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Abstract	
  

Understanding	
  the	
  process	
  by	
  which	
  the	
  cerebral	
  hemispheres	
  reach	
  their	
  mature	
  functional	
  organization	
  

remains	
  challenging.	
  We	
  propose	
  a	
  theoretical	
  account	
  in	
  which,	
  in	
  the	
  domain	
  of	
  vision,	
  faces	
  and	
  words	
  

come	
  to	
  be	
  represented	
  adjacent	
  to	
  retinotopic	
  cortex	
  by	
  virtue	
  of	
  the	
  need	
  to	
  discriminate	
  among	
  

homogeneous	
  exemplars.	
  Orthographic	
  representations	
  are	
  further	
  constrained	
  to	
  be	
  proximal	
  to	
  typically	
  

left-­‐lateralized	
  language-­‐related	
  information	
  to	
  minimize	
  connectivity	
  length	
  between	
  visual	
  and	
  language	
  

areas.	
  As	
  reading	
  is	
  acquired,	
  orthography	
  comes	
  to	
  rely	
  more	
  heavily	
  (albeit	
  not	
  exclusively)	
  on	
  the	
  left	
  

fusiform	
  region	
  to	
  bridge	
  between	
  vision	
  and	
  language.	
  Consequently,	
  due	
  to	
  competition	
  from	
  emerging	
  

word	
  representations,	
  face	
  representations	
  that	
  were	
  initially	
  bilateral	
  become	
  lateralized	
  to	
  the	
  right	
  

fusiform	
  region	
  (albeit,	
  again,	
  not	
  exclusively).	
  We	
  review	
  recent	
  research	
  that	
  describes	
  constraints	
  that	
  

give	
  rise	
  to	
  this	
  graded	
  hemispheric	
  arrangement.	
  We	
  then	
  summarize	
  empirical	
  evidence	
  from	
  a	
  variety	
  of	
  

studies	
  (behavioral,	
  evoked	
  response	
  potential,	
  functional	
  imaging)	
  across	
  different	
  populations	
  (children,	
  

adolescents	
  and	
  adults,	
  left-­‐handers	
  and	
  individuals	
  with	
  developmental	
  dyslexia)	
  that	
  supports	
  the	
  claims	
  

that	
  hemispheric	
  lateralization	
  is	
  graded	
  rather	
  than	
  binary	
  and	
  that	
  this	
  graded	
  organization	
  emerges	
  

dynamically	
  over	
  the	
  course	
  of	
  development.	
  Perturbations	
  of	
  this	
  system	
  either	
  during	
  development	
  or	
  in	
  

adulthood	
  provide	
  further	
  insights	
  into	
  the	
  principles	
  governing	
  hemispheric	
  organization.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Introduction	
  

That	
  which	
  is	
  inevitable	
  does	
  not	
  have	
  to	
  be	
  innate.	
  

-­‐-­‐-­‐	
  Jean	
  Piaget1	
  	
  

	
  

The	
  renowned	
  developmental	
  psychologist,	
  Jean	
  Piaget,	
  argued	
  that	
  behaviors	
  are	
  not	
  just	
  determined	
  by	
  

genetics	
  or	
  by	
  the	
  environment,	
  but	
  emerge	
  from	
  a	
  complex	
  interplay	
  of	
  both	
  genetic	
  and	
  environmental	
  

factors	
  in	
  concert	
  with	
  biological,	
  mathematical	
  and	
  physical	
  constraints	
  on	
  the	
  system.	
  We	
  propose	
  that	
  

the	
  same	
  type	
  of	
  complex	
  interplay	
  applies	
  to	
  the	
  emergence	
  of	
  functional	
  organization	
  of	
  the	
  brain	
  and,	
  in	
  

particular,	
  to	
  the	
  way	
  in	
  which	
  mature	
  cerebral	
  hemispheric	
  lateralization	
  manifests.	
  	
  	
  

It	
  is	
  incontrovertible	
  that,	
  in	
  the	
  adult	
  human,	
  the	
  two	
  cerebral	
  hemispheres	
  differ	
  both	
  structurally	
  

and	
  functionally,	
  that	
  each	
  has	
  a	
  particular	
  topographic	
  organization,	
  and	
  that	
  this	
  organization	
  is	
  largely	
  

repeated	
  across	
  the	
  majority	
  of	
  the	
  population	
  2,	
  3.	
  As	
  Piaget	
  reminds	
  us,	
  however,	
  this	
  robust	
  and	
  

replicable	
  outcome	
  need	
  not	
  reflect	
  a	
  hard-­‐wired,	
  pre-­‐specified	
  architecture.	
  Instead,	
  the	
  mature	
  

topographic	
  organization	
  of	
  adult	
  human	
  cortex	
  may	
  result	
  from	
  a	
  fundamental	
  set	
  of	
  physiological	
  

constraints	
  coupled	
  with	
  dynamic	
  competitive	
  and	
  cooperative	
  processes	
  that	
  play	
  out	
  in	
  a	
  consistent	
  

manner	
  over	
  the	
  course	
  of	
  development	
  and	
  experience.	
  In	
  the	
  current	
  review,	
  we	
  provide	
  empirical	
  

evidence	
  to	
  support	
  this	
  latter	
  view,	
  concluding	
  that	
  cerebral	
  lateralization	
  is	
  real,	
  rather	
  than	
  apparent,	
  

but	
  that	
  it	
  is	
  graded	
  rather	
  than	
  categorical,	
  and	
  emerges	
  from	
  cortical	
  dynamics	
  rather	
  then	
  being	
  

architecturally	
  pre-­‐specified.	
  

	
  

Hemispheric	
  specialization	
  is	
  graded	
  

Hemispheric	
  asymmetries	
  are	
  abundant	
  in	
  the	
  anatomy,	
  neurochemistry	
  and	
  

cytoarchitecture	
  of	
  the	
  vertebrate	
  brain.	
  The	
  crossed	
  representation	
  of	
  the	
  corticospinal	
  motor	
  system	
  as	
  

well	
  as	
  the	
  predominant	
  crossing	
  of	
  sensory	
  systems	
  are	
  well	
  established	
  [for	
  recent	
  review	
  papers,	
  see	
  4].	
  



The	
  focus	
  of	
  the	
  present	
  review	
  is	
  whether,	
  outside	
  of	
  primary	
  sensory	
  and	
  motor	
  areas	
  of	
  cortex-­‐-­‐-­‐	
  and,	
  in	
  

particular,	
  outside	
  of	
  retinotopic	
  visual	
  areas-­‐-­‐-­‐	
  functions	
  are	
  cleanly	
  lateralized	
  in	
  the	
  modal,	
  right-­‐handed	
  

adult	
  individual.	
  To	
  address	
  this	
  issue,	
  we	
  explore	
  two	
  specific	
  visual	
  functions,	
  whose	
  neural	
  basis	
  lies	
  

beyond	
  retinotopic	
  cortex,	
  and	
  with	
  which	
  humans	
  have	
  abundant	
  experience:	
  the	
  recognition	
  of	
  words	
  

and	
  the	
  recognition	
  of	
  faces.	
  The	
  received	
  wisdom	
  from	
  decades	
  of	
  research,	
  as	
  reviewed	
  below,	
  is	
  that	
  the	
  

former	
  is	
  lateralized	
  to	
  the	
  left	
  hemisphere	
  (LH)	
  whereas	
  the	
  latter	
  is	
  lateralized	
  to	
  the	
  right	
  hemisphere	
  

(RH).	
  The	
  evidence	
  is	
  gleaned	
  from	
  a	
  variety	
  of	
  empirical	
  sources	
  and	
  methodologies.	
  	
  

Neuropsychological	
  studies	
  have	
  long	
  indicated	
  that	
  a	
  lesion	
  to	
  the	
  LH	
  occipitotemporal	
  

region	
  in	
  literate	
  adults	
  results	
  in	
  a	
  reading	
  deficit,	
  termed	
  pure	
  alexia.	
  The	
  site	
  of	
  the	
  lesion	
  is	
  typically	
  in	
  

the	
  medial	
  occipitotemporal	
  areas	
  (with	
  or	
  without	
  additional	
  callosal	
  damage),	
  specifically	
  along	
  the	
  

fusiform	
  and	
  adjacent	
  lingual	
  gyri	
  with	
  possible	
  incursion	
  to	
  the	
  inferior	
  longitudinal	
  fasciculus	
  5-­‐8.	
  In	
  

complementary	
  fashion,	
  a	
  lesion	
  to	
  the	
  RH	
  occipitotemporal	
  region	
  results	
  in	
  an	
  impairment	
  in	
  face	
  

recognition	
  known	
  as	
  prosopagnosia	
  9-­‐12,	
  and	
  the	
  site	
  of	
  the	
  lesion	
  in	
  many,	
  albeit	
  not	
  all,	
  cases	
  is	
  to	
  a	
  

region	
  in	
  the	
  vicinity	
  of	
  the	
  fusiform	
  and	
  lingual	
  gyrus	
  10,	
  13.	
  Of	
  note,	
  individuals	
  with	
  the	
  congenital	
  (also	
  

referred	
  to	
  as	
  developmental)	
  form	
  of	
  prosopagnosia	
  have	
  compromised	
  integrity	
  of	
  the	
  white	
  matter	
  

tracts	
  that	
  project	
  from	
  occipital	
  cortex	
  to	
  temporal	
  (inferior	
  longitudinal	
  fasciculus;	
  ILF)	
  and	
  frontal	
  

(inferior	
  fronto-­‐occipital	
  fasciculus)	
  cortex,	
  and	
  the	
  extent	
  to	
  which	
  the	
  ILF	
  is	
  reduced	
  in	
  the	
  RH	
  is	
  

correlated	
  with	
  the	
  severity	
  of	
  the	
  prosopagnosia	
  14	
  [also	
  see	
  15].	
  Similar	
  findings	
  of	
  reduced	
  white	
  matter	
  

tracts	
  have	
  been	
  observed	
  in	
  individuals	
  with	
  developmental	
  dyslexia,	
  as	
  well,	
  especially	
  in	
  the	
  LH	
  16,	
  17	
  [also	
  

see	
  18].	
  	
