	  visual	  
cortex.	  In	  animal	  models	  cortex	  with	  high	  neuronal	  density	  has	  
the	  lowest	  threshold	  for	  eliciting	  CSD,	  and	  in	  humans	  the	  cortical	  
area	  with	  the	  highest	  neuronal	  density	  is	  V1.	  Based	  on	  the	  current	  
observations,	  development	  of	  migraine	  aura	  is	  not	  as	  simple	  as	  V1	  
hyperexcitability	  causing	  CSD	  waves	  that	  initiate	  in	  V1.	  	  
Due	  to	  the	  short-‐lasting	  and	  unpredictable	  nature	  of	  migraine	  
aura,	  very	  few	  neuroimaging	  studies	  have	  investigated	  the	  aura	  
phase.	  These	  investigations	  have	  challenged	  the	  notion	  of	  V1	  as	  
the	  origin	  of	  CSD	  during	  visual	  aura.	  In	  the	  seminal	  studies	  of	  
regional	  cerebral	  blood	  flow	  (rCBF)	  by	  Olesen	  et	  al.	  and	  Lauritzen	  
et	  al.,	  flow	  changes	  of	  frontal	  and	  parietal	  cortical	  areas	  were	  
seen	  in	  some	  cases	  prior	  to	  occipital	  involvement	  during	  visual	  
aura	  (13,80).	  More	  recently	  a	  study	  applying	  fMRI	  and	  visual	  
stimulation	  recorded	  a	  spreading	  decrease	  of	  the	  BOLD	  signal	  
starting	  in	  visual	  area	  V3a	  at	  the	  onset	  of	  visual	  aura	  (15).	  It	  is	  
thus	  possible	  that	  CSD	  during	  aura	  is	  initiated	  in	  higher-‐level	  
visual	  cortex.	  However,	  involvement	  of	  V1	  in	  visual	  migraine	  aura	  
should	  not	  be	  ruled	  out.	  Another	  possible	  explanation	  is	  that	  
hyperexcitable	  higher-‐level	  cortical	  areas	  may	  provide	  the	  trigger	  
for	  a	  CSD	  wave	  in	  V1.	  There	  is	  evidence	  that	  higher-‐level	  visual	  
areas	  project	  back	  to	  V1	  (81)	  but	  this	  has	  previously	  not	  been	  
related	  to	  setting	  the	  threshold	  for	  spreading	  depression.	  It	  
should	  also	  be	  noted	  that	  since	  the	  BOLD	  response	  primarily	  
reflects	  input	  and	  local	  processing	  of	  neuronal	  information	  rather	  
than	  the	  output	  (29)	  it	  is	  theoretically	  possible	  that	  the	  observed	  
increased	  activity	  reflect	  hyperresponsiveness	  of	  structures	  that	  
provide	  efferent	  input	  to	  these	  areas.	  
In	  a	  recent	  study,	  applying	  a	  method	  very	  similar	  to	  that	  of	  Study	  
II,	  Datta	  et	  al.	  also	  reported	  increased	  BOLD	  signals	  in	  MA	  patients	  
compared	  to	  patients	  with	  migraine	  without	  aura	  and	  to	  healthy	  
controls	  (82),	  but	  these	  were	  located	  in	  V1	  and	  LGN.	  The	  stimula-‐
tion	  used	  by	  Datta	  et	  al.	  was	  designed	  to	  maximize	  V1	  responses,	  
while	  we	  here	  used	  a	  larger	  stimulus	  designed	  to	  activate	  V1	  and	  
large	  expanses	  of	  extra-‐striate	  cortex.	  It	  is	  possible	  that	  the	  diffe-‐
rences	  in	  the	  visual	  stimulation	  paradigms	  account	  for	  this	  discre-‐
pancy.	  	  
The	  findings	  of	  the	  present	  study	  suggest	  that	  MA	  patients	  with	  
alternating	  aura	  sides	  or	  bilateral	  auras	  would	  have	  no	  or	  little	  
interhemispheric	  differences	  while	  still	  being	  hyperresponsive	  
compared	  to	  healthy	  controls.	  This	  should	  however	  be	  confirmed	  
in	  future	  studies	  and	  at	  present	  our	  conclusions	  directly	  apply	  to	  
patients	  with	  side-‐fixed	  aura	  only.	  
	  
