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Abstract 

Episodic  memory ret r ieval  is  assoc iated  with  th e ho l is t i c  n eocort ica l  re instatement of  a l l  

event  in formation ;  an ef fect  dr iven by h ipp ocampal  p attern  complet ion .  However ,  wh eth er  

hol is t i c  reinstatemen t occu rs ,  and wh eth er h ipp ocamp al  pat tern comp let ion  cont inues  to  

dr ive reinstatement ,  a f ter  a  p er iod of  conso l idat ion is  un clear.  Th eories  o f  systems 

conso l idat ion pred ict  ei ther  a  t ime -var iant  or  - invar iant  ro le  o f  the h ippocampus  in  th e 

hol is t i c  retr ieval  o f  ep isodic  events .  Here,  we assessed whether episod ic  events  con t inu e 

to be reinstated hol is t i ca l ly  and wh eth er h ippocampa l  pat tern complet ion  cont inues  to  

faci l i ta te  ho l is t i c  re instatement  fo l lowing  a  p er iod  of  cons ol idat ion.   Female and male 

human p art ic ipants  learnt  ‘events ’  that  were comp osed  of  mult ip le  over lapp ing  pa irs  o f  

event  e lements  (e .g. ,  pers on - locat ion,  object - locat ion,  locat ion -pers on).  Importan t ly ,  

encodin g occurred either  immediate ly  b efore or  24 -hours  b efore  ret r ieva l .  Us in g fMRI  

dur in g th e retr ieval  o f  events ,  we sh ow  eviden ce for  hol is t i c  re instatement,  as  wel l  as  a  

corre lat ion between reinstatemen t and  h ipp ocamp al  p attern  comp let ion ,  regard less  o f  

wheth er  ret r ieva l  occurred  immed iately  or  24 -hours  a fter  encodin g.  Thus,  h ippocampal  

pattern comp let ion  cont inues  to  contr ibute to  ho l is t ic  reinstatement a fter  a  d elay .  

However ,  our  resul ts  a l so revea led that  some hol is t i c  re instatemen t can occur  with out  

ev iden ce for  a  corresponding  s ignatu re o f  h ipp ocampal  p attern  comp let ion a fter  a  de lay  

(but  not  immed iately  after  encoding).  We therefore  show th at  h ippocampal  pat tern  

complet ion,  in  addi t ion to  a  non -hip pocampal  p rocess ,  has  a  ro le in  hol is t ic  re instatement  

fo l lowing  a  per iod of  consol id at ion.  Our  results  point  to  a  consol idat ion process  wh ere the 

h ippocampus an d n eocortex may work in  an ad dit ive ,  rath er  than compensatory,  mann er  

to  support  epis odic  memory ret r ieva l .  
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Introduction 

Th e recol lect ion of  ep is odic  events  is  ho l is t ic  in  nature (Yon el inas ,  1994 ;  Tulv ing,  1983 );  

underpinn ed by a  h ippocampal  pat tern complet ion p rocess  (Hopf ield ,  1982;  Marr,  1971;  

McCle l lan d et  a l . ,  1995;  Norman & O’Rei l ly ,  2003;  Treves  &  Rol ls ,  1992)  that  d r ives  th e 

re instatement  o f  event  informat ion  in  th e n eocortex ( Johns on et  a l . ,  20009;  Wh eeler  et  

a l . ,  2000;  Woodru ff  et  a l . ,  2005 ).   

Ev idence for  h ipp ocamp al  pattern complet ion  and ho l is t ic  n eocort ica l  reins tatement  has  

been sh own immed iate ly  fo l lowin g encod ing  ( Grand e et  a l . ,  2019;  Horner  et  a l . ,  2015).  

However ,  we do not  yet  know wheth er th is  relat ionsh ip  chan ges  fo l lowing  a  delay.  Th is  is  

a  cr i t i ca l  qu est ion as  standard th eories  o f  conso l idat ion pred ict  a  t ime - l imited ro le for  th e  

h ippocampus (McClel land et  a l . ,  1995;  Squire & Alvarez,  1995),  wh i le  oth ers  argu e th at  

the h ipp ocamp us is  a lways  requi red for  epis odic  ret r ieva l  (Nad el  &  Mo s covi tch ,  1997 ;  

Sekeres  et  a l . ,  2018;  Winocur  & Moscovitch,  2011 ).   

Th ere is  ev id ence for  d ecreas es  in  (N ik i  & Lao,  2002;  Takash ima et  a l . ,  2006;  Takash ima et  

a l . ,  2009)  and sus tain ed (Add is  et  a l . ,  2004;  Bonn ic i  et  a l . ,  2012;  Gi lboa  et  a l . ,  2004;  

Maguire et  a l . ,  2001;  Ryan et  a l . ,  2001)  h ippocampal  act iv ity  du r in g ret r iev al  fo l lowin g a  

delay  (s ee a lso R itch ey  et  a l . ,  2015) .  Cr it ica l ly ,  mos t  previous  stud ies  have compared 

h ippocampal  act iv ity  (or  mult ivar iate patterns)  at  immed iate and d elayed retr ieval ,  and  

therefore have not  d irect ly  assess ed wh eth er h ippocampal  pattern c omplet ion con t inu es  

to  mediate the reins tatement o f  episod ic  events  in  th e neocortex .  Important ly ,  chan ges  in  

univar iate act iv ity  over  t ime cou ld  b e dr iven by d if feren t  mechan is ms not  re lated to 

systems cons ol idat ion,  such as  d i f feren t ia l  rates  of  forgett i n g  for  ind ep endent  n eocort ica l  

and h ipp ocamp al  repres entat ions  formed at  en coding (An derman e et  a l . ,  2021;  F ish er  &  

Radvansky,  2018;  Sekeres  et  a l . ,  2016) .  Thus ,  by  d irect ly  assess ing  th e re lat ionship  

between hippocampal  p attern comp let ion  and n eocort ica l  reinstatemen t across  d elay,  we 

can more d i rect ly  ass ess  the mechan ist ic  p redict ions  o f  systems conso l id at ion  th eor ies .  

Here we used a n experimenta l  assay o f  ep isod ic  memory (Horn er & Burgess ,  2014;  Horn er  

et  a l . ,  2015)  that  a l lowed us  to  ass ess  th e d elay - ( in )var ian t  ro le o f  h ippocampal  p attern  

complet ion  in  n eocort ica l  re instatemen t.  Across  two encod ing  s ess ions,  separated by ~24 -

hours ,  p art ic ipants  learnt  three-element events .  Even ts  were learnt  over  two or  th ree 

separate encodin g tr ia l s ,  with  each t r ia l  p resent i n g on e of  three pos s ib le pa irs  for  a n  

event.  Events  had d i f feren t  assoc iat ive  stru ctu res :  ‘closed- loops ’  where a l l  three p airs  

were encod ed and ‘op en -loops ’  where on ly  two of  th e three p airs  were encod ed.  At  

ret r ieva l ,  we tested each of  the learnt  pai rs  from each event,  with  hal f  of  th e even ts  learnt  

~24 h ours  b efore  retr ieval  and  th e other  ha lf  learnt  immed iate ly  b efore  retr ieva l .    
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We id en t i f ied  n eocort ica l  regions  that  showed di f ferences  in  BOLD act iv i ty  b etween  

elements  that  were th e cue or  target  of  ret r ieva l  and th ose th at  were non -targets .  Greater  

act iv ity  for  c los ed - vs  open - loops  in  non -target  reg ions  was  then us ed as  a  marker  of  

hol is t i c  n eocort ica l  rein statement (Horner et  a l .  2015).  Next ,  we correlated non -target  

neocort ica l  re instatement with  a  s ignatu re of  h ippocamp al  pat tern complet ion (c los ed - vs  

open - loop  h ipp ocampal  act iv ity ) ,  for  events  en coded  immediately  and ~24 hours  ear l ier .  

We used a  genera l  l in ear  mixed -ef fect  mod el  to  assess  both the s lope and th e in tercept  o f  

the relat ionsh ip  b etween the h ipp ocampal  contrast  and  neocort ica l  re instatemen t.   