  

Compatible	
  with	
  this	
  word-­‐LH	
  and	
  face-­‐RH	
  distinction	
  are	
  extensive	
  data	
  from	
  half-­‐field	
  or	
  

tachistoscopic	
  studies	
  showing	
  dominance	
  of	
  the	
  right	
  visual	
  field	
  (LH)	
  over	
  the	
  left	
  visual	
  field	
  (RH)	
  for	
  

visual	
  word	
  processing	
  [for	
  example	
  19,	
  20]	
  and	
  the	
  reverse	
  dominance	
  for	
  face	
  processing	
  [for	
  review,	
  see	
  

21].	
  Findings	
  from	
  many	
  electrophysiological	
  (ERP)	
  studies	
  also	
  support	
  this	
  lateralization,	
  with	
  a	
  stronger	
  



N170	
  component	
  over	
  the	
  posterior	
  LH	
  than	
  RH	
  in	
  response	
  to	
  visually	
  presented	
  words	
  [for	
  example,	
  22,	
  23]	
  

and	
  a	
  stronger	
  N170	
  component	
  over	
  the	
  RH	
  than	
  LH	
  in	
  response	
  to	
  visually	
  presented	
  faces	
  [for	
  example,	
  

24,	
  25].	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Taken	
  together,	
  there	
  appears	
  to	
  be	
  strong	
  evidence	
  for	
  the	
  segregation	
  of	
  word	
  and	
  face	
  

recognition	
  to	
  the	
  LH	
  and	
  RH,	
  respectively.	
  There	
  are	
  a	
  number	
  of	
  straightforward	
  explanations	
  that	
  might	
  

account	
  for	
  this	
  segregation.	
  Faces	
  and	
  words	
  clearly	
  differ	
  in	
  their	
  overt	
  geometry	
  and	
  image	
  statistics,	
  

and	
  computing	
  representations	
  for	
  such	
  diverse	
  inputs	
  in	
  the	
  same	
  cortical	
  area	
  would	
  not	
  be	
  a	
  trivial	
  

endeavor.	
  Additionally,	
  faces	
  and	
  words	
  diverge	
  substantially	
  in	
  the	
  nature	
  and	
  timing	
  of	
  their	
  acquisition:	
  

face	
  recognition	
  develops	
  relatively	
  incidentally	
  starting	
  from	
  a	
  very	
  early	
  age	
  whereas,	
  for	
  most	
  

individuals,	
  word	
  recognition	
  is	
  acquired	
  through	
  formal	
  instruction	
  schooling	
  at	
  around	
  age	
  5	
  or	
  6	
  years.	
  

Finally,	
  the	
  evolutionary	
  status	
  of	
  faces	
  and	
  words	
  differ:	
  face	
  recognition	
  has	
  been	
  a	
  fundamental	
  

cognitive	
  and	
  social	
  skill	
  throughout	
  the	
  history	
  of	
  our	
  species,	
  whereas	
  reading	
  is	
  a	
  relatively	
  recent	
  

invention,	
  introduced	
  approximately	
  5400	
  years	
  ago	
  26	
  26and,	
  until	
  roughly	
  150	
  years	
  ago,	
  was	
  limited	
  to	
  a	
  

minority	
  of	
  the	
  human	
  population.	
  	
  

Notwithstanding	
  the	
  explanations	
  offered	
  for	
  the	
  segregation	
  of	
  face	
  and	
  word	
  representations,	
  

close	
  scrutiny	
  of	
  the	
  majority	
  of	
  fMRI	
  and	
  ERP	
  studies	
  reveals	
  a	
  surprising	
  degree	
  of	
  bilateral	
  hemispheric	
  

activation	
  for	
  words	
  and	
  for	
  faces;	
  for	
  examples,	
  see	
  27-­‐32,	
  albeit	
  with	
  relative	
  weighting	
  across	
  the	
  two	
  

hemispheres	
  (see	
  Figure	
  1):	
  there	
  is	
  usually	
  greater	
  amplitude	
  BOLD	
  signal	
  and	
  significantly	
  more	
  voxels	
  

activated	
  by	
  words	
  in	
  the	
  LH	
  than	
  RH	
  [29,	
  33;	
  for	
  review,	
  see34]	
  and	
  the	
  converse	
  pattern	
  holds	
  true	
  for	
  faces.	
  

A	
  similar	
  pattern	
  was	
  observed	
  in	
  a	
  recent	
  study	
  using	
  high-­‐density	
  recording	
  of	
  surface	
  field	
  potentials	
  in	
  

the	
  ventral	
  occipito-­‐temporal	
  cortex	
  of	
  patients	
  with	
  intractable	
  epilepsy,	
  revealing	
  striking	
  within-­‐

hemisphere	
  interdigitation	
  of	
  face-­‐	
  and	
  letter-­‐string-­‐selective	
  zones35.	
  Together,	
  these	
  findings	
  undermine	
  

the	
  argument	
  for	
  strict	
  lateralization	
  of	
  face	
  and	
  word	
  representations.	
  The	
  question	
  then	
  is	
  what	
  gives	
  rise	
  



to	
  the	
  weighted	
  asymmetry	
  and,	
  moreover,	
  is	
  the	
  observed	
  activation	
  in	
  the	
  non-­‐preferred	
  hemisphere	
  

functionally	
  relevant	
  or	
  simply	
  epiphenomenal?	
  

	
  

Insert	
  Figure	
  1	
  approximately	
  here	
  	
  

	
  

The	
  origin	
  of	
  the	
  weighted	
  asymmetry	
  across	
  hemispheres	
  

We	
  have	
  argued	
  that	
  the	
  mature	
  hemispheric	
  organization,	
  as	
  reflected	
  by	
  the	
  bilateral	
  but	
  

weighted	
  activation	
  profiles	
  for	
  faces	
  and	
  words,	
  arises	
  over	
  the	
  course	
  of	
  development	
  as	
  a	
  consequence	
  

of	
  the	
  operation	
  of	
  a	
  set	
  of	
  general	
  computational	
  principles	
  governing	
  neural	
  representation,	
  processing	
  

and	
  learning36,	
  37.	
  Even	
  though	
  word	
  and	
  face	
  processing	
  would	
  seem	
  to	
  be	
  completely	
  unrelated	
  visual	
  

domains,	
  with	
  different	
  modes	
  of	
  acquisition,	
  the	
  theory	
  provides	
  a	
  basis	
  for	
  understanding	
  their	
  

interdependence.	
  

At	
  the	
  core	
  of	
  the	
  theory	
  is	
  the	
  interplay	
  between	
  cooperation	
  and	
  competition	
  among	
  

representations.	
  The	
  theory	
  starts	
  with	
  the	
  standard	
  assumption	
  that	
  representations	
  are	
  hierarchically	
  

organized,	
  such	
  that	
  the	
  representation	
  of	
  information	
  at	
  each	
  level	
  cooperates	
  with	
  (i.e.,	
  mutually	
  

activates	
  and	
  strengthens)	
  the	
  representations	
  of	
  consistent	
  information	
  at	
  lower	
  and	
  higher	
  levels.	
  Such	
  

cooperation	
  depends	
  on	
  available	
  connectivity,	
  which	
  strongly	
  favors	
  local	
  connections	
  in	
  order	
  to	
  

minimize	
  axon	
  length	
  (and	
  hence	
  total	
  white-­‐matter	
  volume)	
  as	
  well	
  as	
  to	
  avoid	
  errors	
  as	
  signal	
  

propagation	
  distance	
  increases	
  or	
  as	
  inter-­‐hemispheric	
  engagement	
  is	
  necessary38.	
  Short	
  connection	
  

lengths	
  lead	
  to	
  increased	
  global	
  efficiency	
  and	
  economy	
  of	
  network	
  organization,	
  are	
  less	
  burdensome	
  

metabolically	
  and	
  are	
  more	
  resilient	
  to	
  damage	
  39.	
  Such	
  systems	
  have	
  been	
  shown	
  to	
  be	
  advantageous	
  

computationally	
  too,	
  revealing	
  a	
  number	
  of	
  desirable	
  properties,	
  including	
  a	
  tendency	
  to	
  decompose	
  tasks	
  

into	
  subtasks,	
  to	
  decouple	
  the	
  dynamics	
  of	
  recurrent	
  subsystems,	
  and	
  to	
  develop	
  location-­‐sensitive	
  internal	
  

representations40.	
  Within	
  a	
  given	
  level,	
  the	
  representations	
  of	
  different	
  (inconsistent)	
  information	
  compete	
  



with	
  each	
  other,	
  both	
  to	
  become	
  active	
  and	
  to	
  become	
  stronger	
  through	
  learning	
  (e.g.,	
  by	
  recruiting	
  more	
  

neurons	
  to	
  encode	
  them).	
  	
  

Despite	
  their	
  differences,	
  both	
  word	
  and	
  face	
  recognition	
  are	
  both	
  highly	
  overlearned	
  and	
  place	
  

extensive	
  demands	
  on	
  high-­‐acuity	
  vision	
  given	
  the	
  high	
  degree	
  of	
  visual	
  similarity	
  among	
  exemplars.	
  Thus,	
  

representations	
  for	
  both	
  classes	
  need	
  to	
  cooperate	
  with	
  (i.e.,	
  be	
  connected	
  to	
  and,	
  hence,	
  be	
  adjacent	
  to)	
  

representations	
  of	
  central	
  visual	
  information;	
  as	
  a	
  result,	
  in	
  both	
  hemispheres,	
  words	
  and	
  faces	
  compete	
  

for	
  representational	
  space	
  in	
  areas	
  adjacent	
  to	
  retinotopic	
  cortex	
  in	
  which	
  information	
  from	
  central	
  vision	
  

is	
  encoded	
  27,	
  41-­‐43	
  (see	
  Figure	
  2).	
  These	
  areas	
  end	
  up	
  becoming	
  what	
  are	
  often	
  referred	
  to	
  as	
  the	
  Visual	
  

Word	
  Form	
  Area	
  (VWFA)	
  in	
  the	
  LH,	
  and	
  the	
  Fusiform	
  Face	
  Area	
  (FFA)	
  in	
  the	
  RH.	
  	
  	
  

Insert	
  Figure	
  2	
  here	
  

To	
  minimize	
  connection	
  length,	
  orthographic	
  representations	
  are	
  further	
  constrained	
  to	
  be	
  

proximal	
  to	
  language-­‐related	
  information,	
  which	
  is	
  left-­‐lateralized	
  in	
  most	
  individuals	
  and,	
  indeed,	
  

lateralization	
  of	
  word-­‐selective	
  activation	
  is	
  co-­‐lateralized	
  with	
  language	
  areas,	
  as	
  revealed	
  in	
  recent	
  

neuroimaging	
  studies	
  44,	
  45.	
  As	
  a	
  result,	
  letters	
  and	
  words	
  come	
  to	
  rely	
  most	
  heavily—albeit	
  not	
  

exclusively—on	
  the	
  left	
  fusiform	
  region	
  (VWFA)	
  as	
  an	
  intermediate	
  cortical	
  region	
  bridging	
  between	
  early	
  

vision	
  and	
  language.	
  This	
  idea	
  is	
  also	
  consistent	
  with	
  the	
  interactive	
  view	
  that	
  left	
  occipitotemporal	
  regions	
  

become	
  specialized	
  for	
  word	
  processing	
  because	
  of	
  top-­‐down	
  predictions	
  from	
  the	
  language	
  system	
  

integrating	
  with	
  bottom-­‐up	
  visual	
  inputs	
  34,	
  46,	
  47.	
  As	
  the	
  LH	
  region	
  becomes	
  increasingly	
  tuned	
  to	
  represent	
  

words,	
  the	
  competition	
  with	
  face	
  representations	
  in	
  that	
  region	
  increases.	
  Consequently,	
  face	
  

representations	
  that	
  were	
  initially	
  bilateral	
  become	
  more	
  lateralized	
  to	
  the	
  right	
  fusiform	
  region	
  (FFA)	
  

albeit,	
  again,	
  not	
  exclusively.	
  	
