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Abstract	  	  
Humans	  have	  a	  striking	  ability	  to	  infer	  meaning	  from	  even	  the	  sparsest	  and	  most	  abstract	  forms	  
of	  narratives.	  At	  the	  same	  time,	  flexibility	  in	  the	  form	  of	  a	  narrative	  is	  matched	  by	  inherent	  
ambiguity	  in	  the	  interpretation	  of	  it.	  How	  does	  the	  brain	  represent	  subtle,	  idiosyncratic	  
differences	  in	  the	  interpretation	  of	  abstract	  and	  ambiguous	  narratives?	  In	  this	  fMRI	  study,	  we	  
scanned	  subjects	  watching	  a	  7-‐min	  original	  animation	  that	  depicts	  a	  complex	  narrative	  through	  
the	  movement	  of	  simple	  geometric	  shapes.	  We	  additionally	  scanned	  two	  separate	  groups	  
listening	  to	  concrete	  verbal	  descriptions	  of	  either	  the	  social	  narrative	  or	  the	  physical	  properties	  
of	  the	  movie.	  After	  scanning,	  all	  subjects	  freely	  recalled	  their	  interpretation	  of	  the	  stimulus.	  
Using	  an	  intersubject	  representational	  similarity	  analysis,	  we	  compared	  the	  similarity	  of	  
narrative	  interpretation	  across	  subjects,	  as	  measured	  using	  text	  analysis,	  with	  the	  similarity	  of	  
neural	  responses,	  as	  measured	  using	  intersubject	  correlation	  (ISC).	  We	  found	  that	  the	  more	  
similar	  two	  people’s	  interpretations	  of	  the	  abstract	  shape	  movie	  were,	  the	  more	  similar	  their	  
neural	  responses	  were	  in	  the	  default	  mode	  network	  (DMN).	  Moreover,	  these	  shared	  responses	  
were	  modality	  invariant:	  despite	  vast	  differences	  in	  stimulus	  properties,	  we	  found	  that	  the	  
shapes	  movie	  and	  the	  verbal	  interpretation	  of	  the	  movie	  elicited	  shared	  responses	  in	  linguistic	  
areas	  and	  a	  subset	  of	  the	  DMN	  when	  subjects	  shared	  interpretations.	  Together,	  these	  results	  
suggest	  that	  the	  DMN	  is	  not	  only	  sensitive	  to	  subtle	  individual	  differences	  in	  narrative	  
interpretation,	  but	  also	  resilient	  to	  large	  differences	  in	  the	  modality	  of	  the	  narrative.	  
	  
	  
	  
Significance	  statement	  
The	  same	  narrative	  can	  be	  both	  communicated	  in	  different	  ways	  and	  interpreted	  in	  different	  
ways.	  How	  are	  subtle,	  idiosyncratic	  differences	  in	  the	  interpretation	  of	  complex	  narratives	  
presented	  in	  different	  forms	  represented	  in	  the	  brain?	  In	  this	  fMRI	  study,	  we	  show	  that	  the	  
more	  similarly	  two	  people	  interpreted	  an	  ambiguous	  animation	  composed	  of	  moving	  shapes,	  
the	  more	  similar	  their	  neural	  responses	  were	  in	  the	  Default	  Mode	  Network.	  In	  addition,	  by	  
presenting	  the	  same	  narrative	  in	  a	  different	  form,	  we	  found	  shared	  responses	  across	  modalities	  
when	  subjects	  shared	  interpretations	  despite	  the	  vast	  differences	  in	  modality	  of	  the	  stimuli.	  
Together,	  these	  results	  suggest	  that	  the	  DMN	  is	  at	  once	  sensitive	  to	  individual	  differences	  in	  
narrative	  interpretation	  and	  resilient	  to	  differences	  narrative	  modality.	  
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Introduction	  
Human	  communication	  is	  remarkably	  flexible,	  and	  the	  same	  narrative	  can	  be	  

communicated	  in	  many	  different	  ways,	  from	  words	  to	  pictures	  and	  even	  via	  the	  motion	  of	  
simple	  geometric	  shapes	  (1).	  At	  the	  same	  time,	  narratives	  can	  be	  inherently	  ambiguous,	  leading	  
to	  differences	  in	  interpretation.	  How	  are	  these	  kinds	  of	  subtle	  and	  idiosyncratic	  differences	  in	  
the	  interpretation	  of	  complex,	  ambiguous	  events—which	  may	  be	  communicated	  in	  different	  
forms—represented	  in	  the	  brain?	  

Previous	  work	  using	  intersubject	  analyses	  have	  shown	  that	  complex,	  temporally-‐
extended	  narratives	  elicit	  shared	  neural	  responses	  across	  subjects	  in	  a	  network	  of	  high-‐order	  
brain	  regions,	  including	  temporal	  parietal	  junction	  (TPJ),	  angular	  gyrus,	  temporal	  poles,	  
posterior	  medial	  cortex	  (PMC),	  and	  medial	  prefrontal	  cortex	  (mPFC)	  (2–8).	  The	  correlated	  
responses	  in	  these	  high-‐level	  regions,	  which	  largely	  overlap	  with	  the	  Default	  Mode	  Network	  
(DMN),	  seem	  to	  be	  driven	  mainly	  by	  the	  content	  of	  the	  narrative,	  independent	  of	  the	  form	  or	  
modality	  in	  which	  it	  is	  communicated.	  For	  example,	  researchers	  have	  identified	  shared	  neural	  
responses	  between	  subjects	  who	  listen	  versus	  read	  the	  same	  narrative	  (9),	  between	  subjects	  
who	  watch	  an	  audiovisual	  movie	  versus	  listen	  to	  a	  verbal	  description	  of	  the	  movie	  (10–12),	  and	  
between	  subjects	  who	  listen	  to	  a	  Russian	  versus	  English	  translation	  of	  the	  same	  narrative	  (13).	  	  

Shared	  neural	  responses	  in	  these	  studies	  are	  thought	  to	  reflect	  shared	  perception	  and	  
subsequent	  interpretation	  of	  the	  stimuli.	  A	  recent	  study	  supports	  this	  view:	  researchers	  in	  this	  
study	  manipulated	  the	  interpretation	  of	  a	  narrative	  by	  providing	  two	  separate	  groups	  with	  
different	  contextualizing	  information,	  resulting	  in	  two	  coherent,	  but	  opposing,	  interpretations	  
of	  the	  same	  narrative.	  The	  researchers	  found	  group-‐level	  differences	  in	  the	  similarity	  of	  neural	  
responses	  in	  the	  DMN:	  similarity	  was	  greater	  within	  the	  subjects	  who	  shared	  the	  same	  
interpretation	  of	  the	  narrative	  than	  between	  subjects	  who	  had	  opposing	  interpretations	  (14).	  

In	  these	  previous	  studies,	  however,	  interpretation	  of	  the	  narrative	  was	  either	  uniform	  
across	  subjects	  or	  directly	  manipulated.	  As	  a	  result,	  all	  subjects	  within	  a	  group	  share	  the	  same	  
interpretation	  of	  the	  narrative.	  In	  real-‐life,	  narratives	  can	  be	  ambiguous,	  leading	  to	  many	  
different	  interpretations	  across	  subjects.	  To	  what	  extent	  then,	  will	  the	  spontaneous	  and	  
unguided	  interpretation	  of	  an	  ambiguous,	  abstract	  narrative	  covary	  with	  the	  level	  of	  shared	  
neural	  responses	  across	  subjects?	  Based	  on	  previous	  work,	  we	  first	  predict	  that	  the	  more	  
similar	  the	  interpretation	  of	  an	  abstract	  movie	  across	  individuals,	  the	  more	  similar	  their	  neural	  
responses	  in	  the	  DMN	  will	  be.	  In	  addition,	  we	  predict	  that	  because	  the	  DMN	  has	  been	  shown	  to	  
represent	  narrative	  content	  independent	  of	  modality,	  we	  should	  observe	  a	  similar	  relationship	  
between	  similarity	  of	  interpretation	  and	  similarity	  of	  neural	  response	  even	  when	  narrative	  is	  
presented	  in	  two	  different	  modalities:	  moving	  geometric	  shapes	  versus	  spoken	  words.	  	  	  

	  To	  test	  the	  first	  prediction,	  we	  created	  an	  abstract,	  ambiguous	  seven-‐minute	  long	  
animated	  sequence	  in	  which	  two	  triangles,	  a	  circle,	  a	  square,	  and	  a	  group	  of	  rectangles	  interact,	  
following	  the	  classic	  work	  of	  Heider	  &	  Simmel	  (1).	  Work	  using	  animated	  shape	  movies	  have	  
shown	  that	  the	  majority	  of	  subjects	  attribute	  animacy	  to	  the	  movement	  of	  these	  simple	  
geometric	  shapes	  (1,	  15–17).	  However,	  subjects	  also	  typically	  show	  substantial	  variance	  in	  their	  
interpretation	  of	  the	  actual	  narrative	  (1,	  15,	  18,	  19).	  Unique	  to	  this	  study,	  the	  animation	  is	  
significantly	  longer	  than	  the	  typical	  shapes	  movie	  (e.g.	  7	  minutes	  versus	  10-‐30	  seconds),	  
contains	  numerous	  characters	  with	  different	  relationships	  (e.g.	  parent	  and	  child,	  friends,	  
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antagonists),	  and	  a	  high-‐level	  narrative	  arc	  with	  complex	  and	  more	  abstract	  social	  and	  
psychological	  events	  (see	  SI	  M1	  for	  animation).	  

We	  scanned	  subjects	  in	  fMRI	  while	  they	  watched	  the	  animation	  and	  then	  asked	  them	  to	  
describe	  their	  detailed	  interpretation	  of	  the	  narrative	  (Fig	  1A,B).	  Using	  text	  analysis	  tools,	  we	  
assessed	  how	  similar	  each	  subject’s	  interpretation	  of	  the	  animation	  was	  to	  every	  other	  
subject’s	  interpretation.	  Using	  intersubject	  analyses,	  we	  also	  measured	  the	  similarity	  of	  each	  
subject’s	  neural	  response	  to	  every	  other	  subject’s	  in	  each	  brain	  area.	  Finally,	  we	  correlated	  the	  
interpretation	  similarity	  matrix	  with	  the	  neural	  similarity	  matrix	  using	  a	  Representational	  
Similarity	  Analysis	  (RSA)	  (20)	  to	  test	  whether	  shared	  interpretation	  predict	  shared	  neural	  
response	  (Fig	  2).	  	  