NO	  GREY	  MATTER	  STRUCTURAL	  DIFFERENCES	  RELATED	  TO	  LATE-‐
RALIZED	  AURA	  (STUDY	  III)	  	  
In	  study	  III	  we	  found	  that	  side	  fixed	  aura	  is	  not	  associated	  with	  
intherhemispheric	  grey	  matter	  asymmetry	  in	  MA	  patients.	  A	  post-‐
hoc	  analysis	  comparing	  the	  typical	  migraine	  headache	  side	  of	  the	  
patients	  to	  the	  contralateral	  side	  showed	  a	  difference	  in	  cortical	  
thickness	  of	  the	  inferior	  frontal	  gyrus	  but	  no	  differences	  detectab-‐
le	  by	  VBM.	  
Previous	  studies	  using	  only	  VBM	  have	  compared	  structural	  MRI	  
data	  of	  mixed	  groups	  of	  migraine	  patients	  with	  and	  without	  aura	  
to	  healthy	  controls	  (83-‐88).	  Results	  are	  conflicting,	  but	  overall	  
suggest	  decreases	  in	  grey	  matter	  density	  in	  frontal	  and	  cingulate	  
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cortex	  of	  migraine	  patients.	  To	  our	  knowledge,	  there	  are	  no	  re-‐
ports	  of	  VBM	  abnormalities	  in	  MA	  specifically.	  Increased	  cortical	  
thickness	  in	  the	  visual	  areas	  V3a	  and	  MT+	  has	  been	  reported	  in	  
MA	  patients	  compared	  to	  healthy	  controls,	  but	  not	  compared	  to	  
patients	  with	  migraine	  without	  aura	  (77).	  A	  study	  by	  the	  same	  
group	  reported	  thickening	  of	  the	  somatosensory	  cortex	  in	  a	  
mixed	  group	  of	  migraine	  patients	  (with	  and	  without	  aura)	  compa-‐
red	  to	  controls	  (89).	  Datta	  et	  al.	  found	  no	  differences	  in	  cortical	  
thickness	  between	  groups	  in	  a	  large	  sample	  of	  migraine	  patients	  
with	  and	  without	  aura	  and	  matched	  controls	  (90).	  	  
The	  results	  of	  study	  III	  suggest	  that	  if	  structural	  cerebral	  grey	  
matter	  abnormalities	  occur	  in	  migraine	  patients,	  these	  abnormali-‐
ties	  are	  not	  related	  to	  the	  presence	  of	  aura.	  I.e.	  cortical	  dysfunc-‐
tion	  in	  MA	  patients	  causing	  aura	  symptoms	  is	  not	  reflected	  in	  
structural	  cortical	  changes.	  	  
Since	  no	  VBM	  or	  SBM	  differences	  were	  found	  in	  the	  primary	  
analysis	  comparing	  symptomatic	  to	  asymptomatic	  hemispheres,	  
we	  did	  not	  compare	  the	  hemispheres	  of	  patients	  to	  hemispheres	  
of	  controls.	  As	  suggested	  by	  the	  previous	  studies,	  structural	  ab-‐
normalities	  may	  be	  found	  on	  a	  whole-‐brain	  level	  in	  migraine	  
patients.	  Investigating	  this	  study	  question	  was	  not	  within	  the	  
scope	  of	  study	  III.	  This	  would	  ideally	  require	  comparison	  of	  large	  
samples	  of	  patients	  with	  and	  without	  aura	  as	  well	  as	  matched	  
healthy	  controls.	  
In	  study	  III	  we	  additionally	  found	  a	  difference	  in	  cortical	  thickness	  
of	  the	  inferior	  frontal	  gyrus	  related	  to	  migraine	  pain	  (in	  patients	  
with	  unilateral	  headache,	  N=13).	  The	  magnitude	  of	  this	  interhe-‐
mispheric	  difference	  was	  positively	  correlated	  with	  the	  attack	  
frequency.	  The	  inferior	  frontal	  gyrus	  is	  part	  of	  the	  central	  pain	  
processing	  network	  (91)	  and	  probably	  contributes	  to	  pain	  modu-‐
lation/inhibition	  (92).	  The	  observed	  asymmetry	  could	  therefore	  
indicate	  structural	  reorganization	  of	  pain	  inhibitory	  circuits	  in	  
response	  to	  the	  repeated	  intense	  nociceptive	  input	  due	  to	  the	  
headache	  attacks.	  	  
	  