  

We	
  have	
  proposed	
  that	
  the	
  pressure	
  to	
  minimize	
  connection	
  length	
  between	
  retinotopic	
  visual	
  

cortex	
  and	
  LH	
  language	
  regions	
  serves	
  as	
  the	
  primary	
  driving	
  force	
  behind	
  the	
  initiation	
  of	
  lateralization,	
  

but	
  a	
  host	
  of	
  other	
  anatomical	
  constraints	
  may	
  contribute	
  as	
  well,	
  including	
  the	
  nature	
  of	
  cortical	
  folds	
  



and	
  other	
  aspects	
  of	
  physical	
  implementation	
  of	
  underlying	
  neural	
  hardware	
  properties,	
  such	
  as	
  

cytoarchitectonics,	
  receptor	
  architectonics,	
  myelination	
  and	
  white-­‐matter	
  connectivity	
  48.	
  Moreover,	
  there	
  

is	
  now	
  increasing	
  evidence	
  that	
  the	
  cortical	
  organization,	
  as	
  reflected	
  in	
  the	
  cytoarchitectonic	
  parcellation,	
  

is	
  even	
  more	
  fine-­‐grained	
  than	
  previously	
  considered.	
  For	
  example,	
  recent	
  advancements	
  in	
  the	
  

delineation	
  of	
  the	
  macroanatomical	
  features	
  of	
  ventral	
  visual	
  cortex	
  have	
  revealed	
  that	
  the	
  RH	
  fusiform	
  

gyrus	
  (FG)	
  which	
  mediates	
  face	
  representations	
  is	
  not	
  a	
  monolithic	
  structure	
  with	
  a	
  singular	
  function;	
  

rather,	
  the	
  mid-­‐fusiform	
  gyrus	
  indicates	
  a	
  cytoarchitectonic	
  boundary	
  which	
  subdivides	
  the	
  FG	
  into	
  two	
  

areas,	
  each	
  with	
  a	
  different	
  receptor	
  architecture49:	
  FG1	
  serves	
  as	
  a	
  transitional	
  area	
  between	
  early	
  and	
  

higher	
  visual	
  cortex	
  whereas	
  FG2	
  serves	
  as	
  a	
  higher-­‐order	
  associative	
  region48.	
  FG2	
  is	
  also	
  more	
  strongly	
  

lateralized	
  than	
  FG1,	
  and,	
  in	
  the	
  LH,	
  shows	
  strong	
  relations	
  to	
  the	
  visual	
  language	
  processing	
  system	
  while,	
  

in	
  the	
  RH,	
  is	
  more	
  strongly	
  associated	
  with	
  other	
  face-­‐selective	
  regions.	
  These	
  findings	
  indicate	
  that	
  

functional	
  lateralization	
  of	
  the	
  FG	
  may	
  be	
  dependent	
  on	
  differential	
  connectivity	
  patterns	
  50,	
  51.	
  A	
  similar	
  

distinction	
  between	
  two	
  subregions	
  of	
  the	
  left	
  occipitotemporal	
  VWFA	
  region	
  may	
  also	
  be	
  observed	
  48,	
  52,	
  

53;	
  indeed,	
  the	
  nomenclature	
  of	
  VWFA-­‐1	
  and	
  VWFA-­‐2	
  has	
  been	
  recently	
  proposed54.	
  	
  The	
  cytoarchitectonic	
  

and	
  connectivity	
  profiles	
  of	
  the	
  two	
  areas	
  are	
  currently	
  undergoing	
  further	
  characterization	
  (for	
  similar	
  

findings	
  regarding	
  the	
  impact	
  of	
  connectivity	
  on	
  functional	
  properties	
  of	
  cortical	
  regions,	
  see	
  15).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Similar	
  ideas	
  concerning	
  connectivity	
  and	
  functional	
  organization	
  have	
  been	
  put	
  forward	
  previously;	
  

for	
  example,	
  according	
  to	
  Gazzaniga	
  55,	
  the	
  corpus	
  callosum	
  in	
  humans	
  and	
  the	
  expansion	
  of	
  fast,	
  myelinated	
  

fibers	
  in	
  particular	
  regions	
  of	
  cortex	
  both	
  across	
  and	
  within	
  species	
  56,	
  57	
  allow	
  for	
  the	
  jettisoning	
  of	
  a	
  pre-­‐

existing	
  system	
  (for	
  example,	
  face	
  recognition)	
  as	
  a	
  new	
  function	
  develops	
  in	
  one	
  hemisphere	
  (for	
  example,	
  

word	
  recognition)	
  while	
  the	
  other	
  hemisphere	
  can	
  continue	
  to	
  perform	
  the	
  previous	
  function	
  for	
  both	
  

hemispheres.	
  Interestingly,	
  Gazzaniga55	
  speculated	
  that	
  as	
  the	
  LH	
  becomes	
  more	
  tuned	
  for	
  language	
  

competence,	
  cortical	
  tissue	
  that	
  had	
  been	
  dedicated	
  to	
  visuospatial	
  processing	
  may	
  result	
  in	
  a	
  decrement	
  of	
  

those	
  abilities	
  in	
  the	
  LH.	
  This	
  subsequent	
  ‘deficit’	
  in	
  LH	
  perceptual	
  skills	
  is	
  evident	
  in	
  studies	
  comparing	
  the	
  LH	
  



and	
  RH	
  in	
  split-­‐brain	
  patients	
  showing,	
  for	
  example,	
  relative	
  decrement	
  in	
  the	
  LH	
  versus	
  RH	
  ability	
  to	
  decide	
  

whether	
  two	
  objects	
  are	
  identical	
  or	
  mirror-­‐reversed	
  58,	
  59.	
  The	
  consequences	
  of	
  language	
  and	
  reading	
  for	
  

perceptual	
  representation	
  in	
  the	
  LH	
  are	
  also	
  revealed	
  in	
  studies	
  of	
  individuals	
  who	
  are	
  illiterate.	
  Evidence	
  from	
  

fMRI	
  investigations	
  has	
  shown	
  that	
  illiterate	
  individuals,	
  relative	
  to	
  literate	
  individuals,	
  evince	
  reduced	
  LH	
  

activation	
  to	
  written	
  strings	
  and	
  increased	
  LH	
  response	
  to	
  faces60,	
  61.	
  Of	
  great	
  interest,	
  increasing	
  literacy	
  in	
  

such	
  individuals	
  leads	
  to	
  a	
  shift	
  in	
  these	
  hemispheric	
  profiles	
  with	
  an	
  increase	
  in	
  LH	
  activation	
  for	
  words	
  and	
  an	
  

increase	
  in	
  RH	
  lateralization	
  for	
  faces.	
  Learning	
  to	
  read	
  also	
  leads	
  to	
  anatomical	
  changes	
  within	
  the	
  left	
  

intrahemispheric	
  white	
  matter	
  pathways	
  that	
  interconnect	
  these	
  regions,	
  specifically	
  resulting	
  in	
  an	
  increase	
  in	
  

fractional	
  anisotropy	
  and	
  a	
  decrease	
  in	
  perpendicular	
  diffusivity	
  in	
  the	
  temporo-­‐parietal	
  portion	
  of	
  the	
  left	
  

arcuate	
  fasciculus	
  62,	
  63.	
  Further	
  evidence	
  for	
  this	
  competitive	
  account	
  comes	
  from	
  studies	
  showing	
  decreases	
  or	
  

pruning	
  away	
  of	
  responses	
  to	
  non-­‐preferred	
  stimuli	
  (e.g.,	
  shoes)	
  in	
  category-­‐selective	
  regions	
  such	
  as	
  VWFA	
  

and	
  FFA	
  over	
  the	
  course	
  of	
  child	
  development64.	
  	
  

If	
  the	
  critical	
  trigger	
  for	
  the	
  emergence	
  of	
  the	
  left-­‐lateralized	
  VWFA	
  is	
  the	
  pressure	
  to	
  couple	
  

visual	
  and	
  language	
  areas,	
  one	
  might	
  have	
  predicted	
  that	
  the	
  VWFA	
  should	
  be	
  localized	
  even	
  more	
  closely	
  to	
  

the	
  language	
  regions	
  in	
  the	
  anterior-­‐posterior	
  plane,	
  or	
  inferior-­‐superior	
  plane.	
  There	
  are,	
  however,	
  several	
  

reasons	
  why	
  the	
  VWFA	
  may	
  not	
  be	
  more	
  proximal	
  to	
  language	
  regions.	
  For	
  example,	
  there	
  are	
  properties	
  of	
  

extrastriate	
  visual	
  cortex	
  that	
  are	
  well	
  suited	
  to	
  the	
  processing	
  of	
  stimuli	
  that	
  appear	
  near	
  to	
  the	
  observer	
  and	
  

require	
  fine-­‐grained	
  discrimination	
  (as	
  would	
  be	
  true	
  for	
  words).	
  In	
  monkeys,	
  face	
  patches	
  (but	
  not	
  color	
  

patches	
  or	
  scene	
  patches)	
  are	
  modulated	
  more	
  strongly	
  by	
  near	
  than	
  by	
  far	
  stimuli	
  65and	
  these	
  near-­‐disparity	
  

regions	
  occupy	
  foveal	
  locations	
  of	
  the	
  extrastriate	
  eccentricity	
  map	
  permitting	
  sufficient	
  acuity	
  65.	
  Similar	
  biases	
  

would	
  be	
  true	
  for	
  the	
  recognition	
  of	
  words.	
  Similarly,	
  the	
  locations	
  of	
  visual	
  categories	
  may	
  depend	
  on	
  some	
  

kind	
  of	
  ‘proto-­‐organization’,	
  which	
  is	
  shape-­‐based.	
  This	
  is	
  well	
  demonstrated	
  in	
  studies	
  exploring	
  the	
  emergent	
  

category-­‐selective	
  organization	
  in	
  juvenile	
  monkeys	
  trained	
  on	
  a	
  host	
  of	
  biologically	
  relevant	
  (e.g.,	
  faces)	
  and	
  

cultural	
  stimuli	
  (e.g.,	
  text)	
  66,	
  67.	
  The	
  findings	
  reveal	
  that	
  the	
  acquisition	
  of	
  novel	
  representations	
  is	
  constrained	
  



by	
  some	
  native	
  organization	
  and	
  that	
  this	
  organization	
  is	
  superimposed	
  on	
  gradients	
  of	
  eccentricity	
  (as	
  noted	
  

above	
  68	
  and	
  curvature	
  [see	
  also	
  69].	
  Taken	
  together,	
  there	
  are	
  several	
  functional	
  and	
  anatomical	
  constraints	
  

that	
  likely	
  codetermine	
  the	
  exact	
  location	
  of	
  the	
  VWFA	
  in	
  an	
  individual,	
  including	
  a	
  complex	
  trade-­‐off	
  between	
  

proximity	
  to	
  bottom-­‐up	
  central	
  and	
  shape-­‐based	
  visual	
  information,	
  proximity	
  to	
  various	
  types	
  of	
  language-­‐

related	
  information	
  (phonology,	
  semantics),	
  and	
  constraints	
  on	
  organization	
  of	
  other	
  visual	
  recognition	
  

processes	
  (that	
  compete	
  with	
  words/faces).	
  	
  

	
  

Predictions	
  and	
  further	
  evidence	
  

The	
  graded	
  hemispheric	
  theory	
  makes	
  a	
  number	
  of	
  interesting	
  and	
  otherwise	
  counterintuitive	
  

predictions,	
  some	
  of	
  which	
  have	
  already	
  been	
  tested	
  empirically.	
  A	
  key	
  aspect	
  of	
  the	
  theory	
  concerns	
  the	
  

notion	
  that	
  the	
  LH	
  lateralization	
  for	
  word	
  recognition	
  emerges	
  over	
  the	
  course	
  of	
  development.	
  Behavioral	
  

studies	
  have	
  previously	
  documented	
  an	
  emerging	
  right	
  visual	
  field/LH	
  advantage	
  for	
  letters	
  in	
  a	
  divided	
  

visual	
  field	
  task,	
  as	
  children	
  develop	
  the	
  ability	
  to	
  name	
  letters	
  70,	
  71.	
  Consistent	
  with	
  this,	
  cross-­‐sectional	
  

developmental	
  fMRI	
  studies	
  have	
  also	
  found	
  a	
  greater	
  leftward	
  asymmetry	
  related	
  to	
  increases	
  in	
  age	
  and	
  

linguistic	
  skill	
  as	
  well	
  as	
  to	
  the	
  acquisition	
  of	
  word	
  recognition	
  72-­‐74.	
  	
