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Abstract	
  33	
  

Previous	
  research	
  suggests	
  that	
  there	
  may	
  be	
  a	
  relationship	
  between	
  the	
  timing	
  of	
  motor	
  events	
  and	
  34	
  

phases	
  of	
  the	
  cardiac	
  cycle.	
  However,	
  this	
  relationship	
  has	
  thus	
  far	
  only	
  been	
  researched	
  using	
  35	
  

simple	
  isolated	
  movements	
  such	
  as	
  key-­‐presses	
  in	
  reaction-­‐time	
  tasks	
  and	
  only	
  in	
  a	
  single	
  subject	
  36	
  

acting	
  alone.	
  Here,	
  we	
  investigated	
  how	
  the	
  cardiac	
  cycle	
  relates	
  to	
  ongoing	
  self-­‐paced	
  movements	
  37	
  

in	
  both	
  action	
  execution	
  and	
  observation	
  using	
  a	
  novel	
  dyadic	
  paradigm.	
  We	
  recorded	
  38	
  

electrocardiography	
  (ECG)	
  in	
  26	
  subjects	
  who	
  formed	
  13	
  dyads	
  containing	
  an	
  action	
  executioner	
  and	
  39	
  

observer	
  as	
  they	
  performed	
  a	
  self-­‐paced	
  sequence	
  of	
  movements.	
  We	
  demonstrated	
  that	
  40	
  

heartbeats	
  are	
  timed	
  to	
  movements	
  during	
  both	
  action	
  execution	
  and	
  observation.	
  Specifically,	
  41	
  

movements	
  were	
  more	
  likely	
  to	
  culminate	
  between	
  heartbeats	
  than	
  simultaneously	
  with	
  the	
  42	
  

heartbeat.	
  The	
  same	
  pattern	
  was	
  observed	
  for	
  action	
  observation,	
  with	
  the	
  observer’s	
  heartbeats	
  43	
  

occurring	
  off-­‐phase	
  with	
  movement	
  culmination.	
  These	
  findings	
  demonstrate	
  that	
  there	
  is	
  44	
  

synchronicity	
  between	
  an	
  action	
  executioner’s	
  cardiac	
  cycle	
  and	
  the	
  timing	
  of	
  their	
  movements,	
  and	
  45	
  

that	
  the	
  same	
  relationship	
  is	
  mirrored	
  in	
  an	
  observer.	
  This	
  suggests	
  that	
  interpersonal	
  synchronicity	
  46	
  

may	
  be	
  caused	
  by	
  the	
  mirroring	
  of	
  a	
  phasic	
  relationship	
  between	
  movement	
  and	
  the	
  heart.	
  47	
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3	
  
	
  

Introduction	
  56	
  

A	
  growing	
  body	
  of	
  research,	
  comprising	
  physiological	
  and	
  psychological	
  investigations,	
  is	
  consistent	
  57	
  

with	
  the	
  hypothesis	
  that	
  the	
  central	
  nervous	
  system	
  has	
  access	
  to	
  cardiac	
  information,	
  and	
  uses	
  this	
  58	
  

information	
  to	
  guide	
  behaviour.	
  One	
  such	
  instance	
  is	
  the	
  bidirectional	
  relationship	
  between	
  the	
  59	
  

cardiac	
  cycle	
  and	
  the	
  timing	
  of	
  movement.	
  One	
  of	
  the	
  earliest	
  observations	
  in	
  this	
  vein	
  was	
  that	
  60	
  

walking	
  rate	
  and	
  heart	
  rate	
  typically	
  show	
  a	
  one-­‐to-­‐one	
  mapping1,2.	
  It	
  was	
  proposed	
  that	
  the	
  rhythm	
  61	
  

of	
  the	
  heart	
  might	
  represent	
  a	
  pacemaker,	
  guiding	
  the	
  timing	
  of	
  movement.	
  	
  62	
  

A	
  large	
  proportion	
  of	
  research	
  on	
  the	
  impact	
  of	
  cardiac	
  phases	
  on	
  behavior	
  has	
  involved	
  the	
  passive	
  63	
  

presentation	
  of	
  stimuli,	
  and	
  investigation	
  of	
  differences	
  in	
  how	
  those	
  stimuli	
  are	
  processed	
  in	
  64	
  

different	
  cardiac	
  phases.	
  It	
  was	
  initially	
  suggested	
  that	
  afferent	
  baroreceptor	
  signalling	
  at	
  systole	
  65	
  

inhibits	
  sensory	
  perception3,4	
  but	
  findings	
  of	
  increased	
  fear	
  perception5	
  and	
  face	
  recognition6	
  66	
  

suggest	
  the	
  picture	
  is	
  more	
  complicated.	
  Recently,	
  it	
  was	
  found	
  that	
  subjects	
  prefer	
  to	
  actively	
  67	
  

sample	
  images	
  during	
  systole7.	
  It	
  is	
  however	
  unknown	
  to	
  what	
  extent	
  the	
  motor	
  component	
  of	
  the	
  68	
  

task	
  impacted	
  the	
  observed	
  finding.	
  	
  69	
  

Much	
  of	
  the	
  previous	
  physiological	
  work	
  on	
  the	
  relationship	
  between	
  the	
  cardiac	
  cycle	
  and	
  70	
  

movement	
  has	
  employed	
  simple	
  prescribed	
  movements	
  within	
  reaction-­‐time	
  and	
  stop	
  signal	
  71	
  

paradigms.	
  Anticipatory	
  cardiac	
  slowing	
  in	
  the	
  fore	
  period	
  of	
  a	
  reaction-­‐time	
  task	
  while	
  the	
  subject	
  72	
  

prepares	
  to	
  move	
  has	
  been	
  observed8,	
  9.	
  The	
  motor	
  response	
  was	
  also	
  found	
  to	
  vary	
  depending	
  on	
  73	
  

when	
  in	
  the	
  cardiac	
  cycle	
  it	
  occurred	
  10,	
  11,	
  with	
  faster	
  reaction	
  times	
  during	
  atrial	
  contraction.	
  A	
  74	
  

similar	
  effect	
  has	
  recently	
  been	
  observed	
  for	
  movement	
  inhibition,	
  with	
  faster	
  responses	
  to	
  stop	
  75	
  

cues	
  during	
  systole12.	
  These	
  effects	
  have	
  been	
  attributed	
  to	
  baroreceptors13.	
  	