METHODOLOGICAL	  CONSIDERATIONS	  	  
For	  the	  interhemispheric	  comparison	  of	  left	  vs.	  right	  hemispheres	  
in	  healthy	  subjects	  we	  sought	  to	  reduce	  factors	  that	  could	  produ-‐
ce	  left-‐to-‐right	  asymmetry	  bias.	  We	  ensured	  the	  symmetry	  of	  the	  
stimulus	  by	  flipping	  the	  video	  goggles	  and	  we	  took	  into	  account	  
several	  lateralized	  physiological	  parameters	  (handedness,	  visual	  
acuity,	  and	  ocular	  dominance).	  Asymmetry	  caused	  by	  the	  MRI	  
acquisition	  cannot	  be	  entirely	  ruled	  out.	  In	  the	  MRI	  acquisition	  
phase	  encoding	  of	  the	  echo	  planar	  imaging	  sequence	  was	  carried	  
out	  in	  the	  anterior-‐posterior	  direction	  to	  avoid	  left-‐right	  bias.	  
Since	  the	  BOLD	  responses	  were	  “baseline	  corrected”	  by	  subtrac-‐
ting	  signals	  during	  rest	  periods	  from	  signals	  during	  stimulation	  
periods,	  magnetic	  field	  inhomogeneities	  would	  not	  be	  expected	  
to	  influence	  the	  results,	  since	  these	  would	  not	  affect	  the	  magni-‐
tude	  of	  the	  relative	  signal	  increase.	  Theoretically,	  the	  scanner	  
could	  also	  cause	  stimulus	  asymmetry	  by	  distorting	  image	  quality	  
in	  the	  video	  goggles,	  but	  this	  effect	  seems	  unlikely.	  Thus,	  we	  
believe	  that	  the	  interhemispheric	  differences	  reported	  here	  re-‐
present	  true	  physiological	  effects	  and	  not	  artifacts	  due	  to	  techni-‐
cal	  issues.	  	  
Regardless	  of	  these	  issues,	  left-‐to-‐right	  bias	  would	  not	  be	  ex-‐
pected	  to	  affect	  the	  results	  of	  Studies	  II	  and	  III	  since	  and	  equal	  
number	  of	  right	  and	  left	  symptomatic	  hemispheres	  were	  studied.	  
Since	  the	  two	  studies	  in	  patients	  were	  cross-‐sectional	  it	  was	  not	  
possible	  to	  determine	  whether	  the	  observed	  findings	  were	  causes	  
or	  consequences	  of	  the	  disorder.	  Aura	  side	  was	  not	  determined	  
prospectively	  but	  simply	  by	  asking	  the	  patients.	  Patients	  could	  
have	  reported	  the	  wrong	  side.	  To	  avoid	  this	  type	  of	  error	  only	  

patients	  with	  frequent	  attacks	  who	  reported	  occurrence	  on	  the	  
same	  side	  in	  90%	  of	  attacks	  or	  more	  were	  included.	  For	  the	  
headache	  side	  patients	  were	  only	  asked	  which	  side	  was	  their	  
typical	  headache	  side	  and	  no	  threshold	  was	  applied,	  meaning	  that	  
the	  reported	  headache	  side	  is	  more	  error	  prone.	  The	  relation	  of	  
grey	  matter	  structure	  to	  headache	  side	  was	  only	  studied	  in	  a	  
subset	  of	  patients	  with	  unilateral	  headache.	  A	  limitation	  of	  this	  
analysis	  was	  that	  it	  did	  not	  include	  an	  equal	  number	  of	  left	  and	  
right	  hemispheres	  (8	  right,	  5	  left).	  The	  difference	  could	  therefore	  
theoretically	  reflect	  left-‐right	  asymmetry.	  