A s lope greater  th an  zero wou ld indicate  a  pos i t ive corre lat ion,  cons istent  with  

h ippocampal  pat tern complet ion  contr ibut ing  to  hol is t i c  n eocort ica l  re instatement .  I f  th e  

steepn ess  o f  th e s lop e i s  cons istent  across  d elay ,  th is  would indicate a  cont inu ed role  for  

h ippocampal  p attern  complet ion ,  wh i le a  sha l lower  (or  zero)  s lop e in  th e delay  relat ive to  

immed iate condit ion  would  suggest  a  t ime-l imited role .  Cr it ica l ly ,  in  the pres en ce of  a  

pos it ive s lop e,  a  zero intercept  would sugges t  that  ho l is t i c  reins tatement  only  occurs  in  

the pres ence of  h ip pocamp al  p attern complet ion.  An intercept  greater  than  zero wou ld  

indicate  that  some hol is t ic  reinstatement  can occu r  withou t  a  corresp onding  s ignature of  

pattern complet ion .  Th is  would poin t  to  an emergent  non -h ippocampal  contr ib ut ion that  

is  ad dit ive  ( rath er  than  comp ensatory )  to  th e role o f  h ippocampal  p attern  complet ion  in  

hol is t i c  reins tatement.  

 

Methods 

Participants  

An ef fect  s ize d  =  .67 for  d etect ing a  s ign if icant  non -target  re instatement ef fect  was  

calculated from p rev iou s  work  (Horn er  et  a l . ,  2015)  with  n  = 26.  Coh en ’s  d  was  ca lculated  

from the reported t -stat ist i c  d iv id ed  by the squ are  root  o f  the  with in -s ubject  sample  s ize  

(Lenth,  2006).  As  forgett ing is  exp ected to occu r  wh en ret r ieva l  fo l lows a  ~24 hou rs  delay,  

ret r ieva l  accu racy is  exp ected to b e lower than in  Horn er et  a l .  (2015) .  P i lot  d ata  col lected  

with  n  =  12 ,  revealed  ~14% d ecreas e in  ret r ieval  accu racy  fo l lowin g  a  24 -hou r delay ,  

leadin g to  an adjusted  ef fect  s ize d  =  .62 .  Us ing G*Power (Faul  et  a l . ,  2009)  and the  

adjusted effect  s ize d  =  .62,  we est imated  that  a  sample s ize o f  n  =  30 wou ld b e requi red 

to d etect  a  s igni f icant  non -target  re instatement  ef fect ,  i f  on e is  pres ent ,  at  a  p ower o f  .9 0  

and α  =  .05.   

Given  that  p rev ious ly  reported ef fect  s izes  are l ike ly  to  b e overest imates  o f  the  t rue 

effects  s ize,  and  b ecau se we wanted  to  comp are n eocort ica l  re instatement  as  wel l  as  

h ippocampal -neocort ica l  correlat ions  between  two cond it ions ,  we a imed to ob tain  50 
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useab le datas ets  (upp er  l imit  s et  by  resource constra ints) .  An in i t ia l  sample of  n  =  30 was  

col lected and  ana lys ed (du e to t ime cons tra ints  in  relat ion to submitt ing a  PhD thes is ;  

rep orted in  Joens en,  2019 )  b efore the  f ina l  sample  was  col lected .  

57  r ight -h and ed part ic ipants  were recrui ted  f rom th e Univers ity  of  York stud en t  

populat ion .  Al l  part ic ip ants  gave writ ten in formed cons en t  and took  part  in  exchan ge for  

cours e  cred it  or  mon etary  comp ensat ion .  Part ic ipants  had ei th er  normal  or  correct - to -

normal  v is ion and  reported no h istory  o f  neurological  or  psych iat r ic  i l ln ess .  Data fro m 

seven part ic ipants  cou ld  not  be  in clu ded  in  the f inal  sample due to mot ion re lated  

artefacts  in  th e imaging  data ( n  =  1 ) ,  scann er faults  resul t in g in  no acqu ired imaging data  

(n  =  2 )  or  b e low chan ce memory  p er formance  (accu racy < ~16.7%) (n  =  4 ) .  Accordin g ly ,  th e  

analys es  in clud ed 50 part ic ip ants  (39 female ,  11 male)  with  a  mean age of  21.6 years  ± 

4.43  SD .  Th e exp eriment was  approved by  th e York  Neuro imagin g Centre  (YNiC)  ethics  

committee,  Un ivers i ty  o f  York,  UK.   

Materials  

Th e st imu l i  cons isted of  72 locat ions  (e.g. ,  kitchen ) ,  72 famous people (e.g. ,  Barack  

Obama ) ,  and  72  common objects  (e.g. ,  hammer ) .  F rom th ese,  72  random locat ion -p ers on -

object  even ts  were gen erated for  each p art ic ip ant.  Note that  we us ed the term ‘even t’  to  

refer  to  the three e lements  ( locat ion,  p ers on ,  object )  that  were ass ign ed to the same 

associat ive s tru cture  (c losed - or  open- loop),  leav ing  as ide  any cons iderat ions  as  to  h ow 

thes e re late to  rea l -wor ld  events  (but  s ee Horn er et  a l . ,  2015 for  d iscuss ion on  th is  point) .   

Each o f  th e  72 events  were ass ign ed to the with in -subject  cond it ions  o f  Loop  (op en -loop  

or  c los ed -loop) and Delay  (d elay  or  no -d elay ) .  Thus,  18 d i fferen t  even ts  were randomly  

ass ign ed to  e ith er :  (1 )  open - loop,  d elay ;  (2)  c losed -loop,  de lay ;  (3 )  op en -loop,  n o -d elay ;  

or  (4)  c losed - loop ,  no -d elay.  For  c los ed - loops,  a l l  three poss ib le  pai rwis e ass oc iat ions  for  

each event  were encod ed ,  whi le  for  op en -loops,  only  two out  of  th e three p oss ib le  pa irwis e 

associat ions  were learnt .  Even ts  were n ever  pres ented togeth er at  en codin g or  ret r ieva l ;  

only  sp eci f ic  pai rwis e  as sociat ions  were en coded and  retr ieved for  each  event ,  d ep end ing  

on wh ether th ey were open - or  c losed- loop.  Note th at  op en -loops  are equated to c los ed -

loops  in  th e nu mb er o f  e lements ,  but  not  in  th e n umber  o f  pa irs .  We have prev ious ly  shown  

(Horner et  a l . ,  2015;  Horner & Burgess ,  2014)  that  d ep end ency  is  not  s een for  open -loops  

when th ree over lapping  pairs  are en cod ed as  an assoc iated cha in  (e .g . ,  kitchen -hammer,  

k itchen –  Barack Obama,  Barack Obama –  dog ) ,  control l ing for  th e nu mber o f  associat ions  

(but  not  the nu mb er  o f  elements ) .  Any  d i f feren ces  in  ret r ieva l  between  th e two cond it ions  

in  th e curren t  exp er iment are th erefore unl ikely  to  b e dr iven by d if feren ces  in  th e nu mbe r  

of  ass oc iat ions.   
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 Procedure 

Th e exp er iment cons isted of  two encodin g ses s ions  and a  s in gle retr ieval  s ess ion.  Both  

encodin g s ess ions  took p lace outs ide  th e s cann er and were s eparated  by ~24 hou rs  ( M ± 

SD = 23 hou rs ,  54 minutes  ± 130 minutes ) ,  in clu ding overnight  s leep.  Th e retr ieval  s ess ion  

took p lace  ins ide  th e s canner immed iately  a fter  the  second  en cod in g sess ion.   

Encoding  

Dur ing en cod ing,  part ic ipants  were p resented with  sp ec i f i c  pa irwis e associat ion s  from 

each of  th e 72 even ts .  Part ic ipants  learnt  one p airwis e assoc iat ion p er  encodin g t r ia l .  Al l  

 

F igure  1 .  Ex p er im en ta l  d e s i g n.  ( A )  Enco di n g.  Pa rt ic i pa nt s  s aw mu lt i p l e  p a i rwi se  a s soc ia t io n s.  