  76	
  

Research	
  in	
  the	
  field	
  of	
  social	
  neuroscience,	
  meanwhile,	
  has	
  found	
  both	
  movement	
  and	
  cardiac	
  77	
  

synchronicity	
  between	
  interacting	
  individuals.	
  Early	
  studies	
  found	
  that	
  listeners	
  to	
  a	
  speaker	
  tend	
  to	
  78	
  

move	
  in	
  time	
  with	
  rhythms	
  of	
  a	
  speaker’s	
  speech14	
  and	
  mirror	
  the	
  postures	
  of	
  the	
  speaker15.	
  In	
  other	
  79	
  

interactions,	
  the	
  direction	
  of	
  the	
  effect	
  is	
  less	
  apparent,	
  with	
  partners	
  mimicking	
  each	
  other’s’	
  80	
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4	
  
	
  

postural	
  sway16	
  and	
  linguistic	
  forms17.	
  In	
  a	
  recent	
  study,	
  groups	
  of	
  subjects	
  (numbering	
  between	
  four	
  81	
  

and	
  five	
  individuals)	
  constructed	
  models	
  out	
  of	
  Lego	
  blocks18.	
  They	
  either	
  worked	
  collectively	
  (where	
  82	
  

subjects	
  took	
  turns	
  to	
  work	
  on	
  one	
  construction	
  project)	
  or	
  individually	
  (where	
  subjects	
  worked	
  on	
  83	
  

their	
  own	
  construction	
  projects	
  side	
  by	
  side).	
  More	
  stable	
  shared	
  heart	
  rate	
  dynamics	
  were	
  84	
  

observed	
  in	
  collective	
  trials	
  than	
  individual	
  trials,	
  increasing	
  across	
  the	
  course	
  of	
  collective	
  trials18,	
  85	
  

suggesting	
  that	
  convergence	
  was	
  tied	
  to	
  the	
  social	
  nature	
  of	
  the	
  task.	
  Indeed,	
  heart	
  rate	
  86	
  

entrainment	
  has	
  been	
  suggested	
  as	
  a	
  mechanism	
  underlying	
  emotional	
  commonality	
  in	
  social	
  87	
  

interaction,	
  facilitating	
  a	
  sense	
  of	
  community	
  between	
  individuals19,	
  empathy20,21	
  and	
  team	
  88	
  

performance22,23,24,25.	
  	
  89	
  

Findings	
  of	
  inter-­‐individual	
  synchronicity	
  and	
  its	
  influence	
  on	
  measures	
  of	
  social	
  competence	
  are	
  90	
  

compatible	
  with	
  simulation	
  theories	
  of	
  action	
  understanding,	
  which	
  posit	
  that	
  in	
  order	
  to	
  91	
  

understand	
  another’s	
  behaviour,	
  we	
  simulate	
  their	
  perceptual,	
  motor	
  and	
  bodily	
  states	
  in	
  92	
  

ourselves26.	
  Such	
  ideas	
  have	
  since	
  been	
  formalized	
  by	
  hierarchical	
  predictive	
  models,	
  wherein	
  it	
  is	
  93	
  

argued	
  that	
  action	
  observation	
  results	
  in	
  an	
  observer	
  generating	
  an	
  internal	
  model	
  of	
  how	
  they	
  94	
  

would	
  perform	
  it27,28.	
  Such	
  models	
  are	
  proposed	
  to	
  contain	
  not	
  only	
  exteroceptive	
  and	
  95	
  

proprioceptive	
  predictions,	
  but	
  also	
  interoceptive	
  predictions	
  about	
  how	
  such	
  an	
  action	
  might	
  be	
  96	
  

performed29.	
  	
  97	
  

The	
  existing	
  literature	
  can	
  thus	
  be	
  summarized	
  as	
  reflecting	
  two	
  broadly	
  different	
  methodological	
  98	
  

approaches	
  to	
  studying	
  the	
  relationship	
  between	
  the	
  heart	
  and	
  movement.	
  The	
  first	
  has	
  studied	
  the	
  99	
  

relationship	
  between	
  cardiac	
  events	
  and	
  evoked	
  movements	
  such	
  as	
  those	
  elicited	
  by	
  paradigms	
  100	
  

designed	
  to	
  gauge	
  reaction	
  time	
  10,30	
  and	
  response	
  inhibition11,12.	
  These	
  studies	
  tested	
  discrete,	
  101	
  

single	
  movements.	
  The	
  second	
  has	
  taken	
  the	
  opposite	
  approach	
  and	
  analyzed	
  cardiac	
  and	
  102	
  

movement	
  parameters	
  in	
  a	
  number	
  of	
  unconstrained	
  self-­‐paced	
  environments,	
  typically	
  within	
  a	
  103	
  

social	
  context18,31.	
  In	
  addition,	
  most	
  of	
  the	
  findings	
  of	
  movement	
  synchronicity	
  between	
  individuals	
  104	
  

are	
  based	
  on	
  subjective,	
  observational	
  techniques,	
  although	
  see32	
  for	
  an	
  exception.	
  	
  105	
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5	
  
	
  

The	
  current	
  study	
  was	
  designed	
  to	
  answer	
  the	
  previously	
  neglected	
  question	
  of	
  whether	
  inter-­‐106	
  

individual	
  synchronicity	
  and	
  cardiac-­‐motor	
  timing	
  relationships	
  are	
  linked,	
  bridging	
  the	
  gap	
  between	
  107	
  

the	
  two	
  previous	
  approaches,	
  by	
  investigating	
  cardiac-­‐motor	
  and	
  inter-­‐individual	
  synchronicity	
  108	
  

within	
  the	
  same	
  paradigm.	
  Naturalistic	
  actions	
  are	
  more	
  likely	
  to	
  comprise	
  a	
  series	
  of	
  goal-­‐directed	
  109	
  

self-­‐paced	
  movements	
  than	
  discrete,	
  cued	
  movements.	
  Therefore,	
  in	
  the	
  present	
  study,	
  we	
  sought	
  110	
  

to	
  investigate	
  the	
  bidirectional	
  relationship	
  between	
  the	
  cardiac	
  cycle	
  and	
  movement	
  during	
  a	
  111	
  

sequence	
  of	
  meaningful	
  self-­‐paced	
  movements.	
  Subjects	
  were	
  divided	
  into	
  dyads	
  and	
  took	
  turns	
  to	
  112	
  

perform	
  and	
  observe	
  a	
  sequence	
  of	
  semi-­‐controlled	
  movements	
  under	
  experimental	
  conditions,	
  113	
  

while	
  ECG	
  was	
  recorded	
  from	
  both.	
  In	
  brief,	
  the	
  task	
  required	
  both	
  subjects	
  within	
  a	
  dyad	
  to	
  114	
  

memorize	
  a	
  sequence	
  of	
  six	
  movement	
  locations	
  and	
  then	
  take	
  it	
  in	
  turn	
  to	
  replicate	
  the	
  sequence.	
  115	
  