  

Relevant	
  data	
  from	
  recent	
  imaging	
  studies	
  also	
  support	
  the	
  idea	
  that	
  the	
  LH	
  connectivity	
  between	
  

visual	
  and	
  language	
  areas	
  is	
  key	
  to	
  the	
  emergence	
  of	
  hemispheric	
  organization.	
  One	
  relevant	
  study63	
  has	
  

revealed	
  that	
  the	
  VWFA,	
  compared	
  with	
  the	
  fusiform	
  face	
  area,	
  shows	
  higher	
  connectivity	
  to	
  left-­‐

hemispheric	
  perisylvian	
  superior	
  temporal,	
  anterior	
  temporal	
  and	
  inferior	
  frontal	
  areas.	
  Also	
  of	
  relevance	
  is	
  

that	
  the	
  left	
  occipitotemporal	
  sulcus	
  maps	
  onto	
  a	
  peak	
  of	
  connectivity	
  with	
  language	
  areas,	
  with	
  slightly	
  

distinct	
  subregions	
  showing	
  preferential	
  projections	
  to	
  areas	
  respectively	
  involved	
  in	
  grapheme-­‐phoneme	
  

conversion	
  and	
  lexical	
  access	
  (see	
  also	
  75,	
  76).	
  Furthermore,	
  that	
  the	
  reading-­‐related	
  ventral	
  activations	
  have	
  

the	
  same	
  topography	
  in	
  blind	
  and	
  sighted	
  subjects	
  suggests	
  that	
  connections	
  with	
  language	
  may	
  be	
  critical	
  

and	
  may	
  serve	
  as	
  powerful	
  constraints	
  in	
  determining	
  the	
  standard	
  location	
  of	
  the	
  VWFA	
  77,	
  78	
  even	
  in	
  the	
  



absence	
  of	
  visual	
  input.	
  Last,	
  recent	
  findings	
  of	
  greater	
  interhemispheric	
  effective	
  connectivity	
  between	
  

posterior	
  cortex	
  in	
  children	
  aged	
  (mean)	
  4.5	
  years	
  than	
  in	
  adults	
  is	
  also	
  consistent	
  with	
  the	
  hypothesis	
  that	
  

there	
  are	
  changes	
  in	
  network	
  properties	
  that	
  occur	
  over	
  development	
  around	
  the	
  time	
  that	
  children	
  are	
  

entering	
  school	
  and	
  being	
  exposed	
  to	
  orthography79.	
  

The	
  graded	
  hemispheric	
  specialization	
  account	
  makes	
  the	
  further	
  specific	
  predictions	
  that,	
  despite	
  

reading	
  being	
  evolutionarily	
  much	
  more	
  recent	
  than	
  face	
  recognition,	
  word	
  lateralization	
  should	
  precede	
  

face	
  lateralization	
  in	
  development,	
  and,	
  moreover,	
  the	
  extent	
  of	
  reading	
  acquisition	
  should	
  predict	
  the	
  

degree	
  of	
  face	
  lateralization	
  across	
  individuals.	
  To	
  test	
  these	
  predictions,	
  we	
  examined	
  the	
  hemispheric	
  

superiority	
  for	
  faces	
  and	
  words	
  in	
  children	
  (7-­‐9	
  years	
  old),	
  young	
  adolescents	
  (11-­‐13	
  years	
  old)	
  and	
  adults	
  

using	
  a	
  half-­‐field	
  discrimination	
  task	
  80.	
  In	
  this	
  task	
  (see	
  Figure	
  3),	
  a	
  face	
  or	
  word	
  was	
  shown	
  centered	
  over	
  

fixation	
  for	
  750ms	
  (so	
  that	
  the	
  youngest	
  children	
  could	
  encode	
  the	
  stimulus)	
  and,	
  immediately	
  thereafter,	
  a	
  

stimulus	
  was	
  presented	
  for	
  150	
  msec	
  (too	
  brief	
  a	
  time	
  to	
  program	
  a	
  saccade)	
  in	
  either	
  the	
  right	
  or	
  left	
  

visual	
  field.	
  The	
  participant	
  was	
  required	
  to	
  decide	
  whether	
  or	
  not	
  the	
  second	
  stimulus	
  was	
  the	
  same	
  as	
  the	
  

first	
  by	
  pressing	
  one	
  of	
  two	
  keys	
  to	
  indicate	
  same/different	
  (responses	
  counterbalanced	
  across	
  

participants)80.	
  Whereas	
  all	
  three	
  age	
  groups	
  showed	
  the	
  expected	
  right	
  visual	
  field	
  (LH)	
  advantage	
  for	
  

words,	
  only	
  the	
  adults	
  showed	
  a	
  left	
  visual	
  field	
  (RH)	
  advantage	
  for	
  faces	
  (Figure	
  4a).	
  	
  Moreover,	
  as	
  

predicted,	
  the	
  emergence	
  of	
  face	
  lateralization	
  was	
  correlated	
  with	
  reading	
  competence,	
  measured	
  on	
  an	
  

independent	
  standardized	
  test,	
  after	
  regressing	
  out	
  age,	
  quantitative	
  reasoning	
  scores	
  and	
  face	
  

discrimination	
  accuracy	
  (see	
  Figure	
  4b).	
  	
  

Insert	
  Figure	
  3	
  approximately	
  here	
  	
  

Insert	
  Figure	
  4a	
  and	
  4b	
  approximately	
  here	
  	
  

	
  

An	
  EEG	
  study	
  used	
  the	
  identical	
  experiment	
  to	
  compare	
  the	
  ERP	
  responses	
  for	
  a	
  new	
  group	
  of	
  

children	
  (aged	
  7-­‐12	
  years)	
  versus	
  adults	
  to	
  ascertain	
  whether	
  the	
  lateralization	
  of	
  orthographic	
  



representations	
  precedes	
  the	
  lateralization	
  of	
  face	
  representations.	
  First,	
  the	
  behavioral	
  data	
  collected	
  

while	
  the	
  ERP	
  signal	
  was	
  being	
  measured	
  replicated	
  the	
  above	
  result	
  81:	
  adults	
  showed	
  the	
  complementary	
  

right	
  and	
  left	
  visual	
  field	
  superiority	
  for	
  words	
  and	
  faces,	
  respectively,	
  while	
  children	
  showed	
  only	
  the	
  right	
  

visual	
  field	
  superiority	
  for	
  words.	
  Additionally,	
  whereas	
  for	
  the	
  adults	
  there	
  was	
  a	
  larger	
  N170	
  ERP	
  

component	
  in	
  the	
  LH	
  over	
  RH	
  for	
  words,	
  and	
  conversely,	
  a	
  larger	
  N170	
  in	
  the	
  RH	
  over	
  LH	
  for	
  faces,	
  the	
  

children	
  revealed	
  only	
  the	
  adult	
  hemispheric	
  pattern	
  for	
  words,	
  but	
  no	
  ERP	
  hemispheric	
  superiority	
  for	
  

faces	
  (see	
  Figure	
  5).	
  Of	
  particular	
  interest,	
  the	
  magnitude	
  of	
  the	
  children’s	
  N170	
  for	
  faces	
  in	
  the	
  RH	
  was	
  

correlated	
  with	
  that	
  of	
  the	
  N170	
  for	
  words	
  in	
  their	
  LH.	
  These	
  findings	
  suggest	
  that	
  the	
  neural	
  mechanisms	
  

for	
  face	
  and	
  word	
  recognition	
  do	
  not	
  develop	
  independently,	
  and	
  that	
  earlier	
  LH	
  word	
  lateralization	
  drives	
  

later	
  RH	
  face	
  lateralization.	
  This	
  is	
  a	
  particularly	
  counterintuitive	
  finding	
  given	
  that	
  one’s	
  experience	
  with	
  

face	
  recognition	
  precedes	
  the	
  exposure	
  to	
  orthography	
  by	
  many	
  years.	
  To	
  be	
  clear,	
  the	
  claim	
  is	
  not	
  that	
  

young	
  children	
  are	
  unable	
  to	
  recognize	
  faces	
  at	
  all	
  (although	
  it	
  is	
  well	
  established	
  that	
  their	
  performance	
  is	
  

far	
  from	
  adult	
  level82);	
  rather,	
  the	
  idea	
  is	
  that	
  face	
  lateralization	
  may	
  be	
  bilaterally	
  organized	
  initially	
  and	
  

only	
  becomes	
  more	
  right-­‐lateralized	
  when	
  pressured	
  by	
  the	
  more	
  left-­‐lateralized	
  acquisition	
  of	
  word	
  

representations	
  (see	
  also	
  64,	
  83).	
  	
  

Insert	
  Figure	
  5	
  approximately	
  here	
  	
  

	
  

A	
  further	
  prediction	
  of	
  the	
  account	
  is	
  that	
  any	
  failure	
  to	
  develop	
  coherent	
  word	
  representations	
  in	
  

the	
  LH	
  should	
  affect	
  not	
  only	
  word	
  lateralization	
  but	
  should	
  also	
  adversely	
  impact	
  face	
  lateralization.	
  

Indeed,	
  upholding	
  this	
  prediction,	
  left-­‐handed	
  individuals	
  who,	
  as	
  a	
  group,	
  show	
  more	
  variable	
  language	
  

dominance	
  do	
  not	
  show	
  obvious	
  lateralization	
  for	
  face	
  processing,	
  as	
  measured	
  by	
  the	
  strength	
  of	
  the	
  N170	
  

ERP	
  component	
  84	
  or	
  by	
  fMRI	
  investigation	
  85.	
  Relatedly,	
  right-­‐handed	
  adults	
  with	
  a	
  diagnosis	
  of	
  

developmental	
  dyslexia	
  and	
  ongoing	
  reading	
  difficulties,	
  are	
  both	
  impaired	
  at	
  face	
  perception,	
  relative	
  to	
  

matched	
  controls86,	
  and,	
  intriguingly,	
  do	
  not	
  show	
  the	
  typical	
  profile	
  of	
  LH-­‐word	
  and	
  RH-­‐face	
  superiorities	
  



and	
  organization87,	
  88.	
  Finally,	
  literacy	
  impacts	
  the	
  manner	
  in	
  which	
  faces	
  are	
  processed	
  –	
  thus,	
  with	
  

increasing	
  literacy,	
  there	
  is	
  a	
  decrease	
  in	
  automatic	
  holistic	
  processing	
  in	
  the	
  LH,	
  perhaps	
  enabling	
  the	
  use	
  

of	
  a	
  more	
  analytic	
  and	
  flexible	
  processing	
  strategy	
  89	
  [for	
  related	
  results	
  in	
  altered	
  tuning	
  of	
  the	
  visual	
  

system	
  in	
  illiterates	
  acquiring	
  orthographic	
  representations,	
  see	
  90].	
  