The y  im ag i ne d eac h a s soc iat ion  ` i nt e ract i ng  i n  a  m ea ni n gf ul  wa y  a s  v iv i d ly  a s  po s s i b le '  fo r  6 s .  

Each  a ssoc ia t io n w as  pr e ced e d  b y  a  500 -m s f ix a t i on an d  fo l low ed  by  a  5 00 -ms  b l an k  sc re e n.  

Part ic i pa n t s  e ncod e d op e n -  a n d c lo s ed - loo p pa i rwi se  as soc i at ion s  in  an i nt er mix e d m an n er .  In  

th e op e n- loop co nd it ion,  par t ic i pa nt s  d i d  not  e nc ode th e t h i r d  a nd f i na l  as soc ia t io n ( e .g . ,  

wa l l et -B eck ham)  ( se e D) .  So l i d  a n d dot te d  l in e s  w er e not  p r es e nt ed  bu t  h ig h l i gh t  c los e d -  ( so l i d  

l i ne s)  a n d o pe n - loo ps  ( do tt ed  l i ne s) .  (B )  R e tr iev a l .  Part ic i pa n ts  we r e pr e se n t ed  wi t h  a  s i n g l e  

cue an d r e qu ir e d to  r et r i e ve on e of  t h e oth e r  e lem en t s  f rom t h e s ame ev e nt  f rom amo ng f iv e  

fo i l s  (e l eme n ts  o f  t h e sa me  ty p e f rom  ot h er  ev en ts)  i n  6 s .  Eac h  cu e d - reco gn it io n t r ia l  w a s  

pr ec ed e d b y  a  1 s  f ix a t io n an d fo l lowe d by  a  1 s  b l an k  sc re e n.  (C )  T he as soc i at ive  st r uct ur e s  o f  

c los e d- loo p s  w it h  ex a mp l e e ncod i ng  or d er  fo r  t hr e e pa irw i se  a s soc ia t io n s  ( n um be r s  1 -3) .  ( D)  

The  a ssoc ia t iv e  s tr uct u re  o f  o pe n - loo ps  wi th  ex a mp le  e nco di n g o rd er  fo r  th e two pa irw is e  

as soc ia t io n s  ( nu mb er s  1 -2 ) .  Th e t h i r d  a n d f in a l  a s so c iat ion  ( i . e . ,  p er so n -o bj ec t  i n  t h is  ex am p le )  

was  not  s how n to  t he  p ar t ic i pa nt s .  
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pairwise  associat ions  were p resented on  a  computer  s creen as  words,  wi th  one i tem to the 

left  and one i tem to th e r igh t  o f  f i xat ion  (see Figure 1A) .  The left /r ight  ass ign ment was  

randomly chos en on each tr ia l .  The words  remained on screen for  6s .  Part ic ipants  were 

instructed  to  imagin e,  as  v iv id ly  as  p oss ib le,  th e  e lemen ts  interact ing  in  a  meanin gful  way  

for  the fu l l  6s .  Each word -pai r  pres entat ion  was  preceded by a  500 -ms f ixat ion and  

fo l lowed  by a  500-ms  b lank s creen.  For  36  out  o f  th e 72  even ts ,  part ic ip ants  en cod ed  a l l  

three poss ib le pairwis e ass oc iat ions ;  formin g c los ed -loops  (s ee F igure 1C) .  For  th e 

remaining  36 tr ip lets ,  part ic ipants  encoded two out  o f  th e three poss ib le  pai rwis e  

associat ions;  formin g open -loops  (see Figure 1D).  18 c los ed-  and 18  open - loops  wer e 

randomly ass ign ed  to each of  th e en coding s es s ions,  resu lt in g  in  a  total  o f  90 encoding  

tr ia ls  per  encod ing s es s ion  ( i .e. ,  54 c los ed -loop and 36 op en - loop t r ia ls  per  s ess ion) .  

Part ic ipan ts  were not  to ld  that  any pa irwis e as sociat ions  would over lap with  each oth er  

at  encodin g nor were th ey told  about  th e op en - and c los ed -loop st ructu res .   

Each en coding s ess ion cons isted of  three b locks  of  18 ,  36 and  36 tr ia ls ,  resp ect ive ly ,  with  

one pai rwis e assoc iat ion f rom each  event  presented dur ing  each  b lock .  Each en coding  

sess ion  conta ined novel  tr ip lets  for  the open -  and c los ed -loop  condit ions  that  were not  

pres ented  in  th e oth er  encodin g s ess ion.  Du rin g th e f i rst  encodin g b lock,  only  pa irwis e  

associat ions  for  c los ed - loops  were p resen ted.  Th is  ensured  th at  th e durat ion  b etween  

encodin g  th e last  pa irwise assoc iat ion  and  ret r ieval  was  cons istent  for  c lo s ed -  and  op en -

loops  f rom each encoding s ess ion .  In  b locks  two and three,  th e op en - and c los ed -loop  

associat ions  were rand omly p res en ted  in  an  in termixed  mann er .  Th e p res entat ion ord er  

was  randomis ed for  each b lock.  A b reak o f  10s  fo l low ed every  18 en coding tr ia ls .  

Each op en -loop cons is ted of  a  common e lement (e.g. ,  i f  part ic ipants  encod ed locat ion -

pers on,  and locat ion -ob ject  pai rs ,  then locat ion  would  b e the common  element) .  For  each  

encodin g s ess ion,  s ix  out  of  th e total  18 open -loops  were pseud o -ran domly ass igned to  

one of  the three poss ib le common elements  ( i .e . ,  locat ion,  p eop le  or  ob jects ) .  Th e 

pres entat ion order  for  the open - loops  across  encodin g b locks  two and three was:  (1 )  

pers on- locat ion,  locat ion -ob ject ;  (2)  locat ion -object ,  object -p erson;  (3)  object -p erso n,  

pers on- locat ion .  Th e p res entat ion ord er  for  the c los ed -loops  across  the th ree encodin g 

b locks  was:  (1 )  person -locat ion,  locat ion -ob ject ,  ob ject -p erson;  (2)  locat ion -ob ject ,  

object -p ers on,  p erson -locat ion ;  (3)  object -p ers on,  p erson - locat ion,  locat ion -object .  Th es e 

counterbalanced ord ers  ensured that  the f i rst  two encoding tr ia ls  for  open - loops  and  

c los ed -loops  were id ent ica l  in  structure ,  such that  c losed - loops  only  d i f fered in  relat ion  

to th e p res entat ion of  a  th ird  encodin g t r ia l .   
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Retrieval  

Dur ing  retr ieval ,  part ic ipants  p er formed a s ix -a lternat ive  forced -choice  cu ed -recogn it ion  

task.  On each t r ia l ,  a  cue and s ix  potent ia l  targets  were p resented s imu ltaneously  on 

screen.  Th e cue was  pres ented in  th e midd le o f  the screen with  the s ix  poss ib le targets ;  

one target  and  f ive  fo i ls  form th e same category  (e.g. ,  i f  the  target  was  hammer ,  the  f ive  

fo i ls  would  b e oth er  ran domly s e lected  objects  f rom the other  events ,  regard less  o f  c los ed -  

vs  open- loop o r  d elay  vs  no -delay  status )  p res ented  in  two rows of  three b elow the cu e  

(see F igu re  1B) .  Part ic ip ants  had  a  maximum of 6s  to  respon d with  a  button response that  

corresp ond ed to th e targets  pos i t ion on screen and were instructed to be as  accurate as  

poss ib le in  the t ime given.  Th e pos i t ion of  th e correct  target  was  rand omly se lected on  

each retr ieval  tr ia l .  Th e cu e and s ix  targets  were presented un t i l  a  resp onse was  mad e or  

when th e maximum 6s  l imi t  was  reach ed ( M resp onse t imes  ±  SD  =  2.86 s  ± 0 .42 s ) .  Miss in g  

resp onses  ( i .e. ,  respon ses  that  fe l l  outs id e  the 6s  res pons e window) were treated  as  

incorrect  tr ia ls  for  b oth  accuracy  and  depen dency (M p ercen tage of  miss ing respons es  ±  

SD  =  3.54% ±  3.22%) .  A  2x2 (Loop x  Delay)  ANOVA,  where th e depend ent  var iab le  was  the 

proport ion of  nonresponses,  showed n o s igni f icant  ef fects  ( Fs  < .37).  Th us  any d i f ferences  

in  d ep end en cy across  condit ions  are un l ike ly  to  be caus ed  by  assu min g miss ing  responses  

wou ld have b een incorrect .  Note a lso th at  due to the 6 -a lternat ive forced ch oice  

recognit ion test ,  th e ch ance of  guess in g correct ly  was  re lat ive ly  low  (~16.7%).   