In	
  this	
  way,	
  subjects	
  both	
  executed	
  and	
  observed	
  the	
  movements.	
  The	
  timing	
  of	
  movement	
  was	
  116	
  

recorded	
  using	
  touch-­‐sensitive	
  pads.	
  117	
  

Firstly,	
  we	
  investigated	
  whether	
  there	
  was	
  any	
  relationship	
  between	
  the	
  timing	
  of	
  the	
  movements	
  118	
  

made,	
  operationalized	
  as	
  the	
  endpoint	
  of	
  the	
  action,	
  and	
  the	
  location	
  of	
  this	
  event	
  within	
  the	
  cardiac	
  119	
  

cycle.	
  The	
  endpoint	
  of	
  each	
  action	
  corresponded	
  to	
  each	
  memorized	
  location	
  in	
  the	
  movement	
  120	
  

sequence.	
  Secondly,	
  we	
  tested	
  for	
  synchronicity	
  between	
  individuals	
  in	
  a	
  dyad,	
  in	
  both	
  cardiac	
  cycle	
  121	
  

length	
  and	
  movement	
  speed.	
  Thirdly,	
  we	
  tested	
  the	
  prediction	
  that	
  any	
  phasic	
  relationship	
  observed	
  122	
  

between	
  the	
  timing	
  of	
  movement	
  events	
  and	
  the	
  cardiac	
  cycle	
  during	
  action	
  observation	
  would	
  also	
  123	
  

be	
  observed	
  during	
  action	
  observation.	
  124	
  

Materials	
  and	
  Methods	
  125	
  

Subjects	
  126	
  

A	
  total	
  of	
  twenty-­‐six	
  healthy	
  adult	
  subjects	
  with	
  normal	
  or	
  corrected-­‐to-­‐normal	
  vision	
  were	
  127	
  

recruited.	
  Subjects	
  were	
  aged	
  between	
  19	
  and	
  36	
  years	
  (mean	
  =	
  24.92,	
  SD	
  =	
  4.78).	
  Fourteen	
  were	
  128	
  

female	
  and	
  12	
  were	
  male.	
  Twenty-­‐four	
  subjects	
  reported	
  being	
  right-­‐handed,	
  and	
  two	
  reported	
  129	
  

being	
  left-­‐handed.	
  Data	
  was	
  collected	
  in	
  two	
  stages.	
  In	
  the	
  first	
  stage,	
  due	
  to	
  practical	
  reasons,	
  130	
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6	
  
	
  

subjects	
  performed	
  the	
  dyadic	
  behavioral	
  turn	
  taking	
  task	
  with	
  an	
  experimenter	
  as	
  their	
  partner	
  (n	
  =	
  131	
  

12).	
  In	
  stage	
  two,	
  the	
  remaining	
  subjects	
  were	
  recruited	
  in	
  pairs	
  and	
  performed	
  the	
  task	
  together	
  (n	
  132	
  

=	
  14).	
  For	
  analysis,	
  data	
  were	
  pooled.	
  Ethical	
  Approval	
  of	
  the	
  experimental	
  protocol	
  was	
  granted	
  by	
  133	
  

the	
  Ethics	
  Committee	
  of	
  University	
  College	
  London,	
  and	
  the	
  methods	
  were	
  carried	
  out	
  in	
  accordance	
  134	
  

with	
  the	
  declaration	
  of	
  Helsinki.	
  All	
  subjects	
  gave	
  written	
  informed	
  consent	
  before	
  testing.	
  	
  135	
  

Materials	
  136	
  

Subjects	
  were	
  seated	
  in	
  pairs	
  at	
  a	
  table	
  in	
  front	
  of	
  a	
  Dell	
  laptop	
  computer.	
  Stimuli	
  were	
  presented	
  137	
  

using	
  MATLAB	
  (version	
  7.8.0,	
  Mathworks	
  Inc.,	
  MA,	
  USA)	
  with	
  the	
  Cogent	
  2000	
  toolbox	
  138	
  

(www.vislab.ucl.ac.uk/cogent_2000.php).	
  Three	
  electrodes	
  were	
  affixed	
  to	
  the	
  abdomens	
  of	
  139	
  

subjects	
  as	
  per	
  the	
  standard	
  Lead	
  II	
  configuration,	
  to	
  record	
  their	
  ECG.	
  On	
  the	
  table	
  were	
  four	
  touch-­‐140	
  

sensitive	
  pads	
  and	
  a	
  marble,	
  which	
  the	
  subjects	
  used	
  to	
  execute	
  a	
  series	
  of	
  memorized	
  movements.	
  141	
  

Procedure	
  142	
  

Once	
  seated	
  comfortably,	
  the	
  experimenter	
  affixed	
  three	
  disposable	
  or	
  washable	
  electrodes	
  to	
  each	
  143	
  

subject.	
  They	
  were	
  instructed	
  that	
  they	
  would	
  view	
  movement	
  sequences	
  on	
  the	
  screen	
  (see	
  Figure	
  144	
  

1A)	
  and	
  would	
  have	
  to	
  replicate	
  them	
  in	
  turns	
  afterwards	
  using	
  the	
  marble	
  and	
  touch-­‐sensitive	
  pads	
  145	
  

in	
  front	
  of	
  them.	
  They	
  were	
  also	
  instructed	
  not	
  to	
  talk	
  to	
  or	
  interact	
  with	
  their	
  partner	
  for	
  the	
  146	
  

duration	
  of	
  the	
  experiment.	
  On	
  the	
  screen,	
  subjects	
  viewed	
  an	
  animation	
  of	
  a	
  sequence	
  of	
  six	
  147	
  

movements	
  (see	
  Figure	
  1B).	
  The	
  screen	
  showed	
  three	
  white	
  circles	
  arranged	
  in	
  a	
  triangle.	
  One	
  circle	
  148	
  

briefly	
  turned	
  red	
  before	
  returning	
  to	
  white	
  to	
  indicate	
  the	
  sequence.	
  The	
  order	
  of	
  the	
  sequence	
  was	
  149	
  

pseudo-­‐randomized	
  with	
  the	
  only	
  constraint	
  being	
  that	
  the	
  same	
  circle	
  could	
  not	
  appear	
  two	
  or	
  150	
  

more	
  times	
  in	
  a	
  row.	
  	
  Subjects	
  viewed	
  the	
  sequence	
  twice	
  and	
  were	
  instructed	
  to	
  memorize	
  it.	
  151	
  

Subjects	
  were	
  informed	
  that	
  the	
  ECG	
  measures	
  their	
  heart,	
  but	
  were	
  not	
  made	
  aware	
  of	
  the	
  purpose	
  152	
  

of	
  the	
  experiment	
  or	
  that	
  the	
  timing	
  of	
  their	
  movements	
  were	
  being	
  recorded.	
  	
  153	
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7	
  
	
  

On	
  the	
  table	
  were	
  four	
  touch-­‐sensitive	
  pads	
  and	
  a	
  marble.	
  Three	
  of	
  the	
  pads	
  were	
  arranged	
  in	
  a	
  154	
  

triangle	
  and	
  corresponded	
  to	
  the	
  circles	
  that	
  appeared	
  on	
  the	
  screen.	
  The	
  fourth	
  pad	
  was	
  placed	
  in	
  155	
  

the	
  middle	
  and	
  was	
  the	
  home	
  pad	
  where	
  the	
  marble	
  was	
  to	
  be	
  returned	
  to	
  at	
  the	
  end	
  of	
  each	
  156	
  

movement	
  sequence	
  and	
  from	
  where	
  each	
  movement	
  sequence	
  commenced.	
  On	
  each	
  trial	
  both	
  157	
  

subjects	
  in	
  the	
  pair	
  had	
  to	
  attempt	
  to	
  replicate	
  the	
  sequence,	
  one	
  after	
  the	
  other.	
  To	
  do	
  this,	
  158	
  

subjects	
  were	
  instructed	
  to	
  move	
  the	
  marble	
  between	
  the	
  touch	
  sensitive	
  pads	
  in	
  the	
  order	
  they	
  159	
  

believed	
  to	
  be	
  the	
  same	
  as	
  in	
  the	
  initial	
  video	
  (see	
  Figure	
  1C).	
  The	
  order	
  of	
  which	
  subject	
  executed	
  160	
  

first	
  and	
  which	
  second	
  was	
  counter-­‐balanced	
  across	
  blocks	
  for	
  each	
  pair.	
  That	
  is,	
  turn-­‐taking	
  161	
  

occurred	
  by	
  block,	
  where	
  the	
  same	
  subject	
  took	
  the	
  first	
  turn	
  for	
  a	
  whole	
  block,	
  and	
  then	
  they	
  162	
  

swapped.	
  Subjects	
  were	
  instructed	
  to	
  make	
  the	
  series	
  of	
  movements	
  at	
  a	
  speed	
  that	
  was	
  163	
  

comfortable	
  to	
  them.	
  	