The	
  claim	
  that	
  it	
  is	
  the	
  lateralization	
  of	
  language	
  that	
  constrains	
  the	
  emergence	
  of	
  word	
  (and	
  then	
  

face)	
  lateralization	
  is	
  also	
  well	
  supported	
  by	
  findings	
  showing	
  that	
  the	
  left	
  superior	
  temporal	
  activation	
  for	
  

spoken	
  language	
  correlates	
  with	
  the	
  lateralization	
  of	
  occipitotemporal	
  activations	
  for	
  both	
  written	
  words	
  

and	
  faces	
  91	
  and	
  that	
  the	
  degree	
  of	
  face-­‐selectivity	
  in	
  the	
  RH	
  varies	
  with	
  handedness	
  92.	
  Also	
  consistent	
  with	
  

the	
  precedence	
  of	
  language	
  and	
  the	
  subsequent	
  cascade	
  of	
  lateralization	
  is	
  a	
  study	
  that	
  compared	
  face	
  and	
  

word	
  activation	
  fMRI	
  profiles	
  in	
  monozygotic	
  and	
  dizygotic	
  twins.	
  The	
  results	
  of	
  this	
  study	
  indicate	
  that	
  

activations	
  of	
  the	
  left	
  VWFA	
  and	
  the	
  temporal	
  speech	
  areas	
  are	
  partially	
  under	
  genetic	
  control	
  whereas	
  

activation	
  of	
  the	
  face-­‐selective	
  RH	
  regions	
  is	
  primarily	
  influenced	
  by	
  individual	
  experience	
  91.	
  One	
  	
  

interpretation	
  of	
  these	
  findings	
  is	
  that	
  LH	
  word	
  selectivity	
  is	
  directly	
  dependent	
  on	
  genetically-­‐specified	
  

connectivity	
  with	
  other	
  LH	
  language	
  areas,	
  whereas	
  RH	
  face	
  selectivity	
  is	
  the	
  consequence	
  of	
  protracted	
  

reading	
  experience.	
  In	
  the	
  same	
  study,	
  the	
  RH	
  occipital	
  face	
  area	
  (OFA)	
  also	
  appeared	
  to	
  be	
  at	
  least	
  

partially	
  influenced	
  by	
  genetics,	
  but	
  because	
  the	
  LH	
  posterior	
  face	
  selective	
  region	
  was	
  not	
  considered,	
  the	
  

degree	
  to	
  which	
  there	
  are	
  hemispheric	
  differences	
  in	
  the	
  relative	
  contributions	
  of	
  genetic	
  and	
  experience-­‐

dependent	
  factors	
  to	
  the	
  development	
  of	
  the	
  OFA	
  remains	
  unclear.	
  

Finally,	
  data	
  from	
  developmental	
  studies	
  confirm	
  that	
  the	
  LH	
  superiority	
  for	
  orthographic	
  over	
  non-­‐

orthographic	
  stimuli	
  is	
  not	
  present	
  in	
  pre-­‐literate	
  children	
  and	
  becomes	
  apparent	
  only	
  after	
  reading	
  

instruction	
  and	
  practice	
  93,	
  94.	
  This	
  LH	
  lateralization	
  increases	
  with	
  reading	
  ability95,	
  96	
  and	
  the	
  N170	
  

continues	
  to	
  strengthen	
  through	
  adolescence73,	
  97.	
  This	
  experience-­‐dependent	
  neural	
  signature	
  can	
  also	
  be	
  

observed	
  in	
  adulthood	
  as	
  the	
  increased	
  selectivity	
  for	
  learned	
  orthography	
  is	
  seen	
  both	
  functionally	
  in	
  

adults	
  learning	
  to	
  read	
  a	
  second	
  language98,	
  	
  and	
  structurally	
  in	
  adults	
  learning	
  to	
  read	
  a	
  first	
  language47.	
  



Taken	
  together,	
  the	
  findings	
  reviewed	
  thus	
  far	
  are	
  consistent	
  in	
  supporting	
  a	
  model	
  of	
  bilateral	
  but	
  graded	
  

representations	
  of	
  faces	
  and	
  words.	
  	
  

	
  

Functional	
  relevance	
  of	
  the	
  activation	
  in	
  the	
  non-­‐preferred	
  hemisphere	
  

The	
  data	
  thus	
  far	
  are	
  consistent	
  in	
  supporting	
  a	
  model	
  of	
  bilateral	
  but	
  graded	
  representations	
  of	
  faces	
  and	
  

words.	
  A	
  critical	
  question	
  that	
  remains	
  to	
  be	
  addressed,	
  though,	
  is	
  whether	
  the	
  activation	
  in	
  the	
  non-­‐

preferred	
  hemisphere	
  is	
  merely	
  epiphenomenal	
  or	
  is	
  functionally	
  relevant.	
  Evidence	
  supporting	
  the	
  latter	
  

view	
  comes	
  predominantly	
  from	
  the	
  study	
  of	
  individuals	
  who	
  were	
  premorbidly	
  normal	
  in	
  face	
  and	
  word	
  

recognition	
  but	
  who	
  subsequently	
  suffered	
  a	
  unilateral	
  cortical	
  lesion	
  in	
  the	
  vicinity	
  of	
  the	
  left	
  or	
  right	
  

ventral	
  occipitotemporal	
  cortex.	
  One	
  recent	
  study	
  addressed	
  this	
  by	
  quantifying	
  the	
  speed	
  and	
  accuracy	
  of	
  

word	
  and	
  face	
  recognition	
  in	
  four	
  pure	
  alexic	
  and	
  three	
  prosopagnosic	
  individuals	
  (and	
  matched	
  controls),	
  

all	
  of	
  whom	
  suffered	
  a	
  unilateral	
  cortical	
  lesion.	
  The	
  results	
  showed	
  that	
  the	
  pure	
  alexic	
  (LH	
  damage)	
  

patients	
  demonstrated	
  mild	
  but	
  reliable	
  face	
  recognition	
  deficits	
  and	
  that	
  the	
  prosopagnosic	
  (RH	
  damage)	
  

patients	
  revealed	
  mild	
  but	
  reliable	
  word	
  recognition	
  deficits.	
  Similarly,	
  in	
  a	
  group	
  of	
  32	
  patients	
  with	
  

unilateral	
  right	
  or	
  left	
  lesions,	
  a	
  significant	
  number	
  of	
  patients	
  with	
  LH	
  damage	
  were	
  impaired	
  at	
  face	
  

perception	
  and	
  a	
  significant	
  number	
  of	
  patients	
  with	
  RH	
  lesions	
  were	
  impaired	
  at	
  word	
  recognition,	
  leading	
  

to	
  the	
  conclusion	
  that	
  face	
  recognition	
  and	
  word	
  reading	
  may	
  be	
  mediated	
  by	
  distributed	
  neural	
  systems	
  

that	
  are	
  more	
  bilaterally	
  organized	
  than	
  commonly	
  assumed	
  99.	
  	
  Also	
  consistent	
  with	
  these	
  findings	
  are	
  the	
  

results	
  from	
  a	
  study	
  of	
  eight	
  patients	
  with	
  pure	
  alexia	
  who,	
  relative	
  to	
  controls,	
  were	
  slower	
  and	
  less	
  

accurate	
  at	
  face	
  naming	
  and	
  name-­‐face	
  matching	
  41.	
  	
  

The	
  contribution	
  of	
  the	
  non-­‐preferred	
  hemisphere	
  is	
  also	
  inferred	
  from	
  the	
  finding	
  that	
  

prosopagnosia	
  is	
  more	
  severe	
  following	
  bilateral	
  than	
  unilateral	
  right	
  lesions	
  13,	
  implicating	
  a	
  LH	
  

contribution	
  to	
  face	
  recognition,	
  and	
  that	
  prosopagnosia	
  has	
  been	
  reported	
  in	
  a	
  right-­‐hander	
  subsequent	
  

to	
  a	
  LH	
  lesion	
  100,	
  101.	
  In	
  complementary	
  fashion,	
  pure	
  alexia	
  has	
  been	
  reported	
  in	
  a	
  right-­‐hander	
  after	
  a	
  



unilateral	
  right	
  occipitotemporal	
  lesion	
  102,	
  103	
  and,	
  in	
  one	
  patient	
  with	
  pure	
  alexia,	
  the	
  recovered	
  reading	
  

was	
  subsequently	
  disrupted	
  by	
  transcranial	
  magnetic	
  stimulation	
  to	
  the	
  RH	
  but	
  not	
  to	
  the	
  LH104.	
  

Together,	
  these	
  neuropsychological	
  investigations	
  suggest	
  that	
  both	
  hemispheres	
  participate	
  in	
  

both	
  face	
  and	
  word	
  recognition.	
  Whether	
  the	
  contribution	
  of	
  the	
  two	
  hemispheres	
  is	
  not	
  only	
  differentially	
  

weighted	
  but	
  qualitatively	
  different	
  is	
  rather	
  less	
  clear.	
  Some	
  of	
  the	
  patient	
  studies	
  cited	
  above	
  report	
  that	
  

signature	
  characteristics	
  of	
  pure	
  alexia	
  (for	
  example,	
  the	
  word	
  length	
  effect)	
  are	
  also	
  observed	
  in	
  the	
  

prosopagnosic	
  individuals	
  (albeit	
  to	
  a	
  lesser	
  extent)	
  but	
  that	
  the	
  signature	
  characteristics	
  of	
  prosopagnosia	
  

(relatively	
  better	
  performance	
  on	
  inverted	
  than	
  upright	
  faces)	
  are	
  not	
  observed	
  in	
  the	
  pure	
  alexic	
  patients	
  

105.	
  One	
  recent	
  study	
  that	
  investigated	
  the	
  face	
  perception	
  skills	
  of	
  pure	
  alexic	
  individuals	
  in	
  some	
  detail	
  

observed	
  that	
  the	
  sequential	
  part-­‐based	
  processing	
  strategy	
  that	
  gives	
  rise	
  to	
  the	
  length	
  effect	
  in	
  the	
  

reading	
  of	
  these	
  patients	
  apparently	
  allows	
  them	
  to	
  discriminate	
  between	
  faces	
  on	
  the	
  basis	
  of	
  feature	
  

identity.	
  In	
  these	
  individuals,	
  the	
  processing	
  of	
  second-­‐order	
  configural	
  information	
  is	
  compromised	
  due	
  to	
  

their	
  left	
  pFG	
  lesion,	
  suggesting	
  that	
  the	
  deficit	
  in	
  face	
  perception	
  that	
  emerges	
  after	
  a	
  LH	
  lesion	
  is	
  a	
  

reflection	
  of	
  the	
  damage	
  to	
  the	
  LH	
  part-­‐processing	
  bias	
  per	
  se	
  rather	
  than	
  being	
  a	
  direct	
  parallel	
  of	
  

prosopagnosia	
  after	
  a	
  RH	
  lesion106.	
  