Each encod ed pa irwise  associat ion ( regardless  o f  Delay  or  Loop status )  was  tested  in  b oth  

d irect ions  (e.g. ,  cu e:  locat ion,  target:  p erson ;  cue:  p ers on,  target :  locat ion )  across  two 

scanning runs  (total  ret r ieval  tr ia ls  = 360 ;  180 t r ia ls  per  run ) .  For  the open -loops  we on ly  

tested  th e p ai rwis e ass ociat ions  th at  were d i rect ly  encoded  -  and n ot  thos e that  could  

potent ia l ly  b e  in ferred  f rom overlap pin g n ature  of  pai rwis e  associat ions  (e.g. ,  Shohamy & 

Wagn er,  2008;  Zeithamova et  a l . ,  2012)  -  res ul t ing in  four  retr ieval  t r ia ls  p er  open -loop  

compared to s ix  retr ieval  tr ia ls  p er  c los ed - loop .  Th e pres entat ion ord er  was  op t imised to  

measure un ivar iate BOLD act iv ity  in  each of  th e four  wi th in -sub ject  exp erimen tal  

cond it ions  ( i .e . ,  open- loop d elay,  op en - loop  no -delay,  c losed - loop  d elay ,  c los ed -loop n o-

delay)  (opt imisat ion a lgor ithm avai lable at  h ttps://os f. io/eh 78w/ ) .  To  avoid  adap tat ion  

effects ,  cue -target  associat ions  from the same c losed - or  op en - loop were n ever  pres ented  

on success ive tr ia ls  and  each b lock conta in ed 18 nul l  t r ia ls  that  each  lasted 6s .  In  each  

ret r ieva l  b lock  (or  s can run) ,  cue-target  associat ions  b elongin g to  n in e c los ed - and op en -

loops  encod ed du rin g the f i rst  encoding s ess ion,  and n in e c los ed - and  n in e op en -loop s  

encod ed immed iately  b efore retr ieva l  were tes ted  in  a  random ord er ,  mak in g a  total  of  

180 retr ieval  tr ia ls ,  in  addit ion to  18 n ul l  t r ia ls .  Each t r ia l  was  p receded by a  1s  f ixat ion  

and fo l lowed by a  1s  b lank screen .   
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Modelling retrieval dependency  

To  model  ret r ieva l  d epend en cy,  2x2 con t in gency tables  for  the  observed  data  and  

ind ependent  model  (s ee  below) were created  for  each  part ic ipant  to  ass ess  the proport ion  

of  jo int  retr ieval  and  jo int  non -retr ieva l  b etween the ret r ieva l  o f  two elements  (e.g. ,  

pers on,  object)  when cu ed by a  common e lemen t (e .g. ,  locat ion)  (A BA C ) ,  and between  th e 

ret r ieva l  o f  a  common e lement (e.g . ,  locat ion )  wh en cu ed by the oth er  two e lemen ts  f rom 

the same (e .g. ,  person,  object )  (B AC A ) .  For  th e c los ed -loops,  s ix  cont in gency tables  were 

construct ed (as  we test  a l l  three pa irwise ass oc iat ions  in  both d irect ions )  and for  th e op en -

loops,  fou r  con t in gency tables  were constru cted (as  we only  tested  the two d irect ly  

encod ed pa irwise assoc iat ions  in  b oth d irect ion s ) .   

We a lso constru cted cont in gen cy tab les  that  es t imate th e nu mber o f  tr ia ls  that  would fa l l  

into  each  of  th e  four  cel ls  i f  the  ret r ieva l  of  pairwise  associat ions  with in  an  op en -  or  

c los ed -loop  was  ind ependent .  Th is  ind ep end ent  mod el  assu mes that  pai rwise  associat ions  

from a  g iven event  are  retr ieved ind ep end ent ly  o f  on e anoth er  –  i .e. ,  i f  a  part ic ipan t  

ret r ieved on e pa irwise associat ion f rom a n event  (un )successfu l ly  th is  does  not  p redict  

the part ic ipants  ab i l i ty  to  (un )successfu l ly  retr ieve anoth er pairwis e associat ion from th e 

same event .   

Th e 2x2  cont in gency  tables  for  th e  data  show the nu mb er  o f  events  that  fa l l  with in  th e 

four  ce l ls  ( i .e. ,  for  the  A B A C  ana lys is ,  both  A B  and A C  correct ,  A B  incorrect  an d A C  correct ;  

A B  correct  and A C  in correct ;  and both A B  and A C  incorrect ,  where A B  =  cue with  locat ion  (A)  

and ret r ieve p erson  (B)  and s imi lar ly  for  A C ,  wh ere C refers  to  object) .   Th e table for  the  

ind ependent  mod el  (Table  1)  shows th e p red icted number o f  events  that  fa l l  in  th e four  

cel ls ,  g iven a  part ic ipant’s  overa l l  level  o f  accuracy ,  when the ret r ieval  o f  with in -even t  

associat ions  is  assu med to b e in dep end en t.   

For  a  g iven  part ic ipant,  th e p roport ion of  correct  retr ieva l s  of ,  for  in stance,  e lemen t B  

when cued by A is  den oted by PAB ( i .e. ,  th e mean p erforman ce for  B wh en cued by A across  

a l l  events) .  For  th e ind ep end ent  mod el ,  wh en cued by A,  th e probab i l i ty  o f  (1)  correct  

ret r iev ing  B  and  C (across  a l l  events )  is  equal  to  PAB PAC; (2)  correct ly  ret r iev ing  B bu t  not  C  

is  equ al  to  PAB (1 - PAC); (3)  correct ly  retr iev ing C bu t  not  B is  equa l  to  PAC (1 - PAB); and (4 )  

incorrect ly  retr iev in g both B and C is  eq ual  to  (1 - PAB) (1 - PAC) .  

Once th e cont ingen cy tables  for  the data and the ind ep end ent  mod el  were constructed ,  

the proport ion of  jo in t  ret r ieva l  and jo int  non -retr ieval  were ca lculated for  each  

cont ingen cy table  s eparate ly ,  by  su mming th e lead ing  d iagonal  ce l ls  an d d iv id in g by th e 

total  nu mb er  o f  even ts  ( i .e. ,  th e  prop ort ion  of  events  where two over lapp ing  pa irwis e  

associat ions  with in  a n  event  are both retr ieved e ither  correct ly  or  incorrect ly ) .  Th is  
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measure was  then  averaged across  th e s ix  or  four  cont ingen cy tab les  (d ep end ent  on  

wheth er  the tables  related  to  op en - or  c losed - loops)  to  prov id e a  s in gle measu re  o f  the  

proport ion of  jo int  ret r ieval  and non -retr ieva l  for  th e data an d ind ep end ent  mod el  

separately .  For  brevi ty ,  w e refer  to  th is  measu re as  th e ‘proport ion of  jo int  ret r ieva l ’ ,  but  

note  that  i t  in clud es  b oth the proport ion  of  jo in t  retr ieval  and jo int  non -retr ieva l .   