  164	
  

For	
  12	
  subjects	
  there	
  were	
  two	
  blocks	
  of	
  ten	
  trials	
  in	
  total.	
  In	
  one	
  block	
  one	
  subject	
  would	
  go	
  first	
  for	
  165	
  

all	
  ten	
  trials,	
  and	
  in	
  the	
  other	
  the	
  other	
  subject	
  would	
  go	
  first	
  for	
  all	
  ten	
  trials.	
  For	
  the	
  remaining	
  14	
  166	
  

subjects	
  there	
  were	
  four	
  blocks	
  of	
  ten	
  trials	
  in	
  total.	
  In	
  two	
  blocks	
  one	
  subject	
  would	
  go	
  first	
  for	
  all	
  167	
  

ten	
  trials,	
  and	
  in	
  the	
  other	
  two	
  the	
  other	
  subject	
  would	
  go	
  first	
  for	
  all	
  ten	
  trials.	
  	
  Which	
  subject	
  was	
  168	
  

instructed	
  to	
  go	
  first	
  was	
  alternated,	
  so	
  that	
  no	
  subject	
  took	
  the	
  first	
  turn	
  for	
  more	
  than	
  one	
  block	
  in	
  169	
  

a	
  row.	
  ECGs	
  were	
  recorded	
  throughout	
  the	
  duration	
  of	
  each	
  block.	
  	
  170	
  

For	
  18	
  subjects	
  the	
  ECG	
  was	
  recorded	
  using	
  an	
  Active	
  2	
  Biosemi	
  amplifier.	
  The	
  ECG	
  was	
  recorded	
  at	
  171	
  

2048	
  Hz.	
  For	
  the	
  remaining	
  seven	
  subjects,	
  the	
  ECG	
  was	
  recorded	
  using	
  a	
  CED	
  1401	
  in	
  Spike2	
  at	
  a	
  172	
  

sampling	
  rate	
  of	
  1000	
  Hz.	
  The	
  time	
  at	
  which	
  the	
  marble	
  was	
  placed	
  on	
  the	
  touch-­‐sensitive	
  pad	
  was	
  173	
  

also	
  recorded.	
  The	
  experiment	
  lasted	
  approximately	
  40	
  minutes.	
  Afterwards,	
  subjects	
  were	
  174	
  

debriefed	
  about	
  the	
  purpose	
  of	
  the	
  experiment	
  and	
  their	
  experience	
  of	
  taking	
  part,	
  and	
  were	
  given	
  175	
  

the	
  opportunity	
  to	
  ask	
  the	
  experimenter	
  any	
  questions.	
  	
  176	
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Figure	
  1:	
  Task	
  design.	
  Panel	
  A:	
  Subjects	
  were	
  seated	
  side	
  by	
  side	
  in	
  front	
  of	
  a	
  laptop	
  computer;	
  Panel	
  
B	
  shows	
  an	
  example	
  of	
  the	
  sequence	
  of	
  movements	
  subjects	
  were	
  required	
  to	
  learn;	
  Panel	
  C	
  shows	
  
how	
  subjects	
  would	
  accurately	
  replicate	
  the	
  sequence	
  in	
  (B)	
  using	
  the	
  touch-­‐sensitive	
  containers.	
  

	
  

Analysis	
  177	
  

For	
  all	
  subjects	
  the	
  three	
  electrode	
  ECG	
  recordings	
  were	
  transformed	
  offline	
  by	
  linear	
  subtraction	
  178	
  

into	
  two	
  sets	
  of	
  bipolar	
  recordings,	
  which	
  in	
  turn	
  were	
  averaged	
  to	
  produce	
  a	
  single	
  ECG	
  recording	
  179	
  

for	
  each	
  subject.	
  For	
  all	
  subjects,	
  the	
  time	
  of	
  the	
  peak	
  of	
  the	
  R-­‐wave	
  of	
  each	
  heartbeat	
  was	
  180	
  

calculated	
  from	
  the	
  ECG.	
  First,	
  the	
  ECG	
  data	
  were	
  high	
  pass	
  filtered	
  at	
  0.01	
  Hz	
  to	
  remove	
  any	
  linear	
  181	
  

drift.	
  Second,	
  a	
  threshold	
  was	
  determined	
  from	
  the	
  data	
  to	
  isolate	
  the	
  R-­‐wave	
  and	
  the	
  time	
  point	
  of	
  182	
  

local	
  maximum	
  for	
  each	
  suprathreshold	
  peak	
  was	
  calculated.	
  For	
  each	
  subject,	
  this	
  time	
  point	
  was	
  183	
  

A

B C
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determined	
  at	
  1000	
  Hz	
  (i.e	
  to	
  millisecond	
  accuracy)	
  and	
  in	
  this	
  way	
  all	
  data	
  were	
  then	
  encoded	
  at	
  184	
  

the	
  same	
  sampling	
  rate.	
  For	
  each	
  block	
  the	
  time	
  the	
  touch-­‐sensitive	
  pads	
  were	
  contacted	
  was	
  185	
  

extracted	
  from	
  the	
  event	
  channel	
  and	
  also	
  resampled	
  at	
  1000	
  Hz	
  where	
  necessary.	
  For	
  one	
  subject	
  186	
  

there	
  was	
  a	
  failure	
  of	
  the	
  touch-­‐sensitive	
  pads	
  and	
  this	
  subject	
  was	
  excluded	
  from	
  further	
  analysis,	
  187	
  

leaving	
  25	
  subjects	
  for	
  data	
  analysis.	
  188	
  

Analysis	
  of	
  movements	
  and	
  phase	
  of	
  the	
  cardiac	
  cycle	
  189	
  