CONCLUSIONS	  
Based	  on	  the	  three	  studies,	  we	  conclude	  the	  following:	  
• The	  proposed	  method	  of	  “brain	  flipping”	  is	  useful	  for	  inter-‐

hemispheric	  comparison	  of	  fMRI	  data	  
• The	  visual	  stimulus	  used	  in	  the	  studies	  activates	  large	  expan-‐

ses	  of	  cortical	  areas.	  It	  is	  thus	  not	  restricted	  to	  specially	  func-‐
tioning	  visual	  areas,	  rather	  it	  appears	  useful	  for	  general	  as-‐
sessment	  of	  cortical	  areas	  involved	  in	  visual	  processing	  

• In	  neurologically	  healthy	  subjects,	  the	  cortical	  responses	  to	  
full-‐field	  symmetrical	  stimulation	  is	  asymmetrically	  distri-‐
buted	  between	  the	  cerebral	  hemispheres	  

• Symptomatic	  hemispheres	  in	  migraine	  patients	  with	  unilate-‐
ral	  visual	  aura	  show	  an	  increased	  BOLD	  signal	  in	  several	  visu-‐
ally	  driven	  areas	  compared	  to	  the	  contralateral,	  asymptoma-‐
tic	  hemispheres	  

• Compared	  to	  corresponding	  hemispheres	  of	  matched	  
healthy	  controls,	  symptomatic	  hemispheres	  show	  larger	  
BOLD	  responses	  in	  the	  same	  cortical	  areas	  

• No	  areas	  of	  asymptomatic	  hemispheres	  in	  these	  patients	  
show	  larger	  BOLD	  responses	  of	  compared	  to	  the	  contralate-‐
ral,	  symptomatic	  hemispheres	  

• Compared	  to	  corresponding	  hemispheres	  of	  matched	  
healthy	  controls,	  asymptomatic	  are	  not	  different	  in	  BOLD	  re-‐
sponses	  to	  visual	  stimulation	  

• No	  differences	  in	  grey	  matter	  structure	  was	  observed	  using	  a	  
highly	  sensitive	  analysis	  design	  and	  two	  complimentary	  me-‐
thods	  comparing	  symptomatic	  with	  asymptomatic	  hemi-‐
spheres	  in	  the	  patients	  

• An	  exploratory	  analysis,	  comparing	  the	  typical	  migraine	  
headache	  side	  of	  the	  patients	  to	  the	  contralateral	  side	  reve-‐
aled	  a	  difference	  in	  cortical	  thickness	  in	  the	  inferior	  frontal	  
gyrus	  but	  no	  differences	  in	  grey	  matter	  density.	  

	  
Collectively,	  the	  findings	  suggest	  a	  hyperexcitability	  of	  the	  visual	  
system	  in	  the	  interictal	  phase	  of	  migraine	  with	  visual	  aura.	  In	  
addition,	  they	  may	  explain	  previous	  findings	  of	  visual	  dysfunction	  
in	  migraine	  with	  aura	  and	  they	  emphasize	  the	  importance	  of	  
cortex	  outside	  of	  the	  primary	  visual	  area.	  We	  found	  no	  abnorma-‐
lities	  of	  cortical	  or	  subcortical	  grey	  matter	  structure	  related	  to	  
aura.	  In	  contrast,	  a	  difference	  in	  cortical	  thickness	  related	  to	  
migraine	  headache	  lateralization	  was	  found	  in	  a	  frontal	  brain	  area	  
potentially	  contributing	  to	  pain	  inhibition.	  	  