Th is  p roport ion of  jo in t  ret r ieva l  measu re s cales  with  accuracy.  We therefore  compare th is  

measure  in  the data  relat ive to  th e ind ep end ent  mod el .  As  su ch,  the  in dep end ent  mod el  

serves  as  a  lower b ound that  can b e compared with  th e p roport ion of  jo int  retr i eval  in  the 

data.  We therefore  have a  s ing le measure  o f  ‘ retr ieval  d epend en cy’  ( i .e. ,  th e  d i f ference 

between the proport ion  of  jo in t  retr ieval  in  th e data re lat ive to  th e ind ep end ent  mod el)  

for  each  part ic ipant  and  cond it ion.  

Table  1 .  Con t i n ge ncy  t ab l e  for  t he  in d ep e n de nt  mo de l  for  cor rec t  a nd  i nco rr ect  

re tr iev a l ,  ove r  N  ev en t s  ( ⅈ =  1  to  N ) ,  for  e l em e nt s  B  a nd  C  w h en  c ue d by  A .   

 Retr ieva l  of  E leme nt  B  

Retr ieva l  of  E leme nt  C  Corr ect  (PAB)  Incor r ect  (1 - PAB) 

Corr ect  (PAC) ∑ = 
N

i=1

PABi  PACi  ∑ = 
N

i=1

PACi  (1 - PABi) 

Incor r ect  (1 - PAC) ∑ = 
N

i=1

PABi  (1 - PACi) ∑ = 
N

i=1

(1 - PABi) (1 - PACi) 

   

 

Behavioural analyses 

A 2x2 (Loop x  Delay )  ANOVA was us ed for  th e behav iou ral  analys is  o f  ret r ieva l  accu racy  

and ret r ieva l  d ep end en cy,  with  th e with in -su bject  factor  Loop  referr in g to  wh eth er th e 

events  formed clos ed - or  op en -loops,  and Delay  referr in g to  wheth er  c losed - or  open - loops  

were encoded immed iate ly  (no-d elay )  or  24 hours  pr ior  to  retr ieva l  (d elay) .  For  th e 

analys is  o f  retr ieval  depend en cy,  we a ls o report  on e samp le  t -tests  comp aring retr ieva l  

dep end en cy in  each con dit ion with  zero.  Retr ieval  depen den cy s igni f icant ly  greater  th an  

zero prov ides  ev idence for  the p res en ce of  dep end en cy.  A lpha was  s et  to  .05 (two -tai led)  

for  a l l  s tat ist ica l  tests .  For  each ANOVA,  a  η p
2  effect  s ize is  reported,  and for  t - tes ts  we 

rep ort  a  Coh en’s  d  e f fect  s i ze  ref lect ing th e mean d i fference b etween  cond it ions  d iv id ed  

by th e standard deviat ion of  th e d i f ference s cores .  A l l  ana lyses  were con ducted us in g JASP  

(JASP Team, 2022) .   
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fMRI acquisition 

Al l  funct ion al  and st ructural  volu mes were acquired on a  3 -Tes la  S iemens MAGNETOM 

Pris ma s cann er equipped with  a  64 -chan nel  ph ase array  head coi l .  T2*-weighted s l i ces  

were acqui red with  ech o -p lanar  imaging (EPI) .  48 axia l  s l i ces  ( ~0°  t i l t  to  the AC -PC l in es)  

per  volu me were acqu ired in  an inter leaved  ord er with  th e fo l lowin g parameters :  

acqu is it ion  matr ix  = 64 x  64,  rep et it ion t ime =  1200ms,  echo  t ime = 26ms,  f l ip  an gle  = 75°,  

s l ice th ickn ess  = 3mm, in -p lan e resolut ion = 3 x  3mm, mu lt i -b and accelerat ion fac tor  = 2.  

To  a l low for  T1  equi l ib r ium, the f i rst  three EPI  volu mes  were acqu ired  pr ior  to  th e task  

and th en d iscard ed.  As  the retr ieval  phas e var ied in  len gth  across  part ic ipants  (as  each 

cued-recogn it ion t r ia l  was  s el f -paced,  up to a  maximum of 6s  p er  tr ia l ) ,  th e nu mber of  

acqu ired vo lu mes d if fered across  p art ic ipan ts .  Note  that  th e two retr ieval  b locks  

corresp ond ed to two s eparate fun ct iona l  s can ning  runs .  The mean n umb er  o f  volu mes  

acqu ired dur ing retr ieval  was  796.80 (range 621 –  955)  and 774.04 (range 6 16 –  942)  for  

the f i rst  and s econd ret r ieval  b loc k,  resp ect ively .  A f ield  map was  acqu ired to a l low for  

the correct ion of  geometr ic  d istort ions  du e to  f ield  inhomogen eit ies .  For  the purpos e of  

co-reg istrat ion and image normal isat ion,  a  wh ole -bra in  T1 -weighted structura l  scan was  

acqu ired with  a  1mm 3  reso lut ion us ing a  magnet isat ion -prepared rap id  gradien t  echo  

(MPRAGE) puls e s equ en ce.   

fMRI analyses 

Pre-processing  

Image pre-process in g was  p er formed in  SPM12.  EPI  images  were corrected for  f ield  

inhomogeneity  based on geometr ic  d istort ions ,  and spat ia l ly  real igned to th e f i rst  image 

of  th e t ime ser ies .  EPI  images  were sp at ia l ly  normal is ed to MNI space with  trans formation  

parameters  der ived from warping each p art ic ipant’s  s t ructura l  image to a  T1 -weighted 

average template  image (us ing  th e DARTEL toolbox,  Ashbu rner,  2007).  EPI  images  were  

spat ia l ly  s mooth ed with  an isotrop ic  8mm FWHM Gauss ian kern el  pr ior  to  an alys is .   

General  analysis  

At th e f i rs t  level ,  BOLD act iv ity  was  model led b y a  boxcar  fun ct ion f rom cue/target  onset  

to  th e t ime a  respons e was  made (up to a  maximum of 6s) .  Th e predicted BOLD respons e 

was  th en convo lved with  a  canonica l  h emodynamic respons e funct ion to p rodu ce 

regressors  o f  interes t .  In  add it ion to  the main regressors  o f  interest ,  a l l  f i rst - level  models  

inc luded a  set  o f  nu isance regressors :  s ix  movement parameters ,  thei r  f i rst -ord er  

der ivat ives ,  and volu me exclus ion regress ors  censorin g per iods  of  excess ive motion.  Th e 

volu me exclus ion  regressor s  were  d ef in ed  as  volu mes wh ere th e movement  der ivat ives  

exceeded 1.5mm trans lat ion ( i .e . ,  0 .5 x  s l i ce th ickn ess)  or  1 °  rotat ion  (M  number of  
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exclu ded  vo lumes  ±  SD  =  0.79 ±  3 .60) .  Parameter  est imates  for  each  regressor  o f  interes t  

were inc lud ed in  the second level  analys i s  to  ident i fy  cons istent  ef fects  across  

part ic ipants .  Un less  otherwise stated,  a l l  secon d level  models  exp l i c i t ly  mod el led subject  

effects .  A l l  e f fects  reported ou ts id e  th e h ipp ocampus  are p F W E  <  .05  family -wise  error  

(FWE) whole-bra in  corrected  (c luster  s ize > 30  voxels ) .  We als o performed s mal l -volu m e 

corrected  (SVC) analys es  in  the h ippocampus given the a pr io ri  pred ict ions  related to th is  

brain  region.  This  mask for  SVC was  created us ing th e WFU P ickAt las  toolbox (Mald j ian  et  

a l . ,  2003)  with  th e h ip p ocampus d ef ined from the Automated Anatomical  Label l in g at las  

(Tzou rio -Mazoyer et  a l . ,  2002).   