To	
  address	
  whether	
  or	
  not	
  there	
  was	
  a	
  statistical	
  relationship	
  between	
  the	
  time	
  the	
  marble	
  was	
  190	
  

placed	
  on	
  the	
  touch-­‐sensitive	
  pad	
  and	
  the	
  phase	
  of	
  cardiac	
  cycle,	
  we	
  calculated	
  the	
  phase	
  of	
  the	
  191	
  

movement	
  event	
  as	
  a	
  function	
  of	
  the	
  R-­‐R	
  interval7.	
  Circular	
  statistics	
  were	
  employed	
  in	
  order	
  to	
  192	
  

exploit	
  the	
  repeating	
  nature	
  of	
  the	
  cardiac	
  cycle.	
  To	
  this	
  end,	
  for	
  each	
  action	
  endpoint	
  the	
  time	
  of	
  193	
  

both	
  the	
  preceding	
  and	
  proceeding	
  R-­‐wave	
  was	
  calculated	
  and	
  the	
  phase	
  of	
  the	
  action	
  endpoint	
  was	
  194	
  

calculated	
  as	
  a	
  function	
  of	
  the	
  R-­‐R	
  interval	
  in	
  which	
  it	
  occurred	
  (Figure	
  2A).	
  For	
  example,	
  for	
  an	
  R-­‐R	
  195	
  

interval	
  of	
  time	
  tR,	
  where	
  the	
  movement	
  event	
  occurred	
  at	
  time	
  te	
  the	
  phase,	
  in	
  degrees,	
  of	
  that	
  196	
  

event	
  was	
  calculated	
  as	
  te/TR	
  x	
  360	
  (Figures	
  2B-­‐C).	
  For	
  each	
  subject,	
  the	
  mean	
  phase	
  was	
  then	
  197	
  

calculated	
  for	
  the	
  execution	
  and	
  observation	
  blocks	
  separately	
  using	
  circular	
  averaging	
  (Figure	
  2C).	
  198	
  

This	
  resulted	
  in	
  two	
  mean	
  phases	
  per	
  subject,	
  one	
  for	
  each	
  condition	
  (execution	
  and	
  observation).	
  199	
  

We	
  then	
  tested,	
  separately	
  for	
  each	
  condition,	
  whether	
  these	
  phases	
  differed	
  from	
  uniformity	
  using	
  200	
  

Rayleigh	
  tests.	
  In	
  addition,	
  for	
  qualitative	
  comparison,	
  we	
  also	
  calculated	
  the	
  distribution	
  of	
  phases	
  201	
  

in	
  a	
  circular	
  histogram,	
  where	
  each	
  bin	
  was	
  a	
  20th	
  of	
  a	
  circle,	
  normalized	
  these	
  so	
  each	
  bin	
  202	
  

represented	
  the	
  proportion	
  of	
  total	
  events	
  and	
  averaged	
  these	
  distributions	
  across	
  subjects	
  for	
  203	
  

execution	
  and	
  observation	
  conditions.	
  The	
  first	
  analysis	
  shows	
  the	
  uniformity	
  of	
  the	
  mean	
  phase	
  204	
  

across	
  subjects	
  but	
  gives	
  no	
  indication	
  of	
  the	
  degree	
  of	
  uniformity	
  of	
  the	
  phases	
  for	
  each	
  subject,	
  205	
  

which	
  is	
  shown	
  by	
  the	
  second	
  analysis.	
  	
  206	
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Figure	
  2:	
  Individual	
  subject	
  data	
  analysis.	
  This	
  figure	
  shows	
  the	
  data	
  from	
  a	
  single	
  representative	
  
subject	
  during	
  the	
  action	
  execution	
  task.	
  Panel	
  A)	
  shows	
  the	
  time	
  of	
  occurrence	
  of	
  every	
  motor	
  event	
  
as	
  a	
  function	
  of	
  the	
  R-­‐R	
  interval	
  during	
  the	
  action	
  execution	
  condition.	
  The	
  events	
  are	
  shown	
  at	
  the	
  
phase	
  of	
  the	
  R-­‐R	
  interval,	
  in	
  degrees.	
  The	
  events	
  are	
  superimposed	
  on	
  a	
  representative	
  R-­‐R	
  interval	
  
from	
  the	
  same	
  subject.	
  Panel	
  B	
  shows	
  the	
  histogram,	
  in	
  20	
  bins,	
  of	
  the	
  frequency	
  of	
  motor	
  events	
  in	
  
each	
  phase	
  bin.	
  The	
  y-­‐axis	
  shows	
  the	
  proportion	
  of	
  total	
  events	
  in	
  each	
  phase	
  bin.	
  Panel	
  C)	
  shows	
  the	
  
same	
  data	
  as	
  in	
  (B)	
  but	
  in	
  a	
  circular	
  histogram.	
  The	
  black	
  arrow	
  shows	
  the	
  mean	
  phase	
  of	
  this	
  
circular	
  data	
  for	
  this	
  subject	
  and	
  condition.	
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Results	
  207	
  

Prior	
  to	
  testing	
  our	
  main	
  hypothesis	
  that	
  there	
  would	
  be	
  a	
  relationship	
  between	
  movement	
  timing	
  208	
  

and	
  the	
  phase	
  of	
  the	
  cardiac	
  cycle,	
  we	
  tested	
  for	
  a	
  significant	
  difference	
  in	
  the	
  length	
  of	
  the	
  cardiac	
  209	
  

cycle	
  (operationalized	
  as	
  the	
  R-­‐R	
  interval)	
  between	
  observation	
  and	
  execution	
  conditions.	
  We	
  also	
  210	
  

tested	
  whether	
  there	
  was	
  a	
  relationship	
  between	
  movement	
  time	
  in	
  the	
  execution	
  and	
  observation	
  211	
  

conditions	
  and	
  if	
  there	
  was	
  a	
  relationship	
  between	
  the	
  length	
  of	
  the	
  cardiac	
  cycle	
  and	
  movement	
  212	
  

time.	
  	
  213	
  

There	
  was	
  no	
  significant	
  difference	
  in	
  the	
  duration	
  of	
  the	
  mean	
  R-­‐R	
  interval	
  between	
  action	
  214	
  

execution	
  and	
  action	
  observation	
  (856.3	
  and	
  848.5	
  ms	
  respectively;	
  t(24)	
  =	
  0.7376,	
  p	
  =	
  0.47).	
  There	
  215	
  

was	
  no	
  significant	
  linear	
  correlation	
  between	
  mean	
  R-­‐R	
  interval	
  and	
  mean	
  movement	
  time.	
  This	
  was	
  216	
  

non-­‐significant	
  for	
  both	
  action	
  execution	
  (r=	
  -­‐0.19,	
  p	
  =	
  0.37)	
  (Figure	
  3A)	
  and	
  action	
  observation	
  (r=	
  -­‐217	
  

0.25,	
  p	
  =	
  0.22)	
  (Figure	
  3B).	
  However,	
  there	
  was	
  a	
  significant	
  linear	
  correlation	
  between	
  movement	
  218	
  

time	
  during	
  action	
  execution	
  and	
  movement	
  time	
  during	
  action	
  observation	
  (r	
  =	
  0.73	
  p	
  <	
  0.005)	
  219	
  

(Figure	
  3C).	
  This	
  significant	
  relationship	
  is	
  consistent	
  with	
  the	
  hypothesis	
  that	
  a	
  common	
  movement	
  220	
  

speed	
  was	
  adopted	
  by	
  the	
  dyad	
  but	
  that	
  this	
  was	
  not	
  intrinsically	
  tied	
  to	
  the	
  length	
  of	
  the	
  cardiac	
  221	
  

cycle.	
  	