To	  test	  the	  second	  prediction	  that	  the	  same	  narrative	  presented	  in	  different	  forms	  
should	  elicit	  shared	  neural	  responses	  as	  long	  as	  the	  interpretation	  is	  the	  same,	  we	  additionally	  
scanned	  two	  separate	  groups	  of	  subjects	  listening	  to	  two	  explicit	  verbal	  descriptions	  of	  the	  
animation.	  In	  one	  condition,	  subjects	  listened	  to	  a	  possible	  social	  interpretation	  of	  the	  
animation	  given	  by	  the	  animators	  (e.g.	  “the	  father	  tucked	  his	  son	  in	  for	  a	  night”).	  In	  the	  second	  
condition,	  subjects	  listened	  to	  a	  verbal	  description	  of	  the	  physical	  motion	  of	  the	  shapes	  in	  the	  
animation	  (e.g.	  “the	  large	  triangle	  rotated	  until	  it	  overlapped	  with	  the	  small	  triangle”)	  (Fig	  1A).	  
We	  then	  tested	  for	  shared	  interpretation	  across	  stimulus	  modality	  by	  both	  correlating	  
interpretation	  similarity	  with	  neural	  similarity	  across	  modalities	  using	  RSA	  (Fig	  2)	  and	  by	  directly	  
correlating	  neural	  responses	  between	  the	  movie	  group	  and	  the	  two	  audio	  groups	  using	  ISC.	  

We	  found	  that	  the	  more	  similar	  two	  people’s	  spontaneous	  and	  unguided	  interpretation	  
of	  the	  animation	  were,	  the	  more	  similar	  were	  their	  neural	  response	  in	  the	  DMN.	  Moreover,	  we	  
found	  modality	  invariant	  shared	  neural	  responses	  in	  linguistic	  areas,	  bilateral	  angular	  gyrus,	  and	  
PMC	  between	  subjects	  who	  watched	  the	  animation	  and	  subjects	  who	  listened	  to	  the	  linguistic	  
based	  interpretation	  of	  the	  animation,	  but	  only	  when	  the	  movie	  subjects	  shared	  the	  
interpretation	  of	  the	  animator.	  Finally,	  we	  found	  that,	  irrespective	  of	  interpretation,	  there	  were	  
shared	  neural	  responses	  between	  the	  movie	  and	  the	  description	  of	  the	  physical	  motion	  in	  visual	  
areas	  and	  superior	  parietal	  lobule.	  Together,	  these	  results	  suggest	  that	  the	  default	  mode	  
network	  is	  at	  once	  incredibly	  sensitive	  to	  subtle,	  individual	  differences	  in	  narrative	  
interpretation	  and	  remarkably	  resilient	  to	  vast	  differences	  in	  the	  form	  of	  narrative	  
communication.	  
	  
Results	  
We	  compared	  the	  behavioral	  and	  neural	  responses	  within	  and	  between	  three	  different	  groups	  
to	  identify	  areas	  of	  the	  brain	  that	  represent	  shared	  understanding	  of	  ambiguous	  narratives	  over	  
time.	  The	  “Movie”	  group	  was	  scanned	  in	  fMRI	  while	  they	  watched	  a	  7-‐min	  ambiguous	  
animation	  that	  told	  a	  complex	  social	  narrative	  using	  only	  the	  movement	  of	  simple	  geometric	  
shapes.	  The	  “Theory	  of	  Mind	  (ToM)	  Audio”	  group	  was	  scanned	  while	  listening	  to	  a	  verbal	  
description	  of	  the	  social	  interactions	  in	  the	  animation	  as	  interpreted	  by	  the	  animator	  (e.g.	  the	  
father	  tucks	  his	  son	  into	  bed)	  while	  the	  “Physical	  (Phys)	  Audio”	  group	  listened	  to	  a	  description	  
of	  the	  physical	  movements	  of	  the	  shapes	  in	  the	  animation	  (e.g.	  the	  corner	  of	  a	  large	  triangle	  
touches	  a	  smaller	  triangle)	  (Fig.	  1).	  The	  audio	  conditions	  were	  time-‐locked	  to	  the	  animation,	  so	  
that	  events	  across	  all	  three	  stimuli	  were	  temporally	  correlated.	  	  
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Behavioral	  results	  
Variance	  in	  shared	  interpretation	  across	  subjects	  
We	  used	  Latent	  Semantic	  Analysis	  (LSA)	  (21),	  to	  measure	  the	  similarity	  of	  recall	  between	  each	  
pair	  of	  subjects	  within	  the	  three	  groups	  and	  between	  the	  movie	  group	  and	  the	  two	  audio	  
groups	  (see	  methods	  for	  more	  detail).	  We	  then	  used	  agglomerative	  hierarchical	  clustering	  with	  
complete	  linkage	  to	  order	  subjects	  based	  on	  the	  similarity	  of	  their	  interpretation	  to	  each	  other	  
(Fig.	  3).	  The	  mean	  LSA	  similarity	  within	  the	  Movie	  Group	  was	  0.619	  (std	  =	  0.125,	  range=0.26-‐
0.89;	  Fig.	  3,top	  left	  square),	  the	  ToM	  Audio	  group	  0.852	  (std	  =	  0.045,	  range=0.70-‐0.93;	  Fig.	  3,	  
middle	  square),	  and	  the	  Phys	  Audio	  group	  0.638	  (std	  =	  0.94,	  range=0.36-‐0.84;	  Fig	  3,	  bottom	  
right	  square).	  The	  recalls	  in	  the	  Movie	  group	  were	  significantly	  less	  similar	  to	  one	  another	  than	  
the	  recalls	  in	  the	  ToM	  Audio	  group	  (t(781)	  =	  22.7,	  p<.001).	  There	  was	  no	  difference	  in	  similarity	  
within	  the	  Movie	  group	  and	  the	  Phys	  Audio	  group	  (t(764)	  =	  1.63,	  p>.05).	  	  

Between	  groups,	  the	  average	  LSA	  similarity	  between	  the	  Movie	  group	  and	  the	  ToM	  
Audio	  group	  was	  0.545	  (std=0.125,	  range=0.26-‐0.8).	  Between	  the	  Movie	  group	  and	  the	  Phys	  
Audio	  group,	  the	  average	  LSA	  similarity	  was	  0.434	  (std=0.105,	  range=0.18-‐0.72).	  The	  Movie	  
recalls	  were	  significantly	  more	  similar	  to	  those	  in	  the	  ToM	  Audio	  group	  than	  those	  in	  the	  Phys	  
Audio	  group	  (t(1258)=17.0,	  p<.001).	  	  

	  
Neural	  results	  
RSA:	  Interpretation	  similarity	  is	  correlated	  with	  neural	  similarity	  	  
We	  hypothesized	  that	  greater	  similarity	  in	  the	  interpretation	  of	  an	  ambiguous	  animation	  of	  
geometric	  shapes	  will	  be	  reflected	  in	  greater	  neural	  similarity	  across	  subjects	  in	  high-‐order	  
areas	  which	  encode	  the	  animation’s	  narrative.	  To	  test	  this	  prediction,	  we	  conducted	  an	  
intersubject	  Representational	  Similarity	  Analysis	  (RSA)	  (20),	  over	  the	  entire	  brain:	  we	  correlated	  
the	  timecourse	  of	  neural	  activation	  between	  pairs	  of	  subjects	  within	  or	  between	  groups	  for	  
every	  voxel	  in	  the	  brain,	  and	  then	  correlated	  these	  neural	  correlations	  with	  the	  LSA	  similarity	  
between	  each	  pair	  of	  subjects	  (Fig.	  2,	  see	  methods	  for	  details).	  	  
	   RSA	  in	  Movie	  group.	  We	  first	  compared	  the	  neural	  and	  recall	  similarity	  in	  the	  Movie	  
group	  in	  a	  whole-‐brain,	  voxel-‐wise	  RSA.	  We	  found	  that	  the	  level	  of	  recall	  similarity	  was	  
correlated	  with	  the	  level	  of	  neural	  similarity	  in	  PMC,	  right	  angular	  gyrus,	  right	  anterior	  STS,	  left	  
supramarginal	  gyrus,	  bilateral	  DMPFC,	  and	  bilateral	  DLPFC	  (q<.05,	  FDR	  corrected;	  Fig.	  4A).	  The	  
same	  correlations	  were	  also	  measured	  in	  six	  independently	  defined	  ROIs	  of	  the	  Default	  Mode	  
Network	  (Fig.	  4B).	  	  	  

RSA	  in	  Audio	  groups.	  By	  design,	  the	  interpretations	  of	  the	  two	  audio	  recording	  were	  
explicit	  and	  unambiguous.	  	  Due	  to	  the	  lack	  of	  variability	  in	  interpretation	  across	  subjects	  (Fig.	  
3),	  no	  significant	  voxels	  were	  identified	  by	  comparing	  the	  variance	  in	  neural	  and	  recall	  similarity	  
in	  the	  ToM	  Audio	  group	  or	  the	  Phys	  Audio	  group	  in	  whole-‐brain	  analyses.	  	  

RSA	  across	  Movie	  and	  Audio	  groups.	  We	  additionally	  compared	  interpretation	  similarity	  
and	  neural	  similarity	  between	  the	  Movie	  group	  and	  the	  two	  Audio	  groups.	  In	  the	  whole-‐brain	  
analysis,	  no	  voxels	  passed	  significance	  testing	  in	  the	  Movie-‐ToM	  Audio	  comparison,	  although	  
using	  a	  lower	  threshold	  revealed	  largely	  the	  same	  voxels	  as	  in	  the	  Movie,	  within-‐group	  RSA.	  The	  
ROI	  analysis	  did	  reveal	  significant	  correlations	  between	  neural	  and	  recall	  similarity	  between	  the	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   6	  

two	  groups	  in	  right	  DLPFC	  and	  PMC	  (q<.05,	  FDR	  corrected;	  Fig.	  5).	  Finally,	  no	  voxels	  or	  ROIs	  
passed	  thresholding	  for	  the	  Movie	  and	  Phys	  Audio	  comparison	  (q<.05,	  FDR	  corrected;	  Fig.	  5).	  
	  