Neocortical  reinstatement   

Th e f i rst  level  mod el  includ ed  24  regressors  that  related to a l l  cu e -target  pa irs  ( i .e. ,  

pers on- locat ion,  p erson-ob ject ,  locat ion -pers on,  locat ion -object ,  objects -p erson  and  

object - locat ion)  for  each of  the  fou r  exp erimen tal  con dit ions  (open vs  c losed and d elay  vs  

no-d elay ) .  At  the s econ d level ,  regions  that  showed greater  BOLD response to cueing  and  

ret r iev ing each e lemen t -typ e ( i .e. ,  cu e/target ) ,  re lat ive to  when an e lement -typ e was  not  

cued or  req uired to be retr ieved ( i .e. ,  n on -target) ,  col laps ed across  th e four  exp erimen tal  

cond it ions  were id ent i f ied .  This  revea led three separate reg ions  o f  interes t  across  th e 

three element -types  (see Table 3) .  For  each reg ion of  interest  –  d ef in ed as  a  9mm radius  

sphere  centred on  th e p eak  coord inate  –  BOLD respons es  for  each indiv idual  across  a l l  24 

regressors  w ere extracted.  Th e BOLD respons e wh en th e element  assoc iated with  a  g iven  

region was  e ith er  th e cue,  target ,  or  non -target  across  the four  exp er imenta l  cond it ions  

was  th en ca lcu lated .  A s  such,  est imates  of  th e BOLD resp ons e across  12 condit ions  ( i .e . ,  

cue,  target ,  and non -target  x  c los ed - and op en -loop x  d elay  and  no -d elay)  were obtain ed  

for  each  of  th e th ree regions  o f  in terest .   

Non-target reinstatement and correlated activity   

Th e f i rst  level  mod el  in c lud ed fou r  regressors  correspond ing  to  t r ia ls  from each  of  the  fou r  

exp erimenta l  condit ions  ( i .e. ,  op en -loop,  d elay ;  c los ed -loop,  d elay;  op en-loop,  no -d elay ;  

and c los ed -loop,  no -d elay) .  At  th e  s econ d level ,  two s ep arate  random-effects  models  were  

created,  on e for  th e delay  and on e for  th e n o -delay  cond it ion.  Each  mod el  in clud ed  a  s ing le  

regressor  correspond ing  to  the contrast  b etween clos ed - and op en - loop s  ( i .e. ,  op en- loop  

vs  c los ed -loops  for  the  resp ect ive d elay  or  no -d elay  condit ion ).  Th is  was  calculated b y  

takin g the mean di f feren ce in  BOLD resp on se b etween th e c losed - and op en - loop  

cond it ions  for  th e n on -target  e lemen t across  th e th ree regions  o f  interest .  Given th e pr ior  

hypoth es is  regarding th e h ip pocampus,  s tat ist ica l  ef fects  in  th e b i la tera l  h ipp ocampus are  

p  <  .05 FWE SVC with in  a  b i latera l  h ippocamp al  mask .   
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Data availability 

Secon d level  data an d ana lyses  are avai lable  on th e Open  Science Framework  

(https ://os f. io/hk79v/) .  

 

Results 

Behaviour  

Retrieval  accuracy  

Memory p er formance (proport ion correct)  acros s  each of  th e four  exp erimenta l  con dit ions  

are  pres ented in  Tab le 2 .  A 2x2 (Loop x  Delay )  ANOVA revea led a  s ign i f i cant  ef fect  o f  Loop ,  

F (1,  49)  = 37.72,  p  <  .001,  η p
2  = .44,  and Delay ,  F (1,  49)  = 45.74,  p  <  .001,  η p

2  = .48,  with  

greater  memory for  c losed - loops,  relat ive to  open - loops,  and for  pairs  ret r ieved  

immed iately  a fter  en coding,  compared to thos e retr ieved fo l lowin g a  24 -hour d elay .  The  

ANOVA a lso revealed a  s ign if icant  in teract ion between th es e factors ,  F (1 ,  49)  = 10.78,  p  =  

.002,  η p
2  =  .18,  with  a  greater  d i fference in  memory b etween clos ed - and op en -loops  at  

delay  relat ive to  n o -delay.  Th is  is  cons is ten t  with  f ind in g reported in  Joen sen et  a l .  (2020) .   

Table  2 .  M ea n pro por t io n  corr ect  (a nd  s ta n dar d d e v iat io ns)  a nd  m ea n pro po rt io n o f  

jo in t  re tr i eva l  (a n d sta n d ard  dev ia t io n s)  fo r  t h e da ta  a n d in d e pe n de n t  mo de l  a t  no -

de lay  ( i . e . ,  e ncod e d imm e di at e ly  pr ior  to  r et r i eva l  de lay )  a n d d ela y  ( i . e . ,  e nc ode d  24  

hou r s  pr ior  to  r et r iev a l )  f or  c lo se d -  a n d op e n- loop s .  

   Prop ort ion  of  J oint  Re tr ie val  

Delay  Loo p  

Prop ort ion  

Correc t  Dat a  

Ind epe nd ent  

Mode l  

No-D e lay  Ope n  0 .62  (0 . 19)  0 .61  (0 . 14)  0 .59  (0 . 12)  

 C los e d  0 .68  (0 . 21)  0 .69  (0 . 14)  0 .65  (0 . 14)  

De lay  Ope n  0 .50  (0 . 19)  0 .56  (0 . 13)  0 .55  (0 . 11)  

 C los e d  0 .61  (0 . 21)  0 .67  (0 . 12)  0 .61  (0 . 13)  

 

Retrieval  dependency   

Th e mean proport ion of  jo int  retr ieval  in  th e data and ind ep end ent  mod el ,  for  c los ed - and  

open - loops  at  d elay  and  no -d elay ,  are pres ented  in  Tab le  2.  F igure 2 sh ows mean retr ieva l  

dep end en cy ( i .e. ,  data –  ind ep end ent  model)  for  each cond it ion.  Ev id ence for  dependency  

was  seen  for  c losed - loops  at  both  delay ,  t (49)  = 7.83,  p  <  .001,  d  =  1.11,  and  no -d elay ,  

t (49)  =  5 .03,  p  <  .001,  d  =  .71.  No  ev id ence for  dep end en cy was  obs erved  for  open -loops  
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at  delay ,  t (49)  = 0 .63,  p  =  .533,  d  =  .10,  however  we d id  f ind ev iden ce for  dep end en cy for  

open - loops  at  no -d elay ,  t (49)  = 2.19,  p  =  .033,  d  =  .31 (bu t  th is  ef fect  d id  not  surv ive  

correct ions  for  mult ip le  comparisons;  adjusted  a lpha  for  four  comparisons  =  .013) ,  see  

Figure 2 ,  thou gh we note the s mal ler  ef fect  s i ze  est imate (0 .31)  relat ive  to  th e two clos ed -

loop cond it ions  (1 .11 an d 0.71 )   

A 2x2 (Loop x  Delay )  ANOVA revealed  a  s igni f icant  main ef fect  of  Loop ,  F (1,  49)  = 12.33,  p  

<  .001,  η p
2  =  .20,  where d ependency was  greater  for  c los ed - compared to op en - loops .  

However ,  th is  ana lys is  a lso revea led a  s ign i f i can t  in teract ion ,  F (1,  49)  =  5.21,  p  =  .027,  η p
2  

=  .10,  dr iven by a  greater  d i fferen ce between closed - and op en -loops  at  delay ,  t (49)  = 5.03,  

p  <  .001,  d  =  .71,  re lat ive to  n o -delay ,  t (49)  = 1 .13,  p  =  .265  d  =  0.16.   Thus,  we rep l icate  

prev ious  f indings  s howing greater  d ep end en cy in  th e c los ed -loop d elay  than  op en -loop  

delay  con dit ion ,  but  un expected ly  d id  not  s ee th e same p attern in  th e no -d elay  condit ion .  

Desp ite  th is ,  a  d irect  comparison  b etween  the d elay  and no -d elay  op en - loop cond it ion  was  

not  s ign if icant ,  t (49)  = 1.49,  p  =  .142,  d  =  0.21,  nor  c los ed -loop cond it ion ,  t (49)  = 1.91,  p  

=  .062,  d  =  0.27.  Th ere  was  no  main  ef fect  of  Delay  in  th is  analys is ,  F (1,  49)  = 0.04,  p  =  

.842,  η p
2  <  .01 .  

 

 

F igure  2 .  D e pe n de ncy  f or  c los e d -  a n d op e n- lo ops  a t  no -d e lay  ( i . e . ,  enco d ed  

imm ed ia te ly  p r ior  to  r e tr i eva l )  a n d d e lay  ( i . e . ,  e nc ode d 2 4  hou rs  p r io r  to  re tr i ev a l ) .  