CONCLUDING	  REMARKS	  AND	  FUTURE	  PERSPECTIVES	  
The	  investigations	  presented	  in	  this	  thesis	  provide	  new	  insights	  
into	  the	  understanding	  of	  migraine	  with	  aura,	  especially	  the	  ob-‐
servation	  that	  visual	  cortical	  areas	  of	  the	  brain	  respond	  greater	  in	  
hemispheres	  that	  produce	  aura	  compared	  to	  non	  aura-‐producing	  
hemispheres.	  Based	  on	  these	  findings	  patients	  with	  migraine	  aura	  
can	  be	  informed	  that	  they	  have	  a	  hyperresponsive	  brain	  but	  no	  
aura-‐related	  structural	  cortical	  abnormalities.	  However,	  the	  con-‐
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clusions	  of	  the	  present	  studies	  in	  principle	  only	  generalize	  to	  
patients	  with	  side-‐fixed	  aura	  specifically.	  The	  findings	  could	  there-‐
fore	  benefit	  from	  confirmation	  from	  studies	  comparing	  patients	  
with	  alternating	  aura	  sides	  to	  healthy	  controls,	  which,	  due	  to	  the	  
difference	  in	  study	  design,	  would	  likely	  require	  much	  larger	  pati-‐
ent	  sample	  sizes.	  Since	  the	  observation	  of	  increased	  cortical	  
thickness	  contralateral	  to	  the	  headache	  side	  was	  based	  on	  an	  
exploratory	  analysis	  this	  is	  in	  need	  of	  confirmation	  from	  future	  
studies.	  Such	  future	  confirmatory	  MRI	  studies	  would	  especially	  be	  
interesting	  if	  performed	  using	  ultra-‐high	  field	  (7	  tesla)	  scanners,	  
which	  allow	  for	  much	  improved	  spatial	  resolution.	  At	  present,	  no	  
biomarker	  of	  migraine	  exists.	  If	  confirmed,	  these	  findings	  could	  
therefore	  facilitate	  the	  diagnosis	  and	  monitoring	  of	  migraine	  with	  
aura.	  As	  these	  studies	  were	  cross-‐sectional,	  it	  could	  not	  be	  con-‐
cluded	  if	  the	  observed	  hyperresponsiveness	  was	  a	  cause	  or	  a	  
consequence	  of	  aura.	  It	  is	  indeed	  possible	  that	  attacks	  of	  migraine	  
with	  aura,	  i.e.	  repeated	  waves	  of	  CSD,	  could	  cause	  increased	  
cortical	  excitability	  (93).	  This	  could	  be	  resolved	  by	  longitudinal	  
studies	  of	  newly	  diagnosed	  patients	  that	  are	  subsequently	  scan-‐
ned	  after	  having	  experienced	  multiple	  attacks.	  The	  validated	  
method	  for	  direct	  interhemispheric	  comparison	  of	  fMRI	  data	  
could	  prove	  useful	  for	  a	  wide	  range	  of	  different	  future	  studies	  of	  
asymmetry	  of	  cerebral	  function	  in	  health	  and	  disease.	  
The	  increased	  BOLD	  responses	  observed	  in	  these	  studies	  possibly	  
reflect	  increased	  neuronal	  excitability,	  but	  could	  indicate	  abnor-‐
malities	  of	  neurovascular	  coupling	  or	  pial	  arteriolar	  reactivity.	  
Stimulation	  of	  these	  areas	  by	  TMS	  or	  transcranial	  direct	  current	  
stimulation	  could	  potentially	  clarify	  what	  cortical	  functions	  are	  
involved	  and	  determine	  if	  the	  cortex	  is	  hyperexcitable.	  If	  these	  
cortical	  regions	  prove	  to	  be	  important	  for	  migraine	  aura	  generati-‐
on,	  it	  would	  further	  be	  interesting	  to	  study	  the	  areas	  at	  the	  cellu-‐
lar	  level.	  Identification	  of	  characteristic	  profiles	  of	  neurotransmit-‐
ter	  receptors	  or	  ion	  channels	  could	  be	  useful	  for	  development	  of	  
future	  pharmacological	  treatment.	  Transcranial	  stimulation	  could	  
even	  have	  the	  potential	  to	  trigger	  aura,	  providing	  the	  possibility	  
of	  an	  experimental	  human	  model	  of	  aura.	  Such	  a	  model	  could	  be	  
highly	  beneficial	  to	  future	  studies	  of	  migraine	  with	  aura,	  e.g.	  to	  
further	  clarify	  what	  mechanisms	  are	  involved	  in	  aura	  initiation	  
and	  to	  provide	  definite	  evidence	  of	  CSD	  as	  the	  underlying	  cause	  
of	  aura.	  This	  could	  also	  clarify	  the	  important	  question	  whether	  
aura	  triggers	  the	  headache	  phase	  or	  if	  aura	  is	  an	  epiphenomenon,	  
i.e.	  that	  aura	  is	  initiated	  by	  the	  event	  that	  triggers	  the	  headache	  
phase.	  In	  conclusion,	  the	  present	  studies	  contribute	  to	  our	  know-‐
ledge	  of	  migraine	  aura	  pathophysiology	  of	  the	  cerebral	  cortex	  but	  
also	  give	  rise	  to	  new	  questions.	  Migraine	  aura	  remains	  one	  of	  the	  
most	  intriguing	  aspects	  of	  the	  headache	  disorders.	  Future	  studies	  
are	  needed	  to	  further	  unravel	  the	  mechanisms	  of	  this	  phenome-‐
non	  to	  the	  benefit	  of	  migraine	  sufferers.	  