ISC:	  shared	  response	  across	  animation	  and	  audios	  	  
In	  addition	  to	  conducting	  RSA,	  which	  is	  a	  second-‐order	  analysis	  based	  on	  the	  similarity	  of	  
subjects	  to	  one	  another,	  we	  used	  intersubject	  correlation	  (ISC)	  (22)	  to	  directly	  compare	  the	  
timecourse	  of	  neural	  responses	  between	  Movie	  subjects	  and	  either	  the	  ToM	  Audio	  subjects	  or	  
the	  Phys	  Audio	  subjects.	  For	  each	  comparison	  (Movie-‐ToM	  Audio	  or	  Movie-‐Phys	  Audio),	  the	  
movie	  subjects	  were	  split	  into	  “similar-‐to-‐audio”	  and	  “dissimilar-‐to-‐audio”	  groups	  based	  on	  
their	  mean	  LSA	  recall	  similarity	  to	  the	  respective	  audio	  subjects.	  ISC	  was	  then	  calculated	  by	  
correlating	  each	  Movie	  subject’s	  timecourse	  of	  activity	  within	  the	  group	  with	  the	  average	  
timecourse	  of	  ToM	  Audio	  or	  Phys	  Audio	  subjects	  in	  every	  voxel	  (see	  methods	  for	  details).	  
	   Movie-‐ToM	  Audio	  ISC.	  The	  ToM	  Audio	  subjects	  and	  the	  18	  “similar-‐to-‐ToM-‐Audio”	  
Movie	  subjects	  showed	  correlated	  neural	  responses	  in	  linguistic	  areas,	  including	  pSTS	  and	  ITG,	  
and	  high-‐level	  areas	  including	  bilateral	  angular	  gyrus	  and	  PMC	  (p<.05,	  FWER	  corrected;	  Fig	  6A,	  
left).	  In	  contrast,	  the	  ToM	  Audio	  subjects	  and	  the	  18	  “dissimilar-‐to-‐ToM-‐Audio”	  Movie	  subjects	  
only	  showed	  significant	  neural	  similarity	  in	  a	  small	  cluster	  of	  voxels	  in	  right	  angular	  gyrus	  
(p<.05,	  FWER	  corrected;	  Fig	  6A,	  right).	  In	  ROI	  analyses	  of	  the	  DMN,	  ISC	  between	  similar	  Movie	  
subjects	  and	  ToM	  Audio	  subjects	  was	  significantly	  greater	  than	  between	  dissimilar	  Movie	  
subjects	  and	  ToM	  Audio	  subjects	  in	  right	  DLPFC	  and	  PMC	  (q<.05,	  FDR	  corrected,	  Fig	  6B).	  

Movie-‐Phys	  Audio	  ISC.	  The	  Phys	  Audio	  subjects	  and	  the	  18	  “similar-‐to-‐Phys-‐Audio”	  
Movie	  subjects	  showed	  correlated	  neural	  responses	  in	  bilateral	  early	  visual	  cortex,	  visual	  area	  
LO,	  and	  superior	  parietal	  lobule	  (Fig	  6C,	  left).	  The	  18	  “dissimilar-‐to-‐Phys-‐Audio”	  Movie	  subjects	  
and	  Phys	  Audio	  subjects	  only	  showed	  similar	  neural	  responses	  in	  a	  small	  part	  of	  early	  visual	  
cortex	  (Fig	  6C,	  right).	  There	  were	  no	  significant	  differences	  between	  groups	  in	  ROI	  analyses	  (Fig	  
6D).	  Together,	  these	  results	  suggest	  that	  the	  DMN	  tracked	  the	  ToM	  interpretation	  and	  not	  the	  
non-‐social	  interpretation	  of	  the	  narrative.	  	  

	  
Discussion	  	  

The	  same	  narrative	  or	  event	  can	  be	  interpreted	  in	  many	  different	  ways:	  for	  example,	  
football	  rivals	  watching	  the	  same	  game	  both	  perceive	  that	  the	  opposing	  team	  commits	  more	  
fouls	  even	  though	  they	  are	  watching	  the	  same	  game	  (23).	  However,	  the	  same	  narrative	  can	  also	  
be	  communicated	  effectively	  using	  vastly	  different	  forms,	  including	  written	  or	  spoken	  word,	  
sign	  language,	  and	  even	  moving	  abstract	  shapes,	  as	  in	  the	  present	  work.	  	  

We	  found	  that	  the	  more	  similarly	  two	  people	  interpreted	  the	  social	  events	  depicted	  in	  
an	  ambiguous	  animation	  composed	  of	  moving	  shapes,	  the	  more	  similar	  their	  neural	  responses	  
were	  in	  the	  DMN.	  In	  addition,	  we	  found	  that	  subjects	  who	  shared	  interpretation	  of	  the	  moving	  
shapes	  not	  only	  had	  similar	  neural	  responses	  to	  each	  other,	  but	  also	  to	  subjects	  who	  heard	  a	  
verbal	  description	  of	  the	  same	  interpretation	  of	  the	  narrative.	  The	  modality-‐invariant	  
representation	  of	  shared	  interpretation	  occurs	  even	  despite	  the	  vast	  differences	  between	  
moving	  geometric	  shapes	  and	  spoken	  words.	  In	  contrast,	  verbal	  descriptions	  of	  the	  physical	  
aspects	  of	  animation	  elicited	  shared	  neural	  responses	  with	  the	  movie	  viewing	  in	  only	  visual	  
cortex	  and	  superior	  parietal	  lobule.	  
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This	  work	  is	  the	  first	  to	  show	  that	  the	  DMN,	  which	  includes	  medial	  cortex,	  angular	  gyrus,	  
medial	  prefrontal	  cortex	  (24),	  can	  discriminate	  between	  idiosyncratic,	  spontaneous	  differences	  
in	  the	  narrative	  interpretation	  of	  moving	  geometric	  shapes.	  These	  results	  are	  consistent	  with	  
previous	  studies	  that	  directly	  manipulated	  interpretation	  by	  directing	  attention	  to	  different	  
aspects	  of	  a	  spoken	  narrative	  (25),	  changing	  perspective	  (26),	  or	  biasing	  with	  contextual	  
information	  (14).	  Unlike	  these	  previous	  results,	  however,	  in	  the	  present	  work,	  we	  do	  not	  
manipulate	  the	  interpretation	  of	  the	  animation	  into	  discrete	  experimental	  groups.	  Rather,	  we	  
let	  subjects	  freely	  attribute	  intentions	  to	  the	  motion	  of	  simple	  geometric	  shapes,	  which	  
spontaneously	  led	  to	  the	  creation	  of	  complex	  social	  narratives	  in	  subjects’	  minds	  as	  expressed	  
in	  their	  post-‐viewing	  descriptions	  of	  the	  animation.	  We	  then	  show	  that	  the	  subtle	  individual	  
differences	  in	  rich	  narrative	  interpretation	  are	  reflected	  in	  individual	  differences	  in	  the	  neural	  
responses	  of	  high-‐level	  regions.	  

Notably,	  these	  regions	  have	  also	  previously	  been	  implicated	  in	  theory	  of	  mind	  research,	  
including	  the	  attribution	  of	  animacy	  to	  geometric	  shapes	  (27).	  In	  the	  typical	  study,	  researchers	  
presented	  simple	  shape	  movies	  that	  either	  had	  animate	  motion	  (e.g.	  chasing,	  kicking)	  or	  non-‐
animate	  motion	  (e.g.	  random	  motion).	  Greater	  activation	  was	  found	  during	  animate	  than	  
inanimate	  movies	  in	  regions	  of	  DMN	  (28–30).	  By	  using	  a	  novel	  shapes	  animation	  that	  is	  unique	  
for	  its	  length	  (7	  mins	  vs	  the	  typical	  10-‐30	  seconds)	  and	  complex	  narrative	  arc,	  as	  well	  as	  the	  
large	  number	  of	  interacting	  characters	  with	  different	  relationships	  (parent	  and	  child,	  friends,	  
antagonists),	  the	  present	  work	  builds	  on	  previous	  findings	  by	  showing	  that	  these	  areas	  not	  only	  
respond	  preferentially	  to	  animate	  films,	  but	  can	  discriminate	  between	  subtle	  differences	  in	  
interpretations	  of	  the	  social	  interactions.	  	  

This	  work	  is	  also	  the	  first	  to	  directly	  show	  shared	  neural	  representations	  of	  a	  moving	  
shapes	  animation	  and	  a	  verbal	  description	  of	  the	  same	  narrative	  in	  left	  pSTS,	  left	  ITG,	  PMC,	  and	  
bilateral	  angular	  gyrus,	  speaking	  to	  the	  modality	  invariance	  of	  the	  DMN.	  Previous	  work	  has	  
shown	  that	  parts	  of	  the	  DMN	  respond	  similarly	  to	  individual	  presented	  words	  versus	  images	  of	  
the	  same	  item	  (e.g.	  30–33);	  spoken	  versus	  written	  sentences,	  paragraphs	  or	  narratives	  (8,	  36–
38),	  and	  audio-‐visual	  versus	  spoken	  narratives	  (10–12).	  However,	  the	  present	  work	  is	  the	  first	  
to	  show	  that	  despite	  vast	  differences	  in	  stimulus	  properties,	  sparse	  and	  abstract	  stimuli	  (like	  
triangles	  and	  squares)	  elicit	  similar	  neural	  responses	  to	  explicit	  verbal	  narratives	  as	  long	  as	  both	  
stimuli	  induce	  similar	  interpretations	  of	  the	  stimuli.	  	  