  	
  222	
  

	
  

Figure	
  3:	
  Relationship	
  between	
  cardiac	
  and	
  movement	
  parameters.	
  Panels	
  A&B	
  show	
  the	
  
relationship	
  between	
  the	
  mean	
  movement	
  time	
  and	
  the	
  mean	
  R-­‐R	
  interval	
  for	
  each	
  subject.	
  In	
  each	
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panel	
  the	
  circles	
  show	
  the	
  data	
  from	
  each	
  subject	
  and	
  the	
  solid	
  line	
  shows	
  the	
  line	
  of	
  best	
  fit.	
  Panel	
  A	
  
shows	
  the	
  data	
  during	
  action	
  execution	
  and	
  B	
  shows	
  the	
  data	
  during	
  action	
  observation.	
  Panel	
  C	
  
shows	
  the	
  relationship	
  between	
  the	
  mean	
  movement	
  time	
  for	
  action	
  observation	
  and	
  action	
  
execution.	
  The	
  significant	
  positive	
  relationship	
  is	
  consistent	
  with	
  the	
  hypothesis	
  that	
  subjects	
  
imitated	
  the	
  movement	
  speed	
  of	
  the	
  other.	
  In	
  each	
  panel	
  each	
  circle	
  shows	
  the	
  data	
  from	
  one	
  
subject.	
  

	
  

R-­‐R	
  interval	
  results	
  223	
  

The	
  main	
  aim	
  of	
  this	
  study	
  was	
  to	
  test	
  whether	
  there	
  was	
  evidence	
  of	
  a	
  consistent	
  phase	
  224	
  

relationship	
  between	
  the	
  timing	
  of	
  movement	
  events	
  and	
  the	
  cardiac	
  cycle	
  both	
  when	
  performing	
  225	
  

actions	
  and	
  when	
  observing	
  someone	
  else	
  perform	
  them.	
  During	
  action	
  execution,	
  the	
  end	
  of	
  each	
  226	
  

movement	
  occurred	
  on	
  average	
  between	
  heartbeats	
  (mean	
  163.3o,	
  Figure	
  4A).	
  This	
  distribution	
  227	
  

differed	
  significantly	
  from	
  the	
  uniform	
  distribution	
  (Rayleigh	
  test	
  z	
  =	
  8.45,	
  p	
  <	
  0.0005).	
  Consistent	
  228	
  

with	
  this,	
  the	
  mean	
  distribution	
  of	
  the	
  phase	
  of	
  all	
  events	
  across	
  subjects	
  during	
  action	
  execution	
  229	
  

mirrored	
  the	
  group	
  level	
  results	
  (Figure	
  4C).	
  The	
  distribution	
  was	
  positively	
  skewed	
  around	
  ~180o	
  230	
  

and	
  negatively	
  skewed	
  at	
  the	
  time	
  of	
  the	
  R-­‐peak,	
  0o.	
  In	
  other	
  words,	
  the	
  distributions	
  were	
  skewed	
  231	
  

from	
  a	
  uniform	
  circular	
  distribution.	
  232	
  

The	
  corresponding	
  analysis	
  for	
  observed	
  actions	
  showed	
  a	
  similar	
  pattern.	
  On	
  average,	
  the	
  observed	
  233	
  

movement	
  also	
  ended	
  between	
  heartbeats,	
  with	
  a	
  phase	
  of	
  185.5o	
  (Figure	
  4B).	
  This	
  distribution	
  234	
  

differed	
  significantly	
  from	
  the	
  uniform	
  distribution	
  (Rayleigh	
  test	
  z	
  =	
  4.68,	
  p	
  =	
  0.0081).	
  As	
  with	
  the	
  235	
  

phase	
  relationship	
  for	
  action	
  execution,	
  the	
  mean	
  distribution	
  of	
  the	
  phase	
  of	
  all	
  events	
  across	
  236	
  

subjects	
  during	
  action	
  execution	
  mirrored	
  the	
  group	
  level	
  results	
  (Figure	
  4D).	
  The	
  distribution	
  was	
  237	
  

positively	
  skewed	
  around	
  ~180o	
  and	
  negatively	
  skewed	
  at	
  the	
  time	
  of	
  the	
  R-­‐peak	
  and	
  extending	
  into	
  238	
  

the	
  first	
  quarter	
  of	
  the	
  R-­‐R	
  interval.	
  239	
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Figure	
  4:	
  Relationship	
  between	
  time	
  of	
  movement	
  culmination	
  and	
  cardiac	
  cycle.	
  Panels	
  A-­‐D	
  show	
  
the	
  relationship	
  between	
  the	
  time	
  of	
  the	
  movement	
  event	
  (action	
  end	
  point)	
  with	
  respect	
  to	
  the	
  
phase	
  of	
  the	
  R-­‐R	
  interval.	
  In	
  each	
  panel	
  the	
  R	
  peaks	
  occurred	
  at	
  0o	
  and	
  the	
  phase	
  through	
  the	
  R-­‐R	
  
interval	
  cycles	
  clockwise	
  round	
  the	
  circle.	
  Panels	
  A&C	
  show	
  the	
  data	
  for	
  executed	
  actions	
  and	
  Panels	
  
B&D	
  show	
  the	
  data	
  for	
  observed	
  actions.	
  In	
  Panel	
  A&B	
  the	
  dots	
  show	
  the	
  mean	
  phase	
  for	
  each	
  
subjects.	
  The	
  circular	
  histogram	
  show	
  the	
  frequency	
  of	
  the	
  data	
  as	
  a	
  function	
  of	
  phase.	
  The	
  solid	
  
black	
  arrow	
  shows	
  the	
  circular	
  mean	
  phase	
  across	
  subjects.	
  Panels	
  C&D	
  depict	
  the	
  distribution	
  of	
  the	
  
mean	
  normalized	
  circular	
  histograms	
  across	
  subjects,	
  demonstrating	
  the	
  conformity	
  of	
  the	
  
distribution	
  across	
  the	
  sample.	
  The	
  circle	
  shows	
  a	
  uniform	
  distribution.	
  The	
  solid	
  black	
  line	
  depicts	
  the	
  
mean	
  phase	
  distribution	
  and	
  the	
  dotted	
  lines	
  show	
  the	
  standard	
  error	
  around	
  this	
  mean.	
  When	
  the	
  
lines	
  are	
  outside	
  the	
  circle	
  this	
  indicates	
  a	
  positive	
  skew	
  (more	
  likely	
  than	
  chance)	
  and	
  when	
  inside	
  a	
  
negative	
  skew	
  (less	
  likely	
  than	
  chance).	
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Discussion	
  240	
  