Some	
  fMRI	
  studies	
  have	
  also	
  uncovered	
  differences	
  in	
  activation	
  profile	
  across	
  the	
  two	
  

hemispheres:	
  for	
  example,	
  the	
  RH	
  is	
  more	
  activated	
  when	
  matching	
  whole	
  faces	
  than	
  when	
  matching	
  face	
  

parts,	
  whereas	
  this	
  pattern	
  of	
  activity	
  was	
  reversed	
  in	
  the	
  left	
  homologous	
  region	
  107.	
  A	
  related	
  study	
  

showed	
  that	
  the	
  RH	
  activation	
  is	
  more	
  activated	
  by	
  categorical	
  face/non-­‐face	
  judgments	
  whereas	
  the	
  LH	
  

activation	
  was	
  more	
  correlated	
  with	
  image-­‐level	
  face	
  resemblance	
  108.	
  On	
  the	
  other	
  hand,	
  using	
  MVPA	
  and	
  

recursive	
  feature	
  elimination,	
  Nestor	
  and	
  colleagues	
  showed	
  that	
  the	
  right	
  and	
  left	
  fusiform	
  gyri	
  have	
  very	
  

similar	
  sensitivity	
  estimates	
  for	
  face	
  identity	
  discrimination	
  109.	
  Clearly,	
  additional	
  research	
  is	
  needed	
  to	
  

determine	
  the	
  extent	
  and	
  nature	
  of	
  the	
  differences	
  in	
  the	
  bilateral	
  hemispheric	
  representations	
  of	
  faces	
  

and	
  of	
  words.	
  	
  



What	
  really	
  gives	
  rise	
  to	
  the	
  word-­‐left	
  and	
  face-­‐right	
  distinction?	
  

We	
  have	
  suggested	
  that	
  the	
  trigger	
  for	
  the	
  emergence	
  of	
  hemispheric	
  specialization	
  comes	
  from	
  the	
  

combination	
  of	
  LH	
  language	
  (as	
  is	
  the	
  case	
  for	
  most	
  right-­‐handed	
  individuals),	
  demands	
  for	
  high-­‐acuity	
  

vision	
  and	
  constraints	
  to	
  keep	
  connection	
  length	
  short.	
  One	
  might	
  even	
  question	
  why	
  language	
  is	
  

unilaterally	
  organized	
  and	
  why	
  language	
  areas	
  arise	
  in	
  the	
  LH	
  in	
  the	
  first	
  place.	
  One	
  possibility	
  is	
  that	
  the	
  

need	
  for	
  fine	
  and	
  rapid	
  motor	
  control	
  for	
  speech	
  (and	
  perhaps	
  demanding	
  manual	
  tasks)	
  requires	
  that	
  a	
  

single	
  neural	
  system	
  drives	
  motor	
  production	
  because	
  bilateral	
  systems	
  would	
  need	
  perfect	
  

synchronisation	
  to	
  drive	
  motor	
  output	
  efficiently	
  (and,	
  in	
  fact,	
  some	
  theories	
  of	
  stuttering	
  suggest	
  that	
  it	
  

reflects	
  bilateral	
  control	
  speech).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  However,	
  the	
  question	
  remains	
  about	
  why	
  there	
  is	
  LH	
  dominance	
  for	
  language	
  in	
  the	
  majority	
  of	
  the	
  

population	
  rather	
  than	
  RH	
  dominance	
  or	
  perhaps	
  random	
  assignment	
  across	
  the	
  hemispheres.	
  The	
  answer	
  

to	
  this	
  is	
  rather	
  more	
  speculative:	
  perhaps	
  the	
  LH	
  instantiates	
  a	
  bias	
  that	
  is	
  specific	
  to	
  language,	
  such	
  as	
  the	
  

ability	
  to	
  detect	
  rapid	
  transitions	
  from	
  one	
  stimulus	
  to	
  another110,	
  tuning	
  to	
  roughly	
  syllable-­‐length	
  

temporal	
  rhythms,	
  or	
  some	
  other	
  type	
  of	
  genetically	
  pre-­‐determined	
  bias	
  (for	
  review,	
  see111,	
  112).	
  Numerous	
  

hypotheses	
  have	
  been	
  proposed	
  to	
  bridge	
  the	
  genetics	
  of	
  hemispheric	
  dominance	
  and	
  handedness,	
  and	
  

while	
  we	
  do	
  not	
  review	
  these	
  exhaustively,	
  a	
  few	
  are	
  of	
  particular	
  relevance.	
  For	
  instance,	
  a	
  generic	
  trait	
  of	
  

asymmetry	
  such	
  as	
  handedness,	
  which	
  may	
  be	
  genetically	
  determined	
  [for	
  example,	
  see	
  113,	
  114],	
  and	
  which	
  

also	
  correlates	
  with	
  the	
  lateralization	
  of	
  language	
  115-­‐117,	
  may	
  have	
  a	
  broad	
  impact	
  on	
  several	
  aspects	
  of	
  

functional	
  hemispheric	
  specialization.	
  These	
  different	
  possibilities	
  (e.g.,	
  fundamental	
  computational	
  

properties	
  of	
  LH,	
  genetics)	
  are	
  not	
  mutually	
  exclusive.	
  A	
  recent	
  paper	
  using	
  Near-­‐infrared	
  Spectroscopy	
  

(NIRS)	
  with	
  infants	
  concludes	
  that	
  lateralization	
  for	
  language	
  emerges	
  out	
  of	
  the	
  interaction	
  between	
  pre-­‐

existing	
  left–right	
  biases	
  in	
  generic	
  auditory	
  processing	
  (signal-­‐driven	
  hypothesis),	
  and	
  a	
  left-­‐hemisphere	
  

predominance	
  of	
  particular	
  learning	
  mechanisms	
  (learning-­‐biases	
  hypothesis)	
  118.	
  	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  A	
  host	
  of	
  other	
  fundamental	
  encoding	
  asymmetries	
  may	
  also	
  contribute	
  to	
  lateralization	
  and	
  

potentially	
  to	
  the	
  LH	
  language	
  bias.	
  These	
  include,	
  for	
  example,	
  a	
  LH	
  bias	
  to	
  processing	
  parts	
  of	
  stimuli	
  

rather	
  than	
  wholes107	
  or	
  a	
  bias	
  to	
  encode	
  inputs	
  in	
  a	
  more	
  categorical	
  (LH)	
  rather	
  than	
  coordinate	
  (RH)	
  

fashion119.	
  The	
  bias	
  may	
  also	
  arise	
  from	
  greater	
  LH	
  efficiency	
  in	
  processing	
  high	
  spatial	
  frequencies	
  in	
  the	
  

visual	
  input43,	
  although	
  recent	
  evidence	
  suggests	
  that	
  this	
  may,	
  in	
  fact,	
  be	
  a	
  consequence	
  rather	
  than	
  a	
  

cause	
  of	
  the	
  hemispheric	
  lateralization	
  120.	
  Structural	
  differences	
  such	
  as	
  differences	
  in	
  connectivity	
  121	
  or	
  

minicolumnar	
  organization	
  122,	
  123,	
  among	
  others,	
  may	
  also	
  contribute	
  to	
  lateralization	
  and	
  some	
  structural	
  

asymmetries	
  seem	
  to	
  be	
  present	
  from	
  birth	
  and	
  are	
  sex-­‐related	
  124	
  [although	
  note	
  that	
  a	
  large	
  study	
  of	
  

cortical	
  surface	
  area	
  did	
  not	
  reveal	
  any	
  difference	
  between	
  left	
  and	
  right	
  handers	
  in	
  any	
  cortical	
  region	
  125].	
  

Lastly,	
  hemispheric	
  differences	
  may	
  not	
  be	
  immutable,	
  even	
  in	
  adulthood,	
  and	
  may	
  be	
  

substantially	
  modulated	
  by	
  task	
  demands.	
  For	
  example,	
  in	
  an	
  imaging	
  study	
  exploring	
  attentional	
  

differences,	
  in	
  both	
  hemispheres,	
  larger	
  population	
  receptive	
  fields	
  were	
  associated	
  with	
  attending	
  to	
  a	
  

visual	
  stimulus	
  compared	
  with	
  attending	
  to	
  a	
  central	
  fixation	
  point126.	
  Also,	
  in	
  the	
  LH	
  but	
  not	
  RH,	
  attending	
  

to	
  the	
  stimulus	
  also	
  resulted	
  in	
  more	
  peripheral	
  preferred	
  locations	
  of	
  contralateral	
  representations,	
  

compared	
  with	
  attending	
  fixation.	
  Similarly,	
  the	
  left	
  visual	
  field	
  advantage	
  for	
  chimeric	
  faces	
  with	
  

emotional	
  expression	
  is	
  thought	
  to	
  be	
  the	
  result	
  of	
  the	
  strategic	
  use	
  of	
  RH	
  processing	
  mechanisms	
  127.	
  

	
  	
  	
  	
  	
  	
  	
  Together,	
  these	
  findings	
  raise	
  more	
  questions	
  than	
  provide	
  clear	
  answers.	
  The	
  question	
  of	
  the	
  origin	
  

of	
  the	
  LH	
  language	
  bias	
  continues	
  to	
  perplex	
  investigators	
  and,	
  as	
  evident	
  from	
  above,	
  many	
  hypotheses	
  

have	
  been	
  offered	
  but	
  no	
  clear	
  and	
  definitive	
  conclusion	
  has	
  been	
  reached.	
  A	
  deeper	
  understanding	
  of	
  the	
  

nature	
  of	
  hemispheric	
  dominance,	
  its	
  underlying	
  basis	
  and	
  its	
  relationship	
  to	
  handedness,	
  too,	
  is	
  clearly	
  

needed	
  but	
  is	
  beyond	
  the	
  scope	
  of	
  this	
  paper.	
  	
  

	
  

Implications	
  for	
  recovery	
  

A	
  key	
  principle	
  of	
  the	
  graded	
  hemispheric	
  view	
  that	
  we	
  have	
  articulated	
  is	
  that	
  both	
  word	
  



and	
  face	
  representations	
  are	
  bilaterally	
  implemented,	
  albeit	
  with	
  weighted	
  asymmetry,	
  and	
  that	
  this	
  

mature	
  pattern	
  is	
  the	
  result	
  of	
  competition	
  for	
  representational	
  space	
  in	
  the	
  LH	
  during	
  the	
  process	
  of	
  

reading	
  acquisition.	
  There	
  may	
  well	
  be	
  additional	
  advantages	
  that	
  accrue	
  from	
  graded	
  hemispheric	
  

specialization	
  both	
  because	
  this	
  arrangement	
  makes	
  the	
  system	
  more	
  robust	
  to	
  damage	
  and	
  provide	
  some	
  

degree	
  of	
  capacity	
  for	
  post-­‐damage	
  plasticity-­‐related	
  recovery	
  128.	
  If	
  a	
  normal	
  functional	
  system	
  is	
  primarily	
  

based	
  on	
  two	
  bilateral-­‐interconnected	
  neural	
  regions,	
  then	
  damage	
  to	
  one	
  or	
  other	
  side	
  will,	
  in	
  the	
  most	
  

simplistic	
  terms,	
  represent	
  a	
  reduction	
  in	
  the	
  total	
  available	
  computational	
  resources.	
  The	
  total	
  amount	
  of	
  

damage	
  not	
  only	
  changes	
  the	
  severity	
  of	
  the	
  initial	
  impairment	
  but	
  also	
  will	
  limit	
  the	
  amount	
  of	
  plasticity-­‐

related	
  recovery,	
  and	
  this	
  will	
  probably	
  interact	
  with	
  any	
  graded	
  specializations	
  arising	
  from	
  differential	
  

connectivity.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  If	
  both	
  face	
  and	
  word	
  representations	
  are	
  indeed	
  bilateral,	
  one	
  might	
  ask	
  why,	
  after	
  a	
  unilateral	
  

lesion,	
  a	
  deficit	
  in	
  word	
  recognition	
  (pure	
  alexia)	
  or	
  in	
  face	
  recognition	
  (prosopagnosia)	
  persist.	
  Why	
  

doesn’t	
  the	
  intact	
  hemisphere	
  come	
  to	
  mediate	
  recognition,	
  especially	
  if,	
  as	
  we	
  have	
  claimed,	
  the	
  

representations	
  in	
  the	
  non-­‐preferred	
  hemisphere	
  play	
  a	
  functional	
  role	
  and	
  are	
  not	
  merely	
  

epiphenomenal?	
  The	
  existing	
  evidence,	
  however,	
  suggests	
  otherwise	
  and,	
  to	
  date,	
  there	
  is	
  rather	
  little	
  

reported	
  recovery	
  of	
  function	
  in	
  pure	
  alexia	
  129	
  or	
  in	
  acquired	
  forms	
  of	
  prosopagnosia	
  130	
  131.	
  	