When	  narrative	  content	  was	  shared	  across	  the	  animation	  and	  verbal	  interpretation	  of	  
the	  animation	  in	  areas	  of	  the	  DMN,	  we	  found	  that	  the	  physical,	  visual	  content	  of	  the	  animation	  
was	  shared	  with	  a	  verbal	  description	  of	  the	  shapes	  in	  visual	  cortex	  (V1+,	  VO,	  LO)	  and	  bilateral	  
superior	  parietal	  lobule	  (Fig.	  4B).	  Shared	  neural	  activity	  in	  both	  regions	  is	  consistent	  with	  
mental	  imagery	  during	  the	  Physical	  Audio	  task.	  While	  listening,	  subjects	  may	  have	  been	  
mentally	  visualizing	  moving	  shapes	  and	  the	  spatial	  relations	  among	  them.	  Some	  previous	  work	  
has	  demonstrated	  early	  visual	  cortex	  activation	  during	  mental	  imagery	  (39–42),	  while	  SPL	  has	  
been	  implicated	  in	  mental	  rotation	  of	  shapes	  (43,	  44).	  In	  addition,	  SPL	  and	  the	  neighboring	  
intraparietal	  sulcus	  are	  involved	  in	  processing	  geometric	  and	  mathematical	  information	  such	  as	  
numerosity	  (45,	  46),	  geometric	  shape	  terms	  (47),	  and	  mathematical	  visual-‐spatial	  
representations	  more	  broadly	  (48).	  Shared,	  cross-‐modal	  activity	  in	  SPL	  may	  thus	  arise	  from	  
shared	  geometric	  information	  over	  time.	  	  
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Finally,	  this	  work	  introduces	  a	  novel	  method,	  intersubject	  RSA,	  for	  measuring	  individual	  
differences	  in	  neural	  responses	  using	  complex,	  naturalistic	  stimuli.	  This	  method	  and	  type	  of	  
stimuli	  can	  provide	  important	  insights	  into	  the	  processing	  of	  complex	  social	  information	  that	  
leads	  to	  the	  creation	  of	  a	  shared	  reality	  and	  facilitates	  social	  communication	  (49,	  50).	  Future	  
applications	  of	  this	  approach	  could	  enable	  us	  to	  delineate	  the	  development	  of	  high-‐level	  social	  
cognitive	  abilities	  in	  the	  DMN	  during	  childhood,	  as	  well	  as	  to	  understand	  the	  development	  of	  
cross-‐modal	  representations	  in	  the	  DMN.	  This	  method	  may	  also	  enable	  the	  detection	  of	  
abnormalities	  during	  complex	  naturalistic	  perception	  and	  narrative	  interpretation	  relevant	  to	  
psychotic	  disorders.	  For	  example,	  previous	  work	  has	  shown	  that	  individuals	  with	  autism	  
spectrum	  disorder	  or	  schizophrenia	  show	  atypical	  interpretations	  of	  more	  simple	  shape-‐based	  
animations	  (29,	  51–53),	  but	  differences	  in	  interpretation	  under	  naturalistic	  conditions	  have	  not	  
yet	  been	  linked	  to	  individual	  differences	  in	  neural	  responses.	  

In	  conclusion,	  this	  work	  provides	  evidence	  that	  shared	  understanding	  results	  in	  shared	  
neural	  responses	  within	  and	  across	  forms	  of	  communication.	  The	  similarity	  between	  neural	  
patterns	  elicited	  by	  similar	  interpretation	  of	  the	  same	  narrative	  communicated	  in	  different	  
forms	  (shapes	  versus	  words)	  demonstrates	  the	  remarkable	  modality	  invariance	  and	  strong	  
social	  nature	  of	  the	  default	  mode	  network.	  This	  work	  invokes	  the	  role	  of	  the	  default	  mode	  
network	  in	  representing	  subtle	  differences	  in	  interpretation	  of	  complex	  narratives.	  	  

	  
Methods	  
Subjects	   
Seventy-‐six	  adult	  subjects	  (ages	  18-‐35,	  mean	  22.2	  years;	  27	  male)	  with	  normal	  hearing	  and	  
normal	  or	  corrected-‐to-‐normal	  vision	  participated	  in	  the	  experiment.	  Three	  subjects	  were	  
excluded	  for	  excessive	  motion	  during	  scanning	  (>3mm),	  one	  for	  falling	  asleep,	  and	  one	  due	  to	  
an	  anomalous	  finding,	  resulting	  in	  36	  subjects	  for	  the	  Movie	  group,	  18	  for	  the	  ToM	  Audio	  
group,	  and	  17	  for	  the	  Phys	  Audio	  group.	  A	  larger	  sample	  size	  was	  selected	  for	  the	  Movie	  group	  
in	  order	  to	  better	  detect	  individual	  differences	  in	  narrative	  interpretation.	  Sample	  sizes	  were	  
otherwise	  chosen	  based	  on	  power	  analyses	  on	  intersubject	  analyses	  (54).	  All	  experimental	  
procedures	  were	  approved	  by	  the	  Princeton	  University	  Internal	  Review	  Board,	  and	  all	  subjects	  
provided	  informed,	  written	  consent.	  	  

	  
Stimuli	  and	  experimental	  design	  
Subjects	  were	  split	  into	  three	  separate	  groups.	  The	  “Movie”	  group	  was	  scanned	  in	  fMRI	  while	  
watching	  a	  7-‐min	  animated	  film.	  The	  movie	  depicted	  a	  short	  story	  using	  moving	  geometric	  
shapes	  in	  the	  style	  of	  Heider	  &	  Simmel	  (1).	  The	  narrative	  included	  complex	  and	  abstract	  events,	  
such	  as	  a	  child	  going	  to	  sleep	  and	  having	  a	  dream,	  birds	  changing	  into	  a	  monster,	  and	  making	  
new	  friends.	  While	  there	  was	  no	  spoken	  dialogue,	  the	  animation	  included	  an	  original	  piano	  
score	  that	  communicated	  mood	  and	  was	  congruent	  with	  events	  in	  the	  narrative.	  

Two	  additional	  groups	  of	  subjects	  were	  also	  scanned	  in	  fMRI	  while	  listening	  to	  two	  
different	  audio	  descriptions	  of	  the	  animation.	  The	  “Theory	  of	  Mind	  (ToM)	  Audio”	  group	  listened	  
to	  a	  7-‐min	  spoken	  version	  of	  the	  animation	  that	  interpreted	  the	  shapes	  as	  animate	  characters	  
(Fig	  1A,	  middle).	  The	  interpretation	  was	  based	  on	  the	  director’s	  interpretation	  of	  the	  animation.	  
The	  “Physical	  (Phys)	  Audio”	  group	  listened	  to	  a	  7-‐min	  audio	  track	  that	  described	  the	  physical	  
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characteristics	  and	  motion	  of	  the	  shapes	  in	  the	  Movie	  without	  attributing	  animacy	  to	  them	  (Fig.	  
1A,	  right).	  Both	  audio	  descriptions	  were	  edited	  to	  be	  the	  same	  length	  as	  the	  Movie	  and	  so	  that	  
the	  onset	  of	  events	  in	  the	  audios	  were	  time-‐locked	  to	  the	  onset	  of	  events	  in	  animation,	  
following	  (9)	  and	  (13)	  (Fig.	  1A).	  Subjects	  listening	  to	  the	  audio	  stimuli	  did	  not	  view	  any	  visual	  
stimuli.	  

To	  remove	  transient,	  non-‐selective	  responses	  that	  occur	  at	  the	  onset	  of	  a	  stimulus,	  all	  
scans	  were	  preceded	  by	  the	  same,	  unrelated	  37-‐second	  movie	  clip.	  This	  clip	  was	  cropped	  from	  
all	  analyses.	  Following	  stimulus	  presentation,	  subjects	  were	  asked	  to	  free	  recall	  the	  stimulus	  
using	  their	  own	  words	  and	  in	  as	  much	  detail	  as	  possible	  (Fig.	  1B).	  

	  
Stimulus	  presentation	  
Details	  are	  provided	  in	  SI	  Methods,	  Stimulus	  presentation.	  
	  
MRI	  acquisition	  
Details	  are	  provided	  in	  SI	  Methods,	  MRI	  acquisition.	  

	  
Behavioral	  data	  analysis	  
Subject	  recalls	  were	  assessed	  for	  similarity	  to	  each	  other	  using	  Latent	  Semantic	  Analysis	  (LSA),	  a	  
statistical	  method	  for	  representing	  the	  similarity	  of	  texts	  in	  semantic	  space	  (21).	  Details	  are	  
provided	  in	  SI	  Methods,	  Behavioral	  data	  analysis.	  
	  
MRI	  data	  analysis	  
Preprocessing.	  	  
MRI	  data	  were	  preprocessed	  using	  FSL	  5.0	  (FMRIB,	  Oxford)	  and	  custom	  Matlab	  scripts.	  Results	  
were	  visualized	  on	  3D	  inflated	  cortical	  masks	  using	  NeuroElf.	  Details	  are	  provided	  in	  SI	  
Methods,	  Preprocessing.	  	  
	  
Audio	  correlations	  between	  stimuli	  
The	  two	  audio	  recordings	  and	  the	  Movie	  were	  aligned	  in	  time	  such	  that	  the	  start	  of	  each	  event	  
occurred	  at	  the	  same	  time	  across	  stimuli.	  As	  a	  result,	  the	  audio	  envelops	  (audio	  amplitude)	  of	  
the	  three	  stimuli	  may	  be	  correlated.	  To	  control	  for	  this	  low-‐level	  similarity	  across	  stimuli	  in	  
cross-‐modal	  analyses,	  we	  followed	  (13)	  and	  regressed	  out	  the	  audio	  envelope	  from	  each	  
subject’s	  BOLD	  response.	  Details	  are	  provided	  in	  SI	  Methods,	  Projection	  of	  audio	  envelops.	  	  
	  
Representational	  similarity	  analysis	  (RSA)	  
To	  identify	  regions	  of	  the	  brain	  where	  greater	  recall	  similarity	  predicts	  greater	  neural	  similarity	  
within	  and	  across	  conditions,	  we	  conducted	  a	  representational	  similarity	  analysis	  (RSA)	  (20)	  
between	  recall	  similarity,	  as	  measured	  by	  LSA,	  and	  neural	  similarity,	  as	  measured	  by	  correlating	  
response	  timecourses	  between	  subjects.	  RSA	  was	  conducted	  both	  voxel-‐wise	  over	  the	  entire	  
brain	  and	  within	  independently-‐defined	  ROIs.	  Statistical	  significance	  was	  assessed	  using	  a	  
permutation	  test.	  We	  corrected	  for	  multiple	  comparisons	  by	  controlling	  the	  False	  Discovery	  
Rate	  (FDR)	  (48)	  of	  the	  RSA	  map	  using	  q	  criterion	  =	  0.05.	  Details	  are	  provided	  in	  SI	  Methods,	  
Representational	  similarity	  analysis.	  
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Intersubject	  correlation	  (ISC)	  analysis	  across	  modalities	  
In	  addition	  to	  RSA,	  we	  conducted	  an	  intersubject	  correlation	  analysis	  (ISC)	  (22)	  to	  search	  for	  
multimodal	  responses	  which	  are	  shared	  across	  subjects	  who	  watched	  the	  Movie	  and	  subjects	  
who	  listen	  to	  the	  Audios.	  ISC	  was	  calculated	  by	  taking	  the	  average	  correlation	  between	  each	  
Movie	  subject’s	  response	  timecourse	  to	  the	  average	  of	  either	  the	  ToM	  Audio	  subjects	  or	  the	  
Phys	  Audio	  subjects.	  Statistical	  significance	  of	  ISC	  was	  assessed	  using	  a	  bootstrapping	  
procedure	  based	  on	  phase	  randomization.	  To	  control	  for	  multiple	  comparisons,	  the	  family-‐wise	  
error	  rate	  was	  controlled	  at	  q	  =	  0.05.	  Details	  are	  provided	  in	  SI	  Methods,	  Intersubject	  
correlation.	  
	  