LIST	  OF	  ABBREVIATIONS	  	  
BOLD	  blood-‐oxygenation	  level	  dependent	  
CBF	  cerebral	  blood	  flow	  
CSD	  cortical	  spreading	  depression	  
fMRI	  functional	  magnetic	  resonance	  imaging	  
FOV	  field	  of	  view	  
MA	  migraine	  with	  aura	  
MNI	  Montreal	  Neurological	  Institute	  
MO	  migraine	  without	  aura	  
MRI	  magnetic	  resonance	  imaging	  
TMS	  transcranial	  magnetic	  stimulation	  
VBM	  voxel-‐based	  morphometry	  
VEP	  visual	  evoked	  potential	  

SUMMARY	  
Migraine	  sufferers	  with	  aura	  often	  report	  visual	  discomfort	  outsi-‐
de	  of	  attacks	  and	  many	  consider	  bright	  or	  flickering	  light	  an	  at-‐
tack-‐precipitating	  factor.	  The	  nature	  of	  this	  visual	  hypersensitivity	  
and	  its	  relation	  to	  the	  underlying	  pathophysiology	  of	  the	  migraine	  
aura	  is	  unknown.	  A	  useful	  technology	  to	  study	  these	  features	  of	  
migraine	  with	  aura	  (MA)	  is	  functional	  magnetic	  resonance	  ima-‐
ging	  (fMRI),	  which	  has	  the	  potential	  not	  only	  to	  detect,	  but	  also	  to	  
localize	  hypersensitive	  cortex.	  	  The	  main	  objective	  of	  this	  thesis	  
was	  to	  investigate	  the	  cortical	  responsivity	  of	  patients	  with	  MA	  
during	  visual	  stimulation	  using	  fMRI.	  To	  optimize	  sensitivity,	  we	  
applied	  a	  within-‐patient	  design	  by	  assessing	  functional	  interhemi-‐
spheric	  differences	  in	  patients	  consistently	  experiencing	  visual	  
aura	  in	  the	  same	  visual	  hemifield.	  
To	  validate	  our	  data	  analysis	  methods,	  we	  initially	  studied	  healthy	  
volunteers	  using	  single	  hemi-‐field	  visual	  stimulation	  and	  compa-‐
red	  the	  “stimulated”	  hemispheres	  (i.e.	  hemispheres	  contralateral	  
to	  the	  visual	  stimulation)	  to	  the	  “non-‐stimulated”	  hemispheres.	  
We	  then	  applied	  this	  validated	  method	  of	  interhemispheric	  com-‐
parison	  of	  fMRI-‐blood	  oxygenation	  level	  dependent	  (BOLD)	  acti-‐
vation	  to	  compare	  left	  versus	  right	  hemisphere	  responses	  to	  
symmetric	  full-‐field	  visual	  stimulation	  in	  54	  healthy	  subjects	  
(study	  I).	  	  
This	  study	  concluded	  that,	  a)	  the	  applied	  visual	  stimulation	  is	  
effective	  in	  activating	  large	  expanses	  of	  visual	  cortex,	  b)	  interhe-‐
mispheric	  differences	  in	  fMRI-‐BOLD	  activation	  can	  be	  determined	  
using	  the	  proposed	  method,	  and	  c)	  visual	  responses	  to	  symmetric	  
full-‐field	  visual	  stimulation	  are	  asymmetrically	  distributed	  bet-‐
ween	  the	  cerebral	  hemispheres.	  We	  investigated	  the	  effects	  of	  
migraine	  aura,	  by	  including	  20	  patients	  with	  frequent	  side-‐fixed	  
visual	  aura	  attacks,	  i.e.	  >=	  90%	  of	  auras	  occurring	  in	  the	  same	  
visual	  hemifield	  (study	  II).	  To	  circumvent	  bias	  relating	  to	  differen-‐
ces	  between	  right	  and	  left	  hemispheres	  (e.g.	  caused	  by	  physiolo-‐
gical	  left/right	  bias,	  asymmetry	  of	  the	  visual	  stimulation	  or	  mag-‐
netic	  field	  inhomogeneity	  of	  the	  scanner),	  we	  included	  an	  equal	  