  

One	
  possible	
  explanation	
  for	
  this	
  apparent	
  contradiction	
  concerns	
  individual	
  differences	
  in	
  

the	
  extent	
  of	
  word-­‐LH	
  and	
  face-­‐RH	
  lateralization	
  even	
  among	
  right-­‐handed	
  individuals.	
  According	
  to	
  the	
  

graded	
  hemisphere	
  account,	
  there	
  may	
  be	
  different	
  degrees	
  of	
  competition	
  and	
  cooperation	
  between	
  the	
  

hemispheres	
  across	
  individuals,	
  resulting	
  in	
  different	
  profiles	
  of	
  asymmetric	
  weighting	
  across	
  individuals.	
  

These	
  differential	
  competitive/cooperative	
  dynamics	
  may	
  be	
  the	
  consequence	
  of	
  a	
  host	
  of	
  factors.	
  One	
  

possible	
  factor	
  is	
  the	
  size	
  of	
  the	
  corpus	
  callosum	
  as	
  a	
  larger	
  corpus	
  callosum	
  size	
  is	
  associated	
  with	
  less	
  

lateralization.	
  This	
  is	
  true	
  for	
  different	
  subregions	
  of	
  the	
  corpus	
  callosum,	
  as	
  well	
  as	
  for	
  the	
  corpus	
  callosum	
  

as	
  a	
  whole.	
  For	
  example,	
  the	
  midbody	
  of	
  the	
  callosum,	
  which	
  carries	
  fibers	
  to	
  and	
  from	
  motor	
  cortex,	
  is	
  



larger	
  in	
  individuals	
  who	
  have	
  less	
  lateralization	
  in	
  handedness	
  132,	
  133.	
  Also,	
  the	
  callosal	
  cross-­‐sectional	
  area	
  

is	
  proportionally	
  larger	
  for	
  left-­‐handers	
  134,	
  who,	
  as	
  a	
  group,	
  show	
  less	
  functional	
  cortical	
  lateralization	
  than	
  

right-­‐handers.	
  Within	
  humans,	
  a	
  larger	
  corpus	
  callosum	
  size	
  is	
  also	
  associated	
  with	
  a	
  larger	
  number	
  of	
  thin	
  

fibers	
  (less	
  myelinated,	
  less	
  conductive)	
  compared	
  with	
  thick	
  fibers	
  56	
  and	
  indeed,	
  axons	
  of	
  the	
  posterior	
  

superior	
  temporal	
  lobe,	
  which	
  are	
  associated	
  with	
  language,	
  are	
  asymmetrically	
  myelinated	
  135.	
  Moreover,	
  

development	
  of	
  lateralization	
  interacts	
  with	
  the	
  development	
  of	
  the	
  corpus	
  callosum,	
  and	
  callosal	
  fibers,	
  

which	
  are	
  among	
  the	
  longest	
  connections	
  in	
  the	
  brain	
  136,	
  are	
  among	
  the	
  most	
  variable	
  and	
  unreliable	
  

fibers	
  during	
  development.	
  

One	
  might	
  speculate	
  then,	
  that	
  across	
  the	
  population,	
  the	
  extent	
  of	
  lateralization	
  for	
  face	
  

and	
  word	
  recognition	
  might	
  vary	
  such	
  that,	
  at	
  one	
  end	
  of	
  the	
  distribution,	
  there	
  might	
  be	
  a	
  cohort	
  of	
  

individuals	
  who	
  are	
  strongly	
  lateralized	
  for	
  both	
  face	
  and	
  word	
  perception	
  (see	
  Figure	
  6).	
  In	
  such	
  

individuals,	
  the	
  competition	
  for	
  hemispheric	
  representation	
  may	
  play	
  out	
  most	
  strongly	
  over	
  the	
  course	
  of	
  

development,	
  resulting	
  in	
  a	
  strong	
  imbalance	
  of	
  representation.	
  At	
  the	
  other	
  end	
  of	
  the	
  continuum,	
  

however,	
  there	
  might	
  be	
  a	
  cohort	
  with	
  much	
  more	
  balanced	
  hemispheric	
  representation,	
  perhaps	
  even	
  

approximating	
  bilateral	
  representation	
  of	
  faces	
  and	
  words	
  in	
  some	
  cases.	
  At	
  a	
  population	
  level,	
  this	
  would	
  

give	
  rise	
  to	
  the	
  account	
  we	
  have	
  espoused	
  above,	
  but	
  individual	
  differences	
  might	
  also	
  exist	
  within	
  the	
  

population.	
  One	
  possibility,	
  then,	
  is	
  that	
  those	
  few	
  individuals	
  who	
  exhibit	
  pure	
  alexia	
  or	
  prosopagnosia	
  

after	
  a	
  lesion	
  might	
  be	
  those	
  who,	
  premorbidly,	
  had	
  the	
  greatest	
  degree	
  of	
  lateralization	
  of	
  word	
  and	
  face	
  

representation.	
  	
  If	
  so,	
  then	
  perhaps	
  the	
  minimal	
  representations	
  in	
  the	
  non-­‐preferred	
  hemisphere	
  do	
  not	
  

suffice	
  to	
  support	
  recovery	
  of	
  normal	
  performance	
  in	
  these	
  more	
  strongly	
  lateralized	
  individuals.	
  It	
  may	
  not	
  

be	
  surprising	
  then	
  that	
  both	
  pure	
  alexia	
  and	
  prosopagnosia	
  are	
  rather	
  rare	
  and	
  that	
  recovery	
  and	
  recovery	
  

is	
  minimal	
  or	
  difficult	
  in	
  such	
  cases.	
  This	
  notion	
  suggests	
  that	
  one	
  might	
  be	
  able	
  to	
  take	
  a	
  large	
  sample	
  of	
  

individuals	
  with	
  posterior	
  damage	
  (for	
  example,	
  following	
  posterior	
  cerebral	
  artery	
  infarction)	
  and	
  

determine	
  how	
  many	
  individuals	
  with	
  lesions	
  to	
  the	
  vicinity	
  of	
  the	
  LH	
  VWFA	
  and	
  the	
  RH	
  FFA	
  go	
  on	
  to	
  



become	
  pure	
  alexic	
  or	
  prosopagnosic.	
  The	
  hypothesis	
  put	
  forward	
  here	
  is	
  that	
  only	
  a	
  small	
  subset	
  of	
  

individuals	
  would	
  have	
  these	
  disorders,	
  namely	
  just	
  those	
  individuals	
  with	
  extreme	
  premorbid	
  

lateralization.	
  	
  

An	
  alternative	
  possibility	
  is	
  that,	
  even	
  in	
  less	
  lateralized	
  individuals,	
  the	
  opportunities	
  for	
  

compensation	
  from	
  the	
  structurally	
  intact,	
  non-­‐preferred	
  hemisphere	
  are	
  hampered	
  by	
  inhibitory	
  effects	
  

from	
  the	
  lesioned	
  hemisphere.	
  Konen	
  and	
  colleagues	
  137	
  showed	
  that,	
  although	
  the	
  structurally	
  intact	
  LH	
  of	
  

an	
  individual	
  with	
  visual	
  agnosia	
  following	
  damage	
  to	
  the	
  right	
  lateral	
  occipital	
  complex	
  (LOC)	
  was	
  activated	
  

in	
  response	
  to	
  visual	
  stimuli,	
  its	
  response	
  profile	
  was	
  markedly	
  disrupted	
  with	
  the	
  result	
  that	
  effects	
  such	
  as	
  

object-­‐selectivity	
  and	
  adaptation	
  were	
  not	
  observed	
  even	
  in	
  the	
  intact	
  hemisphere.	
  There	
  is	
  growing	
  

consideration	
  of	
  the	
  impact	
  of	
  interhemispheric	
  dynamics	
  and	
  there	
  is	
  evidence	
  to	
  suggest	
  that,	
  for	
  

example,	
  noninvasive	
  neuromodulation	
  of	
  the	
  contralesional	
  hemisphere	
  may	
  trigger	
  adaptive	
  neuroplastic	
  

changes	
  in	
  individuals	
  with	
  severe	
  chronic	
  stroke138,	
  further	
  attesting	
  to	
  the	
  possibility	
  of	
  transcallosal	
  

inhibition	
  or	
  excitation.	
  	
  

	
  

Extension	
  of	
  principles	
  to	
  functional	
  organization	
  of	
  other	
  cortical	
  regions	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  We	
  have	
  proposed	
  an	
  account	
  in	
  which	
  functional	
  organization	
  results	
  from	
  some	
  minimal	
  physiological	
  

constraints	
  and	
  biases,	
  and	
  that	
  competition	
  and	
  cooperation	
  shapes	
  the	
  topography	
  of	
  ventral	
  visual	
  cortex.	
  

Similar	
  arguments	
  have	
  been	
  made	
  in	
  the	
  context	
  of	
  lateralization	
  of	
  other	
  cognitive	
  skills,	
  as	
  well.	
  One	
  such	
  

example	
  concerns	
  the	
  lateralization	
  of	
  function	
  of	
  the	
  superior	
  temporal	
  cortex	
  (STS)	
  in	
  humans.	
  Whereas	
  the	
  

left	
  superior	
  temporal	
  cortex	
  is	
  specialized	
  for	
  language	
  processes,	
  the	
  right	
  superior	
  temporal	
  cortex	
  has	
  

become	
  dominant	
  for	
  a	
  different	
  function,	
  namely	
  serving	
  as	
  a	
  multimodal	
  matrix	
  for	
  the	
  exploration	
  of	
  object-­‐	
  

and	
  space-­‐related	
  information	
  in	
  the	
  surroundings	
  139,	
  140.	
  Recent	
  evidence	
  attest	
  to	
  the	
  complementary	
  

relationship	
  of	
  language	
  and	
  spatial	
  attention;	
  in	
  individuals	
  with	
  RH	
  language	
  specialization,	
  the	
  LH	
  is	
  dominant	
  

for	
  spatial	
  attention	
  and	
  the	
  converse	
  holds	
  for	
  individuals	
  with	
  LH	
  language	
  dominance	
  141.	
  It	
  is	
  argued,	
  



however,	
  that	
  the	
  lateralized	
  segregation	
  of	
  function	
  of	
  STS	
  has	
  occurred	
  during	
  evolution,	
  as	
  the	
  pre-­‐existing	
  LH	
  

bias	
  for	
  language	
  emerges	
  over	
  phylogenetic,	
  rather	
  than	
  ontogenetic,	
  change.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  The	
  claim	
  of	
  bilateral	
  representation	
  of	
  function	
  in	
  the	
  anterior	
  temporal	
  lobe	
  (ATL)	
  with	
  only	
  graded	
  

specialization	
  reflecting	
  differential	
  connectivity,	
  has	
  also	
  been	
  proposed	
  142,	
  143.	
  A	
  large-­‐scale	
  meta-­‐analysis	
  of	
  

the	
  functional	
  neuroimaging	
  literature	
  on	
  left	
  versus	
  right	
  ATL	
  function	
  reports	
  strong	
  bilaterality	
  of	
  ATL	
  

activations	
  except	
  for	
  naming/speech	
  production	
  and	
  the	
  processing	
  of	
  written	
  words	
  –	
  both	
  of	
  which	
  are	
  

proposed	
  to	
  follow	
  from	
  differential	
  connectivity	
  to	
  left	
  lateralised	
  speech	
  production	
  and	
  (graded)	
  

orthographic-­‐recognition	
  areas	
  144.	
  	