Default	  mode	  network	  ROI	  analysis	  
All	  analyses	  were	  also	  conducted	  on	  independently	  defined	  regions-‐of-‐interest	  (ROIs)	  of	  the	  
DMN.	  Details	  are	  provided	  in	  SI	  Methods,	  DMN	  ROI	  definition.	  
	  
Author	  contributions	  
MN,	  TV,	  and	  UH	  developed	  the	  study	  concept,	  stimulus	  creation,	  and	  study	  design.	  Data	  
collection	  and	  analysis	  was	  performed	  by	  MN.	  All	  authors	  contributed	  writing	  to	  the	  
manuscript,	  and	  all	  authors	  approved	  the	  final	  version	  of	  the	  manuscript	  for	  submission.	  
	  
Acknowledgements	  
We	  would	  like	  to	  thank	  Adele	  Goldberg,	  Janice	  Chen,	  and	  Chris	  Baldassano	  for	  helpful	  advice	  on	  
the	  analysis	  and	  Amy	  Price	  for	  helpful	  comments	  on	  the	  paper.	  This	  work	  was	  supported	  by	  NIH	  
Grant	  5DP1HD091948-‐02	  (UH),	  NIH	  Grant	  RO1	  (MN),	  and	  The	  Allison	  Family	  Foundation	  (TV).	  
The	  animation	  was	  created	  by	  visual	  artist	  Tobias	  Hoffman	  and	  TV,	  the	  original	  score	  was	  
written	  by	  Jodi	  S.	  van	  der	  Woude,	  and	  the	  audios	  were	  recorded	  by	  Max	  Rosmarin.	  The	  movie,	  
titled	  “When	  Heider	  Met	  Simmel,”	  is	  available	  for	  research	  use	  by	  contacting	  the	  corresponding	  
author.	  
	  
References	  
1.	  	   Heider	  F,	  Simmel	  M	  (1944)	  An	  experimental	  study	  of	  apparent	  behavior.	  Am	  J	  Psychol	  

57:243–259.	  

2.	  	   Hasson	  U,	  Yang	  E,	  Vallines	  I,	  Heeger	  DJ,	  Rubin	  N	  (2008)	  A	  Hierarchy	  of	  Temporal	  Receptive	  
Windows	  in	  Human	  Cortex.	  J	  Neurosci	  28(10):2539–2550.	  

3.	  	   Hasson	  U,	  Malach	  R,	  Heeger	  DJ	  (2010)	  Reliability	  of	  cortical	  activity	  during	  natural	  
stimulation.	  Trends	  Cogn	  Sci	  14(1):40.	  

4.	  	   Lerner	  Y,	  Honey	  CJ,	  Silbert	  LJ,	  Hasson	  U	  (2011)	  Topographic	  mapping	  of	  a	  hierarchy	  of	  
temporal	  receptive	  windows	  using	  a	  narrated	  story.	  J	  Neurosci	  Off	  J	  Soc	  Neurosci	  
31(8):2906–2915.	  

5.	  	   Ben-‐Yakov	  A,	  Honey	  CJ,	  Lerner	  Y,	  Hasson	  U	  (2012)	  Loss	  of	  reliable	  temporal	  structure	  in	  
event-‐related	  averaging	  of	  naturalistic	  stimuli.	  NeuroImage	  63(1):501–506.	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   11	  

6.	  	   Jaaskelainen	  PI,	  et	  al.	  (2008)	  Inter-‐Subject	  Synchronization	  of	  Prefrontal	  Cortex	  
Hemodynamic	  Activity	  During	  Natural	  Viewing.	  Open	  Neuroimaging	  J	  2(1):14–19.	  

7.	  	   Wilson	  SM,	  Molnar-‐Szakacs	  I,	  Iacoboni	  M	  (2008)	  Beyond	  Superior	  Temporal	  Cortex:	  
Intersubject	  Correlations	  in	  Narrative	  Speech	  Comprehension.	  Cereb	  Cortex	  18(1):230–
242.	  

8.	  	   Simony	  E,	  et	  al.	  (2016)	  Dynamic	  reconfiguration	  of	  the	  default	  mode	  network	  during	  
narrative	  comprehension.	  Nat	  Commun	  7:12141.	  

9.	  	   Regev	  M,	  Honey	  CJ,	  Simony	  E,	  Hasson	  U	  (2013)	  Selective	  and	  Invariant	  Neural	  Responses	  
to	  Spoken	  and	  Written	  Narratives.	  J	  Neurosci	  33(40):15978–15988.	  

10.	  	   Chen	  J,	  et	  al.	  (2016)	  Shared	  memories	  reveal	  shared	  structure	  in	  neural	  activity	  across	  
individuals.	  Nat	  Neurosci	  20(1):115–125.	  

11.	  	   Zadbood	  A,	  Chen	  J,	  Leong	  YC,	  Norman	  KA,	  Hasson	  U	  (2017)	  How	  We	  Transmit	  Memories	  to	  
Other	  Brains:	  Constructing	  Shared	  Neural	  Representations	  Via	  Communication.	  Cereb	  
Cortex:1–13.	  

12.	  	   Baldassano	  C,	  et	  al.	  (2017)	  Discovering	  Event	  Structure	  in	  Continuous	  Narrative	  Perception	  
and	  Memory.	  Neuron	  95(3):709–721.e5.	  

13.	  	   Honey	  CJ,	  Thompson	  CR,	  Lerner	  Y,	  Hasson	  U	  (2012)	  Not	  Lost	  in	  Translation:	  Neural	  
Responses	  Shared	  Across	  Languages.	  J	  Neurosci	  32(44):15277–15283.	  

14.	  	   Yeshurun	  Y,	  et	  al.	  (2017)	  Same	  story,	  different	  story:	  the	  neural	  representation	  of	  
interpretive	  frameworks.	  Psychol	  Sci	  28(3):307–319.	  

15.	  	   Berry	  DS,	  Misovich	  SJ,	  Kean	  KJ,	  Baron	  RM	  (1992)	  Effects	  of	  Disruption	  of	  Structure	  and	  
Motion	  on	  Perceptions	  of	  Social	  Causality.	  Pers	  Soc	  Psychol	  Bull	  18(2):237–244.	  

16.	  	   Oatley	  K,	  Yuill	  N	  (1985)	  Perception	  of	  personal	  and	  interpersonal	  action	  in	  a	  cartoon	  film.	  
Br	  J	  Soc	  Psychol	  24(2):115–124.	  

17.	  	   Scholl	  BJ,	  Tremoulet	  PD	  (2000)	  Perceptual	  causality	  and	  animacy.	  Trends	  Cogn	  Sci	  
4(8):299–309.	  

18.	  	   Shor	  RE	  (1957)	  Effect	  of	  preinformation	  upon	  human	  characteristics	  attributed	  to	  
animated	  geometric	  figures.	  J	  Abnorm	  Soc	  Psychol	  54(1):124–126.	  

19.	  	   Massad	  CM,	  Hubbard	  M,	  Newtson	  D	  (1979)	  Selective	  perception	  of	  events.	  J	  Exp	  Soc	  
Psychol	  15(6):513–532.	  

20.	  	   Kriegeskorte	  N	  (2008)	  Representational	  similarity	  analysis	  –	  connecting	  the	  branches	  of	  
systems	  neuroscience.	  Front	  Syst	  Neurosci.	  doi:10.3389/neuro.06.004.2008.	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   12	  

21.	  	   Landauer	  TK,	  Foltz	  PW,	  Laham	  D	  (1998)	  An	  introduction	  to	  latent	  semantic	  analysis.	  
Discourse	  Process	  25(2–3):259–284.	  

22.	  	   Hasson	  U,	  Nir	  Y,	  Levy	  I,	  Fuhrmann	  G,	  Malach	  R	  (2004)	  Intersubject	  Synchronization	  of	  
Cortical	  Activity	  During	  Natural	  Vision.	  Science	  303(5664):1634–1640.	  

23.	  	   Hastorf	  AH,	  Cantril	  H	  (1954)	  They	  saw	  a	  game;	  a	  case	  study.	  J	  Abnorm	  Soc	  Psychol	  
49(1):129–134.	  

24.	  	   Buckner	  RL,	  Andrews-‐Hanna	  JR,	  Schacter	  DL	  (2008)	  The	  Brain’s	  Default	  Network:	  Anatomy,	  
Function,	  and	  Relevance	  to	  Disease.	  Ann	  N	  Y	  Acad	  Sci	  1124(1):1–38.	  

25.	  	   Cooper	  EA,	  Hasson	  U,	  Small	  SL	  (2011)	  Interpretation-‐mediated	  changes	  in	  neural	  activity	  
during	  language	  comprehension.	  NeuroImage	  55(3):1314–1323.	  

26.	  	   Lahnakoski	  JM,	  et	  al.	  (2014)	  Synchronous	  brain	  activity	  across	  individuals	  underlies	  shared	  
psychological	  perspectives.	  NeuroImage	  100(Supplement	  C):316–324.	  

27.	  	   Frith	  CD,	  Frith	  U	  (2006)	  The	  Neural	  Basis	  of	  Mentalizing.	  Neuron	  50(4):531–534.	  

28.	  	   Schurz	  M,	  Radua	  J,	  Aichhorn	  M,	  Richlan	  F,	  Perner	  J	  (2014)	  Fractionating	  theory	  of	  mind:	  A	  
meta-‐analysis	  of	  functional	  brain	  imaging	  studies.	  Neurosci	  Biobehav	  Rev	  42:9–34.	  

29.	  	   Castelli	  F,	  Frith	  C,	  Happé	  F,	  Frith	  U	  (2002)	  Autism,	  Asperger	  syndrome	  and	  brain	  
mechanisms	  for	  the	  attribution	  of	  mental	  states	  to	  animated	  shapes.	  Brain	  125(8):1839–
1849.	  