Here,	
  we	
  showed	
  that	
  the	
  timing	
  of	
  self-­‐paced	
  movements	
  and	
  phases	
  of	
  the	
  cardiac	
  cycle	
  are	
  linked	
  241	
  

in	
  a	
  similar	
  way	
  for	
  both	
  execution	
  and	
  observation.	
  Movement	
  end	
  points	
  were	
  significantly	
  less	
  242	
  

likely	
  to	
  occur	
  during	
  a	
  heartbeat,	
  synchronous	
  with	
  the	
  R-­‐peak,	
  and	
  significantly	
  more	
  likely	
  to	
  243	
  

occur	
  between	
  heartbeats.	
  This	
  same	
  relationship	
  was	
  also	
  observed	
  between	
  the	
  motor	
  events	
  of	
  244	
  

an	
  actor	
  and	
  the	
  cardiac	
  cycle	
  of	
  an	
  observer.	
  That	
  is,	
  the	
  observer	
  was	
  significantly	
  less	
  likely	
  to	
  245	
  

experience	
  a	
  heartbeat	
  when	
  observing	
  movement	
  endpoints.	
  Additionally,	
  there	
  was	
  a	
  significant	
  246	
  

positive	
  correlation	
  between	
  movement	
  time	
  in	
  execution	
  and	
  observation	
  conditions,	
  suggesting	
  247	
  

dyads	
  adopted	
  a	
  common	
  movement	
  speed.	
  These	
  results	
  build	
  on	
  previous	
  separate	
  literatures	
  248	
  

that	
  find	
  both	
  a	
  relationship	
  between	
  discrete	
  motor	
  events	
  and	
  cardiac	
  timing,	
  and	
  cardiac	
  249	
  

synchronicity	
  between	
  interacting	
  individuals.	
  	
  	
  250	
  

Many	
  have	
  suggested	
  that	
  an	
  internal	
  central	
  pacemaker	
  guides	
  the	
  timing	
  of	
  motor	
  actions1,2,33,34.	
  251	
  

The	
  heart,	
  with	
  its	
  regular	
  rhythmicity	
  that	
  modulates	
  with	
  arousal	
  level,	
  intuitively	
  represents	
  a	
  252	
  

good	
  candidate	
  for	
  this	
  role.	
  Indeed,	
  there	
  is	
  evidence	
  that	
  stimulation	
  of	
  afferent	
  vagal	
  and	
  253	
  

glossopharyngeal	
  pathways	
  is	
  associated	
  with	
  modulations	
  of	
  efferent	
  motor	
  pathways.	
  For	
  254	
  

example,	
  pressure	
  applied	
  to	
  the	
  carotid	
  sinus,	
  which	
  modulates	
  baroreceptor	
  firing35,	
  inhibits	
  255	
  

spontaneous	
  movements	
  and	
  reduces	
  muscle	
  tone	
  in	
  anaesthetized	
  animals36.	
  The	
  benefits	
  of	
  timing	
  256	
  

behaviour	
  to	
  the	
  cardiac	
  cycle,	
  however,	
  remain	
  unknown.	
  It	
  is	
  possible	
  that	
  as	
  agents,	
  we	
  act	
  upon	
  257	
  

the	
  environment	
  such	
  that	
  relevant	
  signals	
  appear	
  during	
  optimal	
  phases	
  of	
  the	
  cardiac	
  cycle7.	
  It	
  258	
  

may	
  be	
  that	
  stimuli	
  whose	
  processing	
  would	
  benefit	
  from	
  information	
  on	
  the	
  state	
  of	
  cardiovascular	
  259	
  

arousal	
  are	
  more	
  acutely	
  perceived	
  at	
  systole,	
  when	
  baroreceptor	
  feedback	
  occurs,	
  while	
  stimuli	
  260	
  

that	
  would	
  not	
  benefit	
  from	
  such	
  signalling	
  are	
  better	
  processed	
  during	
  diastole.	
  As	
  such,	
  during	
  261	
  

systole,	
  fearful	
  faces	
  are	
  more	
  readily	
  detected,	
  and	
  result	
  in	
  greater	
  amygdala	
  activation5,	
  and	
  race-­‐262	
  

related	
  threat	
  appraisal	
  is	
  heightened37.	
  Meanwhile,	
  during	
  diastole,	
  target	
  shooting38,39	
  and	
  263	
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memory	
  for	
  words40	
  is	
  more	
  accurate.	
  The	
  current	
  results	
  suggest	
  we	
  may	
  act	
  upon	
  our	
  environment	
  264	
  

in	
  such	
  a	
  way	
  as	
  to	
  maximize	
  this	
  interoceptive	
  distinction.	
  	
  265	
  

In	
  the	
  present	
  study,	
  we	
  not	
  only	
  observed	
  a	
  relationship	
  between	
  the	
  cardiac	
  cycle	
  and	
  action	
  266	
  

execution,	
  but	
  also	
  observed	
  a	
  similar	
  relationship	
  for	
  action	
  observation.	
  It	
  has	
  been	
  suggested	
  that	
  267	
  

action	
  observation	
  results	
  in	
  the	
  observer’s	
  motor	
  system	
  generating	
  a	
  model	
  of	
  how	
  they	
  would	
  268	
  

perform	
  it27,	
  facilitating	
  action	
  understanding.	
  It	
  is	
  possible	
  that	
  inference	
  about	
  the	
  mental	
  states	
  of	
  269	
  

others	
  is	
  concurrently	
  supported	
  by	
  a	
  form	
  of	
  interoceptive	
  mirroring.	
  Such	
  a	
  mechanism	
  might	
  270	
  

explain	
  how,	
  in	
  the	
  present	
  data,	
  action	
  observation	
  resulted	
  in	
  a	
  similar	
  movement-­‐cardiac	
  rhythm	
  271	
  

to	
  that	
  seen	
  in	
  the	
  individual	
  executing	
  the	
  action.	
  As	
  the	
  observer’s	
  motor	
  system	
  predicts	
  the	
  272	
  

actor’s	
  next	
  movements,	
  comparable	
  physiological	
  conditions	
  are	
  simulated,	
  much	
  like	
  action	
  273	
  

observation	
  results	
  in	
  an	
  increase	
  in	
  excitability	
  in	
  the	
  muscles	
  required	
  to	
  perform	
  the	
  observed	
  274	
  

action26.	
  	
  	
  275	
  

The	
  mutual	
  prediction	
  of	
  each	
  other’s’	
  actions	
  is	
  thought	
  to	
  facilitate	
  joint	
  coordinated	
  action	
  and	
  276	
  

the	
  achievement	
  of	
  shared	
  goals41,42,43.	
  There	
  is	
  evidence	
  to	
  suggest	
  that	
  shared	
  representations	
  of	
  277	
  

action	
  form	
  automatically	
  even	
  when	
  no	
  joint	
  action	
  is	
  required	
  and	
  it	
  would	
  be	
  more	
  effective	
  to	
  278	
  

ignore	
  the	
  other	
  person44.	
  The	
  results	
  found	
  here	
  suggest	
  the	
  possibility	
  that	
  cardiac-­‐movement	
  279	
  

synchronicity	
  may	
  support	
  the	
  interpersonal	
  coordination	
  that	
  underlies	
  joint	
  action,	
  through	
  280	
  

physiological	
  attunement.	
  Such	
  coordination	
  may	
  serve	
  as	
  “social	
  glue”,	
  fostering	
  feelings	
  of	
  group	
  281	
  