  

	
  

Summary	
  and	
  conclusions	
  

One	
  of	
  the	
  most	
  striking	
  findings	
  in	
  the	
  study	
  of	
  high-­‐level	
  vision	
  over	
  the	
  last	
  twenty	
  years	
  is	
  the	
  discovery	
  of	
  

cortical	
  areas	
  that	
  are	
  selective	
  for	
  particular	
  behaviorally	
  relevant	
  categories,	
  like	
  face	
  recognition	
  or	
  word	
  

recognition.	
  Not	
  only	
  are	
  these	
  cortical	
  areas	
  found	
  in	
  most	
  individuals	
  (humans	
  and	
  non-­‐human	
  primates),	
  but	
  

each	
  area	
  has	
  a	
  stereotypical	
  anatomical	
  location	
  and	
  connectivity	
  pattern,	
  as	
  well.	
  These	
  regions	
  are	
  typically	
  

interpreted	
  as	
  implementing	
  specialized	
  processing	
  for	
  particular	
  categories	
  that	
  exist	
  due	
  to	
  behavioral	
  or	
  even	
  

evolutionary	
  pressures.	
  Mounting	
  evidence	
  suggests,	
  however,	
  that	
  this	
  specialization	
  need	
  not	
  be	
  

predetermined	
  and	
  that,	
  rather,	
  the	
  mature	
  profile	
  of	
  hemispheric	
  specialization	
  may	
  arise	
  from	
  integrative	
  

processes	
  and	
  dynamic	
  interactions	
  across	
  multiple	
  distributed	
  regions	
  and	
  systems.	
  Our	
  account	
  claims	
  that	
  

there	
  are	
  some	
  constraints	
  which	
  bias	
  the	
  functional	
  organization	
  of	
  ventral	
  cortex	
  and	
  these	
  include	
  

structural/maturational	
  factors	
  such	
  as	
  eccentricity	
  and	
  curvature	
  biases	
  and	
  bias	
  for	
  short	
  connection	
  length.	
  

Critically,	
  the	
  confluence	
  of	
  these	
  minimal	
  biases	
  may	
  suffice	
  for	
  the	
  eventual	
  mature	
  hemispheric	
  organization	
  

profile	
  and	
  there	
  is	
  no	
  need	
  to	
  stipulate	
  the	
  locations	
  and	
  functions	
  of	
  a	
  LH	
  VWFA	
  and	
  a	
  RH	
  FFA	
  a	
  priori.	
  In	
  

essence,	
  some	
  minimal	
  assumptions	
  about	
  pre-­‐existing	
  structural	
  or	
  functional	
  constraints	
  can	
  result	
  in	
  

impressive	
  functional	
  organization	
  of	
  ventral	
  cortex.	
  	
  



We	
  have	
  proposed	
  an	
  account	
  of	
  graded	
  hemispheric	
  specialization	
  based	
  on	
  competitive	
  

interactions	
  between	
  face	
  and	
  word	
  representation	
  for	
  foveally-­‐biased	
  cortex,	
  constrained	
  by	
  the	
  need	
  to	
  

integrate	
  reading	
  with	
  a	
  largely	
  left-­‐lateralized	
  language	
  system	
  36,	
  37.	
  The	
  computational	
  approach	
  explains	
  

how	
  the	
  organization	
  of	
  a	
  complex	
  system	
  can	
  emerge	
  from	
  the	
  interaction	
  of	
  a	
  number	
  of	
  basic	
  

physiological	
  constraints40,	
  145.	
  	
  

This	
  perspective	
  on	
  functional	
  brain	
  organization	
  is	
  likely	
  to	
  be	
  a	
  fruitful	
  avenue	
  for	
  future	
  research	
  

and,	
  although	
  our	
  account	
  is	
  focused	
  on	
  the	
  hemispheric	
  organization	
  of	
  face	
  and	
  word	
  representations,	
  a	
  

similar	
  competitive	
  account	
  has	
  been	
  espoused	
  for	
  the	
  hemispheric	
  organization	
  of	
  language	
  vis-­‐à-­‐vis	
  

spatial	
  attention146	
  and	
  of	
  the	
  organization	
  of	
  the	
  anterior	
  temporal	
  lobe144.	
  Finally,	
  individual	
  differences	
  in	
  

connectivity	
  profile,	
  and	
  cooperative	
  and	
  competitive	
  functions	
  can	
  result	
  not	
  only	
  in	
  different	
  profiles	
  of	
  

lateralization	
  but	
  may	
  also	
  result	
  in	
  individual	
  differences	
  in	
  differences	
  in	
  inter-­‐hemispheric	
  integration147,	
  

intelligence148,	
  149,	
  and	
  performance	
  in	
  different	
  cognitive	
  domains150	
  (for	
  further	
  review,	
  see151).	
  	
  

	
   	
  



Figure	
  legends	
  

	
  

Figure	
  1:	
  Average	
  activation	
  map	
  showing	
  preferential	
  activation	
  to	
  letter	
  strings	
  (purple)	
  and	
  faces	
  (yellow-­‐

red).	
  The	
  maps	
  are	
  presented	
  on	
  a	
  Talairach-­‐normalized	
  inflated	
  brain	
  (center).	
  The	
  same	
  data	
  are	
  

superimposed	
  on	
  flattened	
  right	
  and	
  left	
  hemispheres.	
  Note	
  the	
  bilateral	
  activation	
  of	
  both	
  faces	
  and	
  letter	
  

strings	
  with	
  asymmetry	
  across	
  the	
  two	
  hemispheres.	
  OT,	
  occipito-­‐temporal	
  sulcus;	
  pFs,	
  posterior	
  fusiform	
  

gyrus;	
  CoS,	
  collateral	
  sulcus.	
  (From	
  Hasson	
  et	
  al.,	
  2002).	
  

	
  

Figure	
  2:	
  (A)	
  Character-­‐Related	
  Activation	
  and	
  Retinotopic	
  Borders	
  Preferential	
  activation	
  to	
  letter	
  strings	
  

(purple),	
  and	
  faces	
  (yellow-­‐red)	
  shown	
  on	
  the	
  inflated	
  and	
  unfolded	
  brain	
  of	
  one	
  representative	
  subject	
  

(JM).	
  Red	
  dotted	
  lines	
  denote	
  borders	
  of	
  retinotopic	
  visual	
  areas	
  V1,	
  V2,	
  V3,	
  VP,	
  V3A,	
  and	
  V4/V8.	
  Note	
  that	
  

the	
  posterior	
  letters-­‐related	
  region	
  encroaches	
  on	
  the	
  foveal	
  representation	
  of	
  early	
  retinotopic	
  areas,	
  

while	
  the	
  occipitotemporal	
  region	
  is	
  within	
  the	
  anterior	
  lateraloccipital	
  complex.	
  (From	
  Hasson	
  et	
  al.,	
  

2002).	
  

	
  

Figure	
   3:	
   Schematic	
   depiction	
   of	
   experiment	
   to	
   assess	
   hemispheric	
   advantage	
   for	
   face	
   and	
   word	
  

representations.	
   	
   For	
   both	
   stimulus	
   types,	
   a	
   fixation	
   screen	
   appears	
   first	
   followed	
   by	
   a	
   central	
   stimulus,	
  

which	
  is	
  encoded.	
  Thereafter,	
  a	
  brief	
  fixation	
  appears	
  and	
  is	
  immediately	
  followed	
  by	
  a	
  stimulus	
  presented	
  

briefly	
  to	
  the	
  left	
  or	
  right	
  visual	
  field.	
  The	
  participant	
  makes	
  a	
  same/different	
  decision	
  between	
  the	
  central	
  

and	
  the	
  lateral	
  stimulus.	
  (From	
  Dundas	
  et	
  al.,	
  2013).	
  

	
  

Figure	
  4:	
  a.	
  Mean	
  accuracy	
  and	
  +/-­‐1	
  SE	
  for	
  (a)	
  adults,	
  (b)	
  young	
  adolescents,	
  and	
  (c)	
  children	
  as	
  a	
  function	
  

of	
  stimulus	
  type	
  (faces/words)	
  for	
  the	
  left	
  and	
  right	
  visual	
  field	
  presentation.	
  b.	
  Scatterplot	
  and	
  correlation	
  

analysis	
  showing	
  a	
  significant	
  relationship	
  between	
  reading	
  comprehension	
  percentile	
  (on	
  the	
  standardized	
  



Education	
   Records	
   Bureau	
   examination)	
   and	
   degree	
   of	
   face	
   lateralization	
   (LVF-­‐RVF)	
   for	
   the	
   young	
  

adolescents	
  and	
  children.	
  LVF=	
  left	
  visual	
  field;	
  RVF	
  =right	
  visual	
  field.	
  (From	
  Dundas	
  et	
  al.,	
  2013).	
  

	
  

Figure	
  5:	
   (a)	
  Adult	
   group	
  ERP	
  waveforms	
   for	
  words	
   and	
   faces	
   in	
   the	
   LH	
  and	
   the	
  RH.	
   (b)	
  Child	
   group	
  ERP	
  

waveforms	
  for	
  words	
  and	
  faces	
  in	
  the	
  LH	
  and	
  the	
  RH.	
  (c)	
  The	
  topographic	
  scalp	
  distributions	
  of	
  the	
  mean	
  

amplitude	
   between	
   160	
   and	
   220	
  msec	
   for	
  words	
   and	
   faces	
   in	
   both	
   groups.	
   Note	
   that	
   blue	
   (negative)	
   is	
  

more	
  lateralized	
  to	
  the	
  left	
  for	
  words	
  and	
  right	
  for	
  faces	
  in	
  the	
  adults	
  but	
  not	
  in	
  the	
  children.	
  (From	
  Dundas	
  

et	
  al.,	
  2014).	
  

	
  

Figure	
  6:	
  Individual	
  differences.	
  Functional	
  activation	
  profiles	
  from	
  four	
  different	
  individuals,	
  two	
  of	
  whom	
  

show	
  bilateral	
  activation	
  for	
  faces	
  and	
  for	
  words	
  and	
  two	
  of	
  whom	
  show	
  only	
  unilateral	
  activation	
  for	
  faces	
  

(RH)	
  and	
  for	
  words	
  (LH).	
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