30.	  	   Vanderwal	  T,	  Hunyadi	  E,	  Grupe	  DW,	  Connors	  CM,	  Schultz	  RT	  (2008)	  Self,	  mother	  and	  
abstract	  other:	  An	  fMRI	  study	  of	  reflective	  social	  processing.	  NeuroImage	  41(4):1437–
1446.	  

31.	  	   Bright	  P,	  Moss	  H,	  Tyler	  LK	  (2004)	  Unitary	  vs	  multiple	  semantics:	  PET	  studies	  of	  word	  and	  
picture	  processing.	  Brain	  Lang	  89(3):417–432.	  

32.	  	   Bruffaerts	  R,	  et	  al.	  (2013)	  Similarity	  of	  fMRI	  Activity	  Patterns	  in	  Left	  Perirhinal	  Cortex	  
Reflects	  Semantic	  Similarity	  between	  Words.	  J	  Neurosci	  33(47):18597–18607.	  

33.	  	   Chee	  MW,	  et	  al.	  (2000)	  Overlap	  and	  dissociation	  of	  semantic	  processing	  of	  Chinese	  
characters,	  English	  words,	  and	  pictures:	  evidence	  from	  fMRI.	  NeuroImage	  12(4):392–403.	  

34.	  	   Marinkovic	  K,	  et	  al.	  (2003)	  Spatiotemporal	  Dynamics	  of	  Modality-‐Specific	  and	  Supramodal	  
Word	  Processing.	  Neuron	  38(3):487–497.	  

35.	  	   Jobard	  G,	  Vigneau	  M,	  Mazoyer	  B,	  Tzourio-‐Mazoyer	  N	  (2007)	  Impact	  of	  modality	  and	  
linguistic	  complexity	  during	  reading	  and	  listening	  tasks.	  NeuroImage	  34(2):784–800.	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   13	  

36.	  	   Lindenberg	  R,	  Scheef	  L	  (2007)	  Supramodal	  language	  comprehension:	  Role	  of	  the	  left	  
temporal	  lobe	  for	  listening	  and	  reading.	  Neuropsychologia	  45(10):2407–2415.	  

37.	  	   Spitsyna	  G,	  Warren	  JE,	  Scott	  SK,	  Turkheimer	  FE,	  Wise	  RJS	  (2006)	  Converging	  Language	  
Streams	  in	  the	  Human	  Temporal	  Lobe.	  J	  Neurosci	  26(28):7328–7336.	  

38.	  	   Vagharchakian	  L,	  Dehaene-‐Lambertz	  G,	  Pallier	  C,	  Dehaene	  S	  (2012)	  A	  Temporal	  Bottleneck	  
in	  the	  Language	  Comprehension	  Network.	  J	  Neurosci	  32(26):9089–9102.	  

39.	  	   Albers	  AM,	  Kok	  P,	  Toni	  I,	  Dijkerman	  HC,	  de	  Lange	  FP	  (2013)	  Shared	  Representations	  for	  
Working	  Memory	  and	  Mental	  Imagery	  in	  Early	  Visual	  Cortex.	  Curr	  Biol	  23(15):1427–1431.	  

40.	  	   Cichy	  RM,	  Heinzle	  J,	  Haynes	  J-‐D	  (2012)	  Imagery	  and	  Perception	  Share	  Cortical	  
Representations	  of	  Content	  and	  Location.	  Cereb	  Cortex	  22(2):372–380.	  

41.	  	   Kosslyn	  SM,	  Thompson	  WL	  (2003)	  When	  is	  early	  visual	  cortex	  activated	  during	  visual	  
mental	  imagery?	  Psychol	  Bull	  129(5):723–746.	  

42.	  	   Slotnick	  SD,	  Thompson	  WL,	  Kosslyn	  SM	  (2005)	  Visual	  Mental	  Imagery	  Induces	  
Retinotopically	  Organized	  Activation	  of	  Early	  Visual	  Areas.	  Cereb	  Cortex	  15(10):1570–1583.	  

43.	  	   Gogos	  A,	  et	  al.	  (2010)	  Greater	  superior	  than	  inferior	  parietal	  lobule	  activation	  with	  
increasing	  rotation	  angle	  during	  mental	  rotation:	  An	  fMRI	  study.	  Neuropsychologia	  
48(2):529–535.	  

44.	  	   Prescott	  J,	  Gavrilescu	  M,	  Cunnington	  R,	  O’Boyle	  MW,	  Egan	  GF	  (2010)	  Enhanced	  brain	  
connectivity	  in	  math-‐gifted	  adolescents:	  An	  fMRI	  study	  using	  mental	  rotation.	  Cogn	  
Neurosci	  1(4):277–288.	  

45.	  	   Harvey	  BM,	  Klein	  BP,	  Petridou	  N,	  Dumoulin	  SO	  (2013)	  Topographic	  Representation	  of	  
Numerosity	  in	  the	  Human	  Parietal	  Cortex.	  Science	  341(6150):1123–1126.	  

46.	  	   Piazza	  M,	  Izard	  V,	  Pinel	  P,	  Le	  Bihan	  D,	  Dehaene	  S	  (2004)	  Tuning	  Curves	  for	  Approximate	  
Numerosity	  in	  the	  Human	  Intraparietal	  Sulcus.	  Neuron	  44(3):547–555.	  

47.	  	   Zhang	  H,	  Chen	  C,	  Zhou	  X	  (2012)	  Neural	  correlates	  of	  numbers	  and	  mathematical	  terms.	  
NeuroImage	  60(1):230–240.	  

48.	  	   Dehaene	  S,	  Spelke	  E,	  Pinel	  P,	  Stanescu	  R,	  Tsivkin	  S	  (1999)	  Sources	  of	  Mathematical	  
Thinking:	  Behavioral	  and	  Brain-‐Imaging	  Evidence.	  Science	  284(5416):970–974.	  

49.	  	   Hasson	  U,	  Ghazanfar	  AA,	  Galantucci	  B,	  Garrod	  S,	  Keysers	  C	  (2012)	  Brain-‐to-‐brain	  coupling:	  
a	  mechanism	  for	  creating	  and	  sharing	  a	  social	  world.	  Trends	  Cogn	  Sci	  16(2):114–121.	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   14	  

50.	  	   Hasson	  U,	  Frith	  CD	  (2016)	  Mirroring	  and	  beyond:	  coupled	  dynamics	  as	  a	  generalized	  
framework	  for	  modelling	  social	  interactions.	  Philos	  Trans	  R	  Soc	  B	  Biol	  Sci	  
371(1693):20150366.	  

51.	  	   Salter	  G,	  Seigal	  A,	  Claxton	  M,	  Lawrence	  K,	  Skuse	  D	  (2008)	  Can	  autistic	  children	  read	  the	  
mind	  of	  an	  animated	  triangle?	  Autism	  12(4):349–371.	  

52.	  	   Horan	  WP,	  et	  al.	  (2009)	  Disturbances	  in	  the	  spontaneous	  attribution	  of	  social	  meaning	  in	  
schizophrenia.	  Psychol	  Med	  39(4):635–643.	  

53.	  	   Bell	  MD,	  Fiszdon	  JM,	  Greig	  TC,	  Wexler	  BE	  (2010)	  Social	  attribution	  test	  —	  multiple	  choice	  
(SAT-‐MC)	  in	  schizophrenia:	  Comparison	  with	  community	  sample	  and	  relationship	  to	  
neurocognitive,	  social	  cognitive	  and	  symptom	  measures.	  Schizophr	  Res	  122(1):164–171.	  

54.	  	   Pajula	  J,	  Tohka	  J	  (2016)	  How	  Many	  Is	  Enough?	  Effect	  of	  Sample	  Size	  in	  Inter-‐Subject	  
Correlation	  Analysis	  of	  fMRI.	  Comput	  Intell	  Neurosci	  2016:1–10.	  

55.	  	   Benjamini	  Y,	  Hochberg	  Y	  (1995)	  Controlling	  the	  False	  Discovery	  Rate:	  A	  Practical	  and	  
Powerful	  Approach	  to	  Multiple	  Testing.	  J	  R	  Stat	  Soc	  Ser	  B	  Methodol	  57(1):289–300.	  

56.	  	   Kleiner	  M,	  et	  al.	  (2007)	  What’s	  new	  in	  Psychtoolbox-‐3.	  Perception	  36(14):1.	  

57.	  	   Glover	  GH	  (1999)	  Deconvolution	  of	  impulse	  response	  in	  event-‐related	  BOLD	  fMRI.	  
NeuroImage	  9(4):416–429.	  

58.	  	   Nichols	  TE,	  Holmes	  AP	  (2002)	  Nonparametric	  permutation	  tests	  for	  functional	  
neuroimaging:	  a	  primer	  with	  examples.	  Hum	  Brain	  Mapp	  15(1):1–25.	  

59.	  	   Shirer	  WR,	  Ryali	  S,	  Rykhlevskaia	  E,	  Menon	  V,	  Greicius	  MD	  (2012)	  Decoding	  Subject-‐Driven	  
Cognitive	  States	  with	  Whole-‐Brain	  Connectivity	  Patterns.	  Cereb	  Cortex	  22(1):158–165.	  

	   	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 8, 2017. ; https://doi.org/10.1101/231019doi: bioRxiv preprint 

https://doi.org/10.1101/231019
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   15	  

Figure	  legends	  
	  
Fig.	  1	  	  
Design.	  (A)	  While	  being	  scanned	  in	  fMRI,	  subjects	  watched	  a	  short	  animation	  made	  of	  moving	  
shapes	  (Movie),	  listened	  to	  an	  audio	  version	  of	  the	  movie	  narrative	  (Theory	  of	  Mind	  Audio),	  or	  
listened	  to	  an	  audio	  description	  of	  the	  moving	  shapes	  in	  the	  animation	  (Physical	  Audio).	  	  (B)	  	  
Following	  stimulus	  presentation,	  subjects	  retold	  the	  story	  they	  heard.	  Excerpts	  from	  a	  subject	  in	  
each	  group	  are	  shown	  here.	  Recalls	  were	  assessed	  for	  similarity	  within	  and	  across	  stimulus	  
groups	  using	  latent	  semantic	  analysis	  (LSA).	  (C)	  Default	  mode	  network	  ROIs	  defined	  using	  
independent	  data.	  PMC	  =	  posterior	  medial	  cortex,	  mPFC	  =	  medial	  prefrontal	  cortex,	  ang	  =	  
angular	  gyrus,	  dlPFC	  =	  dorsolateral	  prefrontal	  cortex.	  
	  