L in es  in  box e s  re p re s en t  mea n  d e pe n de nc y  in  eac h cond it io n.  Botto m a n d  to p  e d ge s  o f  

box e s  i nd ica te  th e  25 t h an d 75 th  pe rc en t i l es ,  r e s pec t i ve ly .  W hi s ke rs  re pr e se n t  th e  

mi nim um  a nd  max im um da ta  po i nt s .  N s  =  Not  s ig n i f i can t ,  ** * p  <  .00 1,  *  p  <  . 05.  
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Th e f ind ing o f  d ep end en cy in  the op en - loop d elay  condi t ion  was  unexpected given  prev ious  

studies  have not  found  ev id en ce for  dep end ency for  open - loops  in  an immediate tes t  

cond it ion (Horner &  Burgess ,  2014;  Horner et  a l . ,  2015;  Joens en  et  a l . ,  2020).  On e 

poss ib i l i ty  is  th at  th e two en cod ing s ess ions  in  the pres ent  s tudy ( c f .  J oens en et  a l .  (2020)  

who had a  s in gle en coding s ess ion and two s eparate ret r ieva l  sess ions )  a l lowed  

part ic ipants  to  in fer  th e  associa t ive nature o f  the over lapp ing pa irs  in  the f i rst  encoding 

sess ion  ( i .e. ,  d elay) ,  leadin g to  in creas es  in  dep end ency for  op en -loops  en cod ed dur ing  

the s econd en cod in g sess ion ( i .e. ,  no-d elay) .  However,  i t  is  imp ortant  to  note th at  

dep end en cy is  s een  for  c los ed -loops  at  both d elay  and  no -d elay  ( i .e . ,  i t  is  th e  open -loop  

no-d elay  cond it ion that  appears  to  d iverge from prev ious  f indin gs ) .   

fMRI 

Neocortical  Reinstatement  

To look for  d i fferen ces  in  re instatemen t as  a  fun ct ion of  Loop or  Delay,  we f i rs t  id ent i f ied  

regions  wh ere BOLD act iv ity  d i f fered b etween th e ret r ieval  of  d i fferent  e lement types  ( i .e . ,  

peop le,  locat ions ,  and objects ) ,  col laps ed across  the c losed - vs  open - loop and delay  vs  n o -

delay  cond it ions.  For  examp le,  to  id ent i fy  reg ions  associated  with  th e retr ieval  o f  people,  

ret r ieva l  tr ia ls  wh ere a  pers on was  ei th er  a  cu e or  target  were compared with  tr ia ls  wh ere 

a  person was  n eith er  the cu e nor  target  ( i .e . ,  the n on -target ) .  Th e larges t  d i f ference in  

BOLD act iv i ty  for  p eople  was  s een in  th e precun eus,  for  locat ions  in  the lef t  

parah ippocampal  gyrus ,  and for  objects  in  the left  midd le temp ora l  gyrus  (see Table 3 & 

Figure  3A) .  Thus,  as  in  Horner et  a l .  (2015),  peop le,  locat ions  and  objects  produced  

dif ferent  levels  o f  act ivat ion  in  sp ec if ic  n eocort ica l  regions .  Unthreshold ed stat is t i ca l  

maps  of  th es e ef fects  are ava i lable at  https://n eurovau lt .org/col lect ions /IFZTMWIU/ .   

BOLD responses  from th es e reg ions  were th en extracted and ass ess ed in  terms of  how th ey  

d if fered  d ep end in g on wh eth er  th e element as sociated with  that  reg ion was  e ither  a  cue,  

target ,  or  non -target  (e .g. ,  a  tr ia l  wh ere an  ob ject  was  th e cue and  a  locat ion  was  th e 

target  wou ld b e a  non -target  tr ia l  for  people) .  I f  c losed - loops  are  rein stated ho l is t ica l ly  

(regard less  o f  d elay) ,  the reg ion assoc iated  with  th e n on -target  ( e.g . ,  th e precun eus  for  

peop le)  shou ld  sh ow greater  act iv ity  for  c los ed - relat ive to  op en -loops  (as  non -target  

re instatement  is  not  expected to  occur  for  open -loops ) .   

We f irst  tested wheth er  we saw a non -target  reins tatement effect ,  co l laps ed across  th e 

delay  and  no -d elay  con dit ion and  a l l  three ROIs .  This  revea led s igni f icant ly  greater  BOLD 

act iv ity  for  c los ed - tha n open -loops  in  th e n on-target  region ,  t (49)  =  6.02,  p  <  .001,  d  =  

.85.  We a lso  saw s ign if i cant ly  greater  BOLD res ponse for  c los ed - than open - loops  in  the 

cue region ,  t (49)  =  2.92,  p  =  .005,  d  =  .41,  but  not  th e target  reg ion ,  t (49)  =  0 .61,  p  =  .542,  

d  =  .09 (ad justed  a lph a for  th ree comparisons  =  .017) .  We therefore provide ev idence for  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 6, 2024. ; https://doi.org/10.1101/2023.09.15.557911doi: bioRxiv preprint 

https://neurovault.org/collections/IFZTMWIU/
https://doi.org/10.1101/2023.09.15.557911
http://creativecommons.org/licenses/by/4.0/


15  

 

non-target  re instatement as  s een in  p revious  s tudies  (Horn er et  a l . ,  2015;  Gran de et  a l . ,  

2019) .   

Table  3 .  C l u st er s  a nd  pe a ks  s how in g  e le me n t - sp ec i f ic  w hol e  b ra in  ac t i v i ty  

for  p eop l e,  loca t io n s  a nd  objec t s  ( p F W E  <  .0 5;  c lu s te r  s i ze  >  30 .  L  =  Le f t  

he mi s ph er e ;  R  =  R  h em is p he r e.   

  MNI  C o ord inate s   

Reg io n  Vo xe ls  X  Y  Z  Z  sc ore  

People       

P rec u ne u s Co rt ex  450  3  -57  27  >  8  

L  L in g ua l  G yr u s  1163  -15  -90  -3  >  8  

Fro nt a l  M ed ia l  Co rt ex  368  -3  48  -9  >  8  

L  Mi d dl e  T em pora l  Gy ru s  158  -63  -6  -15  >  8  

R  Mi d dl e  T em pora l  Gy ru s  56  63  -3  -18  >  8  

S up er ior  F ro nta l  Gy ru s  61  -6  57  30  7 .80  

Locat ions       

L  Para h ip pocam pa l  Gy ru s  270  -27  -36  -15  >  8  

L  Late ra l  Occ ip i t a l  Cor tex  276  -39  -81  33  >  8  

R  Pr ecu n eu s  423  15  -48  9  >  8  

R  Para h ip poca mp al  Gy r us  159  27  -30  -18  >  8  

R  Lat era l  Occ i p i ta l  Cor tex  71  48  -72  30  7 .67  

R  C i n gu la te  Gy r us  41  -3  -36  42  5 .97  

L  Mi d dl e  T em pora l  Gy ru s  48  -57  -51  -9  5 .97  

L  S up e r ior  Fro nta l  Gy ru s  40  -24  12  54  5 .65  

Objec ts       

L  Mi d dl e  T em pora l  Gy ru s  195  -51  -54  0  7 .80  

L  Fro n ta l  Po l e  30  -48  39  12  5 .63  

      

 We next  tested wheth er th e non -target  reinstatement effect  d i f fered between th e d elay  

and n o-delay  condi t ion s  (F igure  3B).  This  revea led  that  BOLD act iv ity  for  c los ed - relat ive  

to  op en -loops  in  the n on -target  reg ion was  s ign if icant ly  greater  in  the d elay  than n o -delay  

cond it ion,  t (49)  = 4.65,  p  <  .001,  d  =  .66 .  Interest ing ly ,  a l thou gh we saw s igni f i can t ly  

greater  BOLD act iv ity  for  c los ed - th an open -loops  in  the non -target  reg ion at  d elay ,  t (49)  

= 8.60,  p  <  .001,  d  =  1 .22  (adjusted  a lpha for  two compar isons  = .025),  no d i f feren ce was  

seen in  th e no -d elay  con dit ion ,  t (49)  = 1 .89,  p  =  .064,  d  =  .27;  though we note the nu merical  

d i f feren ce is  in  th e s ame d irect ion .   