number	  of	  patients	  with	  right-‐	  and	  left-‐sided	  symptoms.	  Further,	  
we	  included	  20	  individually	  matched	  healthy	  controls	  with	  no	  
history	  (including	  family	  history)	  of	  migraine.	  We	  compared	  the	  
fMRI-‐BOLD	  responses	  to	  visual	  stimulation	  between	  symptomatic	  
and	  asymptomatic	  hemispheres	  during	  the	  interictal	  phase	  and	  
between	  migraine	  patients	  and	  controls.	  BOLD	  responses	  were	  
selectively	  increased	  in	  the	  in	  the	  symptomatic	  hemispheres	  and	  
localized	  in	  the	  inferior	  parietal	  lobule,	  the	  inferior	  frontal	  gyrus	  
and	  the	  superior	  parietal	  lobule.	  The	  affected	  cortical	  areas	  com-‐
prise	  a	  visually	  driven	  functional	  network	  involved	  in	  oculomotor	  
control,	  guidance	  of	  movement,	  motion	  perception,	  visual	  atten-‐
tion,	  and	  visual	  spatial	  memory.	  The	  patients	  also	  had	  significantly	  
increased	  response	  in	  the	  same	  cortical	  areas	  when	  compared	  to	  
controls.	  	  
Since	  these	  findings	  theoretically	  could	  depend	  on	  aura-‐related	  
differences	  in	  brain	  structure,	  we	  performed	  additional	  analyses	  
(study	  III)	  to	  determine	  the	  relation	  between	  migraine	  aura	  and	  
structural,	  cortical	  and	  subcortical,	  grey	  matter	  abnormalities.	  We	  
analyzed	  structural	  MRI	  data	  from	  the	  same	  20	  patients	  and	  
applied	  voxel-‐based	  morphometry	  and	  surface-‐based	  morpho-‐
metry	  on	  a	  whole-‐hemisphere	  level	  and	  for	  specific	  anatomical	  
regions	  of	  interest.	  Within-‐subject	  comparisons	  were	  made	  with	  
regard	  to	  aura	  symptoms	  (N=20	  vs	  20)	  and	  with	  regard	  to	  heada-‐
che	  (N=13	  vs	  13).	  We	  found	  no	  differences	  in	  grey	  matter	  structu-‐
re	  with	  regard	  to	  aura	  symptoms	  in	  MA	  patients.	  Comparing	  the	  
typical	  migraine	  headache	  side	  of	  the	  patients	  to	  the	  contralateral	  
side	  revealed	  a	  difference	  in	  cortical	  thickness	  in	  the	  inferior	  
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frontal	  gyrus,	  which	  correlated	  significantly	  with	  the	  migraine	  
attack	  frequency.	  
In	  conclusion,	  we	  validated	  a	  method	  of	  interhemispheric	  compa-‐
rison	  of	  fMRI-‐BOLD	  responses	  to	  visual	  stimulation.	  By	  using	  this	  
method	  we	  discovered	  a	  lateralized	  alteration	  of	  a	  visually	  driven	  
functional	  network	  in	  patients	  with	  side-‐fixed	  aura.	  These	  findings	  
suggest	  a	  hyperexcitability	  of	  the	  visual	  system	  in	  the	  interictal	  
phase	  of	  migraine	  with	  visual	  aura.	  Further,	  this	  abnormal	  func-‐
tion	  is	  not	  dependent	  on	  lateralized	  abnormalities	  of	  gray	  matter	  
structure.	  However,	  alteration	  of	  the	  inferior	  frontal	  cortex	  rela-‐
ted	  to	  headache	  lateralization	  could	  indicate	  structural	  reorgani-‐
zation	  of	  pain	  inhibitory	  circuits	  in	  response	  to	  the	  repeated	  
intense	  nociceptive	  input	  due	  to	  the	  headache	  attacks.	  
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