Fig.	  2	  
RSA.	  An	  intersubject	  representational	  similarity	  analysis	  (RSA)	  was	  conducted	  to	  identify	  
regions	  of	  the	  brain	  where	  greater	  similarity	  in	  narrative	  interpretation	  was	  correlated	  with	  
greater	  neural	  similarity.	  To	  measure	  neural	  similarity,	  each	  subject’s	  response	  timecourse	  was	  
correlated	  with	  every	  other	  subject’s	  timecourse	  in	  every	  voxels.	  To	  measure	  interpretation	  
similarity,	  we	  used	  Latent	  Semantic	  Analysis	  (LSA)	  to	  measure	  semantic	  similarity	  between	  the	  
recalls	  of	  every	  pair	  of	  subjects.	  We	  then	  calculated	  the	  spearman	  r	  between	  the	  neural	  and	  
recall	  similarity	  matrices	  in	  all	  voxels	  of	  the	  brain.	  Statistical	  significance	  was	  assessed	  using	  a	  
permutation	  test	  and	  then	  FDR	  corrected	  for	  multiple	  comparisons.	  ISC	  =	  intersubject	  
correlation,	  LSA	  =	  latent	  semantic	  analysis,	  RSA	  =	  representational	  similarity	  analysis.	  
	  
Fig.	  3	  	  
Behavioral	  results.	  Recall	  similarity	  between	  each	  pair	  of	  subjects	  in	  each	  group	  was	  assessed	  
using	  Latent	  Semantic	  Analysis.	  Significantly	  greater	  intersubject	  similarity	  was	  observed	  in	  ToM	  
Audio	  group	  than	  Movie	  group	  (t=22.7,	  p<.001);	  there	  was	  no	  difference	  in	  recall	  similarity	  
within	  the	  Movie	  group	  and	  Phys	  Audio	  group	  (p>.05).	  Between	  groups,	  there	  was	  more	  recall	  
similarity	  between	  Movie	  and	  ToM	  audio	  subjects	  than	  between	  Movie	  and	  Phys	  audio	  subjects	  
(t=17.0,	  p<.001).	  
	  
Fig.	  4	  
Shared	  interpretation,	  shared	  neural	  response.	  (A)	  Neural	  similarity	  in	  each	  voxel,	  measured	  by	  
correlating	  response	  timecourses	  between	  every	  pair	  of	  subjects	  in	  the	  Movie	  group,	  was	  
correlated	  with	  recall	  similarity,	  measured	  using	  Latent	  Semantic	  Analysis	  on	  the	  recalls	  of	  
every	  pair	  of	  subjects	  in	  the	  Movie	  group.	  Neural	  similarity	  and	  recall	  similarity	  were	  
significantly	  correlated	  with	  each	  other,	  as	  assessed	  using	  a	  permutation	  test,	  in	  PMC,	  dmPFC,	  
dlPFC,	  left	  SMG,	  right	  angular	  gyrus,	  and	  right	  anterior	  STS.	  (B)	  RSA	  was	  also	  conducted	  on	  the	  
average	  response	  of	  ROIs	  in	  the	  default	  mode	  network.	  All	  ROIs	  were	  significant	  in	  the	  movie	  
group	  analyses	  (q<.05,	  FDR	  corrected).	  dlPFC	  =	  dorsolateral	  prefrontal	  cortex,	  SMG	  =	  
supramarginal	  gyrus,	  ang	  =	  angular	  gyrus,	  aSTS	  =	  anterior	  superior	  temporal	  sulcus,	  PMC	  =	  
posterior	  medial	  cortex,	  dmPFC	  =	  dorsomedial	  prefrontal	  cortex.	  *	  q<	  .05,	  FDR	  corrected.	  Error	  
bars	  are	  SEM.	  
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Fig.	  5	  
Greater	  neural	  similarity	  was	  correlated	  with	  greater	  interpretation	  similarity	  between	  the	  
Movie	  group	  and	  the	  ToM	  Audio	  group	  in	  right	  DLPFC	  and	  PMC	  (purple	  bars).	  There	  was	  no	  
relationship	  between	  neural	  and	  interpretation	  similarity	  between	  the	  Movie	  group	  and	  the	  
Phys	  Aud	  group	  (red	  bars).	  dlPFC	  =	  dorsolateral	  prefrontal	  cortex,	  SMG	  =	  supramarginal	  gyrus,	  
ang	  =	  angular	  gyrus,	  aSTS	  =	  anterior	  superior	  temporal	  sulcus,	  PMC	  =	  posterior	  medial	  cortex,	  
dmPFC	  =	  dorsomedial	  prefrontal	  cortex.	  *	  q<	  .05,	  FDR	  corrected.	  Error	  bars	  are	  SEM.	  
	  
Fig.	  7	  
ISC	  between	  Movie	  and	  Audio	  groups.	  (A).	  Movie	  subjects	  who	  shared	  narrative	  interpretation	  
with	  the	  ToM	  Audio	  subjects	  also	  showed	  correlated	  neural	  responses	  with	  the	  ToM	  Audio	  
subjects	  in	  linguistic	  regions,	  bilateral	  angular	  gyrus	  and	  PMC	  (left	  brains).	  Movie	  subjects	  who	  
did	  not	  share	  narrative	  interpretations	  with	  the	  ToM	  Audio	  group	  did	  not	  show	  correlated	  
neural	  responses	  with	  ToM	  Audio	  subjects	  (right	  brains).	  (C).	  Movie	  subjects	  who	  shared	  
descriptive	  content	  with	  the	  Phys	  Audio	  subjects	  showed	  correlated	  neural	  responses	  with	  the	  
Phys	  Audio	  subjects	  in	  early	  visual	  cortex,	  LO,	  and	  SPL.	  Movie	  subjects	  who	  did	  not	  share	  
descriptions	  only	  showed	  similar	  responses	  in	  early	  visual	  cortex.	  (B,	  D).	  ROI	  analysis	  using	  ISC	  
show	  similar	  pattern	  of	  results.	  dlPFC	  =	  dorsolateral	  prefrontal	  cortex,	  SMG	  =	  supramarginal	  
gyrus,	  ang	  =	  angular	  gyrus,	  aSTS	  =	  anterior	  superior	  temporal	  sulcus,	  PMC	  =	  posterior	  medial	  
cortex,	  dmPFC	  =	  dorsomedial	  prefrontal	  cortex.	  *	  q<	  .05,	  FDR	  corrected.	  Error	  bars	  are	  SEM.	  
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Supporting	  information	  
Methods	  
Stimulus	  presentation	  
Stimuli	  were	  presented	  using	  MATLAB	  (MathWorks)	  and	  Psychtoolbox	  (56).	  Video	  was	  
presented	  by	  LCD	  projector	  on	  a	  rear-‐projection	  screen	  mounted	  in	  the	  back	  of	  the	  scanner	  
bore	  and	  was	  viewed	  through	  a	  mirror	  mounted	  to	  the	  head	  coil.	  Audio	  was	  played	  through	  
MRI-‐compatible	  insert	  earphones	  (Sensorimetrics,	  Model	  S14).	  Subject	  recalls	  were	  recorded	  
using	  a	  customized	  MR-‐compatible	  recording	  system	  with	  online	  sound	  cancelling	  
(Optoacoustics	  Ltd,	  FOMRI	  II).	  
	  
MRI	  acquisition	  
Subjects	  were	  scanned	  in	  a	  3T	  Magnetom	  scanner	  (Prisma,	  Siemens)	  located	  at	  the	  Princeton	  
Neuroscience	  Institute	  Scully	  Center	  for	  Neuroimaging	  using	  a	  64-‐channel	  head-‐neck	  coil	  
(Siemens).	  In	  the	  Audio	  and	  Movie	  scans,	  volumes	  were	  acquired	  using	  a	  T2*-‐weighted	  
multiband	  EPI	  pulse	  sequence	  (TR	  1500	  ms;	  TE	  39	  ms;	  voxel	  size	  2x2x2mm;	  flip	  angle	  55°;	  FOV	  
192x192	  mm2,	  multiband	  acceleration	  factor	  4)	  with	  whole-‐brain	  coverage.	  Following	  functional	  
scans,	  a	  fieldmap	  (mean	  and	  phase)	  was	  collected	  (dwell	  time	  0.93	  ms;	  TE	  diff	  2.46	  ms).	  Finally,	  
a	  high-‐resolution	  anatomical	  image	  was	  collected	  using	  a	  T1-‐weighted	  MPRAGE	  pulse	  sequence	  
(voxel	  size	  1x1x1	  mm).	  
	  
Behavioral	  data	  analysis	  
Free	  recalls	  were	  lightly	  edited	  to	  remove	  non-‐stimulus	  related	  utterances	  (e.g.	  “I	  don’t	  
remember,”	  “I’m	  done,”	  etc.).	  The	  edited	  recalls	  were	  then	  assessed	  for	  similarity	  to	  each	  other	  
within	  and	  across	  stimulus	  groups	  using	  Latent	  Semantic	  Analysis	  (LSA),	  a	  statistical	  method	  for	  
representing	  the	  similarity	  of	  texts	  in	  semantic	  space	  (21).	  Recall	  similarity	  was	  measured	  as	  the	  
cosine	  distance	  between	  recalls	  in	  the	  semantic	  space.	  Here,	  the	  semantic	  space	  was	  derived	  
from	  the	  Touchstone	  Applied	  Science	  Associates	  (TASA)	  college	  reading-‐level	  corpus	  with	  300	  
factors,	  as	  implemented	  on	  lsa.colorado.edu.	  To	  order	  subjects	  by	  similarity	  to	  each	  other,	  we	  
then	  conducted	  agglomerative	  hierarchical	  clustering	  with	  complete-‐linkage	  on	  the	  LSA	  
similarity	  matrices.	  	  
	  