For  comp leten ess ,  we a lso tested for  d i f feren ces  between clos ed - and  open- loops  in  th e 

cue and  target  reg ion  in  the d elay  and  no -d elay  condit ion.  No  d i f feren ces  between  c los ed - 

and open - loops  were s een in  th e cu e region ,  d elay:  t (49)  = 2.42,  p  =  .020,  d  =  .34;  no -
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delay:  t (49)  = 2.01,  p  =  .050,  d  =  .29,  or  the target  region ,  de lay :  t (49)  =  1.76 p  =  .084,  d  =  

.25;  no -d elay :  t (49)  = 0 .84,  p  =  .405,  d  =  .12 (ad justed  a lpha for  four  comparisons  =  .0 13) .   

 

 

F igure  3 .  ( A )  Cor t ic a l  r e g io ns  s howi ng act iva t io n d i f fe r enc e s  for  peo pl e,  l ocat io n s  an d  

obj ect s .  (B )  M ea n di f fe r en ce (co l la p se d ac ros s  th e p rec u ne u s,  l ef t  par ah i ppoc amp al  gy ru s  

an d l ef t  m id d le  te mpo ra l  gyr u s)  in  BOL D ac t iv i t y  fo r  c lo se d -  vs  o p en - loo ps  f or  cu e  ( da rk  

gr ey) ,  ta r ge t  ( l i g ht  g r ey)  an d no n-t ar ge t  (wh it e)  t r i a ls  a t  no - d ela y ,  no  d el ay  (whe n  u s in g 

th e o pe n- loop  con d it ion a t  d e lay  as  ba s el i ne ;  h i gh l i gh te d w it h  gr ey ,  t r an s pa r en t  box ) ,  a nd  

de lay .  L in e s  i n  box es  r e pr es e nt  me an  d i f f e re nc e in  eac h co nd it io n.  Bo ttom  a nd  to p e dg e s  

o f  box e s  i nd ica te  t h e  25 th  a n d 75 th  pe rc en t i le s ,  re s pec t iv e ly .  W hi sk e rs  r e pr e se nt  th e  

mi nim um  a nd  max im um da ta  po i nt s .  * * * p  <  . 001 ,  co rr ect e d for  m ul t i p le  comp ar i so ns .   

Previous  s tudies  (Horn er et  a l . ,  2015;  Grande et  a l . ,  2019)  observed a  n on -target  

re instatement  ef fect  for  c los ed -loops  ret r ieved  immed iate ly  a fter  encoding,  and as  such  

the fa i lure to  repl i cate  th is  ef fect  was  un expected .  However ,  th e  abs ence of  a  d i f fere n ce 

between c los ed - and open -loops  at  no -d elay  i s  perhaps  cons istent  with  th e lack of  a  

s ign if icant  b eh aviou ra l  d i f feren ce in  d epend en cy between closed -  and  op en -loops  at  no -

delay.  Given that  we ob served ev idence of  d ep end en cy for  op en - loops  at  no -d elay ,  i t  is  

poss ib le  that  th is  open - loop  condi t ion  is  obs curin g a  poss ib le  non -target  re instatemen t 

effect  in  th e c los ed -loop cond it ion.  To assess  th is  poss ib i l i ty ,  we f i rs t  d irect ly  compared 

the BOLD respons e in  th e delay  and  no -d elay  condit ion for  th e op en - loop and c los ed -loop  
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cond it ion sep arate ly .  Th is  revealed s igni f icant ly  greater  BOLD act iv i ty  in  the op en - loop no -

delay  than d elay  cond it ion in  th e non -target  region ,  t (49)  = 4.55,  p  <  .001,  d  =  .64 (ad justed 

a lpha  for  s ix  comparisons  =  .008),  cons istent  wi th  the poss ib i l i ty  that  part ic ip ants  are  

re instat in g non -target  elements  more often in  th e open - loop no delay  than d elay  

cond it ion.  Apart  from s igni f i can t ly  greater  BOLD act iv i ty  in  th e c los ed - loop no -d elay  than 

delay  condi t ion in  th e target  region ,  t (49)  = 3 .24,  p  =  .002,  d  =  .46) ,  no fu rther  compar isons  

were s ign if icant ,  ts  < 1 .65,  ps  > .0105 .  

Given  ev id en ce that  the BOLD act iv ity  in  the op en -loop no -d elay  condi t ion d i ffered from 

the open- loop delay  condit ion in  th e non -target  region,  a longs id e the b eh aviou ra l  

ev iden ce for  d ep end ency in  th e op en -loop no -d elay  con dit ion,  i t  is  p oss ib le th is  con dit ion  

is  not  serv in g as  an ap propr iate b asel in e  for  comp aris on with  th e c losed -loop n o-d elay  

cond it ion.  Given the lack o f  d ep end ency in  th e open -loop d elay  cond it ion,  we reason ed  

th is  might  be a  more appropr iate bas el in e for  assess in g non -target  re instatemen t in  th e 

no-d elay  cond it ion.   

Th e comp aris ons  b etween the c los ed -loop  n o-d elay  and op en -loop  delay  condi t ions  

revea led that  BOLD act iv ity  was  s ign if icant ly  greater  for  n on -target  c losed -loops,  relat ive  

to  op en -loops ,  t (49)  =  5 .33,  p  <  .001,  d  =  .76 (ad justed  a lph a for  three comparisons  = .017 )  

(see Figure 3B).  There was  a lso a  s igni f i cant  d i f feren ce for  cu e ,  t (49)  = 3.74,  p  <  .001,  d  =  

.53,  but  not  target  tr ia l s  wh en corrected for  mult ip le comparisons ,  t (49)  =  2 .19,  p  =  .034,  

d  =  .31.  Thus,  wh en  we use  a  bas el in e in  wh ich we did  n ot  f ind ev idence of  b ehavioura l  

dep end en cy for  op en - loops  ( i .e . ,  th e op en - loop delay  condit ion),  we see ev id ence for  non -

target  reins tatement for  c los ed -loops  in  both  the delay  and  no -d elay  condit ion.  

We therefore  p rovide ev iden ce for  non -target  reins tatement  in  th e c los ed -loop  delay  and  

no-d elay  cond it ion,  a l though  the ef fect  at  no -delay  is  on ly  s een in  a  post -hoc analys is  

us ing  the op en -loop  delay  cond it ion as  a  basel in e measu re.  Cr it ica l ly ,  th is  pos t -hoc  

analys is  does  not  a f fect  the c lear  f indin g o f  non -target  reinstatemen t fo l lowin g a  24 -hou r  

delay  ( in clud ing  a  n igh t  of  s leep).   

Non-target reinstatement and correlated activity  

Th e above analys es  provided ev id ence  for  non -target  n eocort ica l  rein statemen t in  the 

c los ed -loop re lat ive to  open - loop cond it ion a fter  a  24-hou r d elay .  This  is  cons isten t  with  

behav iou ral  ev id ence s howing  th at  c los ed -loops  retain  thei r  coh eren ce,  as  measu red  by  

ret r ieva l  d ep end en cy,  fo l lowin g a  d elay  (Joensen et  a l . ,  2020).  

Prev ious  work  sh owed  that  th e st ren gth of  non -target  reinstatement correlated with  th e 

h ippocampal  c los ed - vs  open - loop contrast  across  part ic ip ants  (Horner et  a l . ,  2015) .  Th is  

is  cons istent  with  the proposa l  that  h ipp ocampal  pattern comp let ion dr ives  th e 
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re instatement  o f  a l l  ass ociated elements  in  th e neocortex .  To  ass ess  wheth er  th e ro le  o f  

h ippocampal  p attern  complet ion  d i f fers  over  t ime,  we correlated th e non -target  

re instatement effect  