belonging	
  and	
  closeness45.	
  A	
  number	
  of	
  findings	
  appear	
  to	
  support	
  this.	
  Professional	
  interviewers’	
  282	
  

judgements	
  of	
  trainees’	
  competence	
  have	
  been	
  found	
  to	
  correlate	
  positively	
  with	
  the	
  trainees’	
  283	
  

convergence	
  of	
  speech	
  rate	
  and	
  response	
  latency46.	
  The	
  degree	
  of	
  convergence	
  appears	
  to	
  vary	
  284	
  

based	
  on	
  personality	
  traits	
  and	
  social	
  standing.	
  For	
  example,	
  participants	
  who	
  scored	
  higher	
  on	
  a	
  285	
  

measure	
  of	
  the	
  need	
  for	
  social	
  approval	
  converged	
  more	
  to	
  their	
  partner’s	
  speech	
  intensity	
  and	
  286	
  

pause	
  length	
  than	
  participants	
  who	
  scored	
  lower47.	
  Moreover,	
  greater	
  language	
  convergence	
  is	
  287	
  

observed	
  towards	
  occupational	
  superiors	
  than	
  subordinates,	
  in	
  that	
  foremen	
  converge	
  more	
  to	
  the	
  288	
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language	
  of	
  managers.	
  Increased	
  physiological	
  covariation,	
  in	
  the	
  form	
  of	
  galvanic	
  skin	
  response	
  289	
  

(GSR)	
  has	
  been	
  observed	
  in	
  dyads	
  who	
  either	
  like	
  or	
  dislike	
  each	
  other,	
  compared	
  to	
  those	
  who	
  hold	
  290	
  

neutral	
  opinions	
  of	
  each	
  other48.	
  Future	
  work	
  should	
  seek	
  to	
  investigate	
  whether	
  inter-­‐dyad	
  factors	
  291	
  

such	
  as	
  inter-­‐individual	
  liking	
  and	
  physical	
  similarity	
  to	
  one’s	
  partner,	
  or	
  individual	
  differences	
  such	
  292	
  

as	
  personality	
  traits,	
  are	
  predictive	
  of	
  the	
  cardiac-­‐movement	
  synchronicity	
  effect	
  observed	
  here.	
  293	
  

It	
  has	
  been	
  argued	
  that	
  a	
  dysfunction	
  in	
  movement	
  dynamics	
  would	
  have	
  implications	
  for	
  the	
  294	
  

experience	
  of	
  social	
  connectedness49.	
  Individuals	
  who	
  do	
  not	
  attend	
  to	
  the	
  dynamics	
  of	
  others’	
  295	
  

movements,	
  either	
  due	
  to	
  a	
  lack	
  of	
  ability	
  or	
  motivation,	
  are	
  likely	
  to	
  feel	
  less	
  social	
  connectedness	
  296	
  

when	
  engaging	
  in	
  joint	
  activities.	
  Engaging	
  in	
  synchronous	
  joint	
  action	
  may	
  foster	
  cognitive	
  benefits.	
  297	
  

Synchronicity	
  may	
  engage	
  the	
  same	
  neural	
  processes	
  that	
  allow	
  access	
  to	
  others’	
  mental	
  298	
  

states50,51,52.	
  This	
  is	
  in	
  line	
  with	
  data	
  suggesting	
  that	
  high-­‐empathy	
  individuals	
  sow	
  greater	
  non-­‐299	
  

conscious	
  mimicry	
  of	
  others,	
  termed	
  the	
  ‘chameleon	
  effect’53.	
  Perhaps	
  tellingly,	
  the	
  severity	
  of	
  300	
  

positive	
  symptoms	
  (hallucinations	
  and	
  delusions)	
  in	
  schizophrenia	
  is	
  inversely	
  correlated	
  to	
  the	
  301	
  

degree	
  of	
  movement	
  synchronicity	
  the	
  individual	
  displays	
  in	
  conversation	
  with	
  a	
  partner54.	
  Autistic	
  302	
  

children	
  show	
  significantly	
  less	
  in-­‐sync	
  rocking	
  with	
  a	
  caregiver	
  than	
  neurotypical	
  children	
  in	
  a	
  303	
  

rocking	
  chair	
  paradigm55	
  and	
  engage	
  in	
  briefer	
  turn-­‐taking	
  sequences	
  than	
  other	
  children56.	
  304	
  

Important	
  questions	
  remain	
  regarding	
  precisely	
  under	
  what	
  conditions	
  heart	
  and	
  movement	
  305	
  

synchronicity	
  occurs.	
  Understanding	
  this	
  may	
  aid	
  in	
  interpreting	
  previous	
  findings	
  that	
  report	
  no	
  306	
  

relationship	
  between	
  the	
  heart	
  and	
  movement57.	
  At	
  the	
  level	
  of	
  a	
  single	
  subject,	
  it	
  is	
  likely	
  that	
  not	
  307	
  

all	
  centrally	
  mediated	
  sensorimotor	
  events	
  show	
  a	
  phased	
  relationship	
  with	
  the	
  heart.	
  In	
  dyads,	
  308	
  

possible	
  mediators	
  include	
  the	
  history	
  of	
  interpersonal	
  interaction,	
  speech	
  coordination,	
  the	
  309	
  

structure	
  of	
  the	
  task	
  and	
  the	
  dynamics	
  of	
  turn	
  taking,	
  and	
  the	
  degree	
  of	
  behavioural	
  coordination	
  310	
  

between	
  the	
  agents18.	
  It	
  is	
  perhaps	
  noteworthy	
  that	
  in	
  the	
  present	
  study,	
  many	
  of	
  the	
  subjects	
  311	
  

reported	
  during	
  debriefing	
  that	
  they	
  found	
  replicating	
  the	
  sequence	
  of	
  movements	
  challenging.	
  The	
  312	
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cognitive	
  demands	
  of	
  the	
  task	
  may	
  be	
  an	
  essential	
  difference	
  between	
  the	
  present	
  design	
  and	
  other	
  313	
  

studies	
  that	
  report	
  no	
  relationship	
  between	
  heart	
  and	
  movement.	
  	
  314	
  

In	
  summary,	
  these	
  findings	
  demonstrate	
  a	
  phasic	
  relationship	
  between	
  the	
  timing	
  of	
  motor	
  events	
  315	
  

and	
  the	
  cardiac	
  cycle	
  in	
  both	
  action	
  execution	
  and	
  observation.	
  These	
  results	
  suggest	
  that	
  316	
  

interoceptive	
  signals	
  from	
  the	
  heart	
  and	
  self-­‐paced	
  movement	
  are	
  intrinsically	
  linked.	
  The	
  317	
  

observation	
  of	
  this	
  phasic	
  relationship	
  both	
  when	
  executing	
  and	
  observing	
  action	
  raises	
  the	
  318	
  

possibility	
  that	
  this	
  phasic	
  relationship	
  may	
  be	
  driving	
  interpersonal	
  synchronicity,	
  which	
  has	
  been	
  319	
  

found	
  to	
  foster	
  successful	
  social	
  interaction.	
  	
  320	
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