Preprocessing	  
MRI	  data	  were	  preprocessed	  using	  FSL	  5.0	  (FMRIB,	  Oxford),	  including	  3D	  motion	  correction,	  
fieldmap	  correction,	  linear	  trend	  removal,	  high-‐pass	  filtering	  (140	  Hz),	  and	  spatial	  smoothing	  
with	  a	  Gaussian	  kernel	  (FWHM	  4	  mm).	  All	  data	  was	  aligned	  to	  standard	  2-‐mm	  MNI	  space.	  
Following	  preprocessing,	  the	  first	  60	  TRs	  were	  cropped	  to	  remove	  the	  introductory	  videos	  and	  
transitory	  changes	  at	  the	  start	  of	  the	  stimulus.	  Voxels	  with	  low	  mean	  signal	  (2	  std	  below	  
average)	  were	  also	  removed.	  Data	  was	  z-‐scored	  over	  time.	  All	  analyses	  were	  conducted	  in	  
volume	  space	  using	  custom	  Matlab	  scripts	  and	  then	  visualized	  on	  3D	  inflated	  cortical	  masks	  
using	  NeuroElf	  (http://neuroelf.net).	  	  
	  
Projection	  of	  audio	  envelops	  
Because	  the	  Movie	  and	  two	  Audios	  were	  aligned	  in	  time	  such	  that	  the	  start	  of	  each	  event	  
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occurs	  at	  the	  same	  time	  across	  stimuli,	  the	  audio	  envelops	  (audio	  amplitudes)	  may	  be	  
correlated.	  Following	  (13),	  for	  between-‐condition	  analyses,	  we	  thus	  projected	  out	  the	  audio	  
envelop	  from	  each	  subject’s	  neural	  response.	  The	  audio	  envelop	  for	  each	  stimulus	  was	  
calculated	  using	  a	  Hilbert	  transform	  and	  then	  down-‐sampled	  to	  the	  1.5-‐second	  TR	  using	  an	  anti-‐
aliasing,	  low-‐pass	  finite	  impulse	  response	  filter.	  The	  resulting	  envelops	  were	  then	  convolved	  
with	  a	  hemodynamic	  response	  function	  (57).	  The	  envelops	  were	  entered	  into	  a	  linear	  
regression	  model	  for	  each	  voxel	  in	  each	  subject	  in	  the	  corresponding	  condition.	  For	  between-‐
condition	  analyses,	  the	  BOLD	  response	  timecourse	  was	  then	  replaced	  with	  residuals	  of	  the	  
regression.	  
	  
Representational	  similarity	  analysis	  
To	  identify	  regions	  of	  the	  brain	  where	  greater	  recall	  similarity	  predicts	  greater	  neural	  similarity	  
within	  and	  across	  conditions,	  we	  conducted	  a	  representational	  similarity	  analysis	  (RSA)	  (20)	  
between	  LSA	  recall	  similarity	  and	  intersubject	  neural	  correlations.	  First,	  a	  matrix	  of	  neural	  
similarity	  between	  every	  pair	  of	  subjects	  within	  or	  between	  conditions	  was	  calculated	  for	  each	  
voxel	  by	  correlating	  each	  subject’s	  response	  timecourse	  with	  every	  other	  subject’s	  response	  
time	  course.	  Spearman’s	  r	  was	  then	  calculated	  between	  this	  matrix	  of	  neural	  similarity	  and	  the	  
matrix	  of	  LSA	  recall	  similarity	  (Fig.	  2).	  This	  analysis	  was	  conducted	  both	  within	  the	  Movie	  group	  
and	  between	  the	  Movie	  group	  and	  each	  Audio	  group.	  For	  the	  within	  group	  RSAs,	  the	  neural	  and	  
recalls	  similarity	  matrices	  are	  symmetrical,	  so	  only	  the	  lower	  triangles	  are	  correlated.	  For	  the	  
between	  group	  RSAs,	  the	  entire	  matrix	  is	  correlated.	  This	  analysis	  was	  restricted	  to	  gray	  matter	  
voxels	  of	  the	  brain.	  	  

Following	  (20),	  statistical	  significance	  for	  RSA	  was	  assessed	  using	  a	  permutation	  test.	  For	  
each	  voxel,	  the	  rows	  and	  columns	  of	  the	  neural	  similarity	  matrix	  were	  randomly	  shuffled,	  and	  
the	  resulting	  shuffled	  matrix	  was	  correlated	  with	  the	  LSA	  similarity	  matrix	  as	  described	  above.	  
This	  shuffling	  procedure	  was	  repeated	  1000	  times,	  resulting	  in	  a	  null	  distribution	  of	  1000	  values	  
for	  the	  null	  hypothesis	  that	  there	  is	  no	  relationship	  between	  recall	  similarity	  and	  neural	  
similarity.	  	  The	  mean	  and	  standard	  deviation	  of	  the	  null	  distributions	  were	  used	  to	  fit	  a	  normal	  
distribution	  and	  calculate	  p-‐values.	  We	  corrected	  for	  multiple	  comparisons	  by	  controlling	  the	  
False	  Discovery	  Rate	  (FDR)	  (55)	  of	  the	  RSA	  map	  using	  q	  criterion	  =	  0.05.	  
	  
Intersubject	  correlation	  
In	  addition	  to	  RSA,	  we	  conducted	  an	  intersubject	  correlation	  analysis	  (ISC)	  (2,	  22)	  to	  search	  for	  
cross-‐modal	  responses	  which	  are	  shared	  across	  subjects	  who	  watched	  the	  Movie	  and	  subjects	  
who	  listened	  to	  the	  Audios.	  ISC	  was	  calculated	  by	  correlating	  each	  movie	  subject’s	  response	  
timecourse	  to	  the	  average	  timecourse	  of	  ToM	  Audio	  or	  Phys	  Audio	  subjects	  in	  the	  same	  voxel.	  
The	  average	  of	  these	  correlations	  across	  subjects	  is	  taken	  as	  the	  ISC.	  To	  compare	  shared	  
responses	  between	  the	  movie	  group	  and	  the	  ToM	  audio	  group,	  as	  a	  function	  of	  interpretation,	  
we	  calculated	  the	  average	  LSA	  similarity	  between	  each	  Movie	  subject	  and	  the	  ToM	  Audio	  
subjects.	  We	  then	  took	  the	  18	  Movie	  subjects	  who	  were	  most	  similar	  behaviorally	  to	  the	  ToM	  
Audio	  group	  and	  calculated	  ISC	  between	  them,	  and	  then	  repeated	  the	  analysis	  on	  the	  18	  Movie	  
subjects	  who	  were	  least	  behaviorally	  similar	  to	  the	  ToM	  Audio	  group.	  We	  conducted	  the	  same	  
procedure	  for	  comparing	  the	  Movie	  subjects	  and	  the	  Phys	  Audio	  subjects.	  

Statistical	  significance	  of	  ISC	  was	  assessed	  using	  a	  permutation	  test.	  Following	  (9),	  each	  
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voxel’s	  time	  course	  was	  phase-‐scrambled	  by	  taking	  the	  Fast	  Fourier	  Transform	  of	  the	  signal,	  
randomizing	  the	  phase	  of	  each	  Fourier	  component,	  and	  then	  inverting	  the	  Fourier	  
transformation.	  This	  randomization	  procedure	  thus	  only	  scrambles	  the	  phase	  of	  the	  signal,	  
leaving	  its	  power	  spectrum	  intact.	  Using	  the	  phase-‐scrambled	  surrogate	  dataset,	  the	  ISC	  was	  
again	  calculated	  for	  all	  voxels	  as	  described	  above,	  creating	  a	  null	  distribution	  of	  average	  
correlation	  values	  for	  each	  voxel.	  This	  bootstrapping	  procedure	  was	  repeated	  1000	  times,	  
producing	  1000	  bootstrapped	  correlation	  maps.	  

To	  correct	  for	  multiple	  comparisons,	  the	  largest	  ISC	  value	  across	  the	  brain	  for	  each	  
bootstrap	  was	  selected,	  resulting	  in	  a	  null	  distribution	  of	  the	  maximum	  noise	  correlation	  and	  
representing	  the	  chance	  level	  of	  calculating	  high	  correlation	  values	  across	  voxels	  in	  each	  
bootstrap.	  The	  family-‐wise	  error	  rate	  of	  the	  measured	  maps	  was	  controlled	  at	  q	  =	  .05	  by	  
selecting	  a	  correlation	  threshold	  (R*)	  such	  that	  only	  5%	  of	  the	  null	  distribution	  of	  maximum	  
correlation	  values	  exceeded	  R*.	  In	  other	  words,	  only	  voxels	  with	  mean	  correlation	  value	  (R)	  
above	  the	  threshold	  derived	  from	  the	  boot-‐	  strapping	  procedure	  (R*)	  were	  considered	  
significant	  after	  correction	  for	  multiple-‐comparisons	  and	  were	  presented	  on	  the	  final	  map.	  
	  
DMN	  ROI	  definition	  
In	  addition	  to	  whole-‐brain,	  voxel-‐wise	  analyses,	  RSA	  and	  ISC	  analyses	  were	  also	  conducted	  on	  
independently-‐defined	  ROIs.	  These	  ROIs	  were	  defined	  using	  functional	  connectivity	  on	  
previously	  published,	  independent	  data	  (10)	  where	  subjects	  were	  scanned	  in	  fMRI	  watching	  a	  
movie.	  A	  seed	  ROI	  for	  posterior	  medial	  cortex	  was	  taken	  from	  a	  resting	  state-‐state	  connectivity	  
atlas	  (posterior	  medial	  cluster	  functional	  ROI	  in	  “dorsal	  DMN”	  set)	  (59).	  Following	  (10),	  the	  
DMN	  ROIs	  were	  then	  defined	  by	  correlating	  the	  average	  response	  in	  the	  PMC	  ROI	  to	  every	  
other	  voxel	  in	  the	  brain	  during	  the	  movie	  for	  each	  of	  17	  subjects,	  averaging	  the	  resulting	  
connectivity	  map,	  and	  thresholding	  at	  R	  =	  0.5	  (Fig.	  1C).	  Although	  the	  DMN	  is	  typically	  defined	  
using	  resting-‐state	  data,	  recent	  work	  has	  shown	  that	  the	  same	  network	  is	  activated	  during	  
temporally	  extended	  stimuli	  (8).	  
	  	  
M1:	  Animated	  shapes	  movie	  
Animated	  shapes	  movie,	  “When	  Heider	  Met	  Simmel.”	  Written,	  produced,	  and	  directed	  by	  
Tamara	  Vanderwal.	  Animation	  by	  Tobias	  Hoffman.	  Original	  score	  written	  by	  Jodi	  S.	  van	  der	  
Woude.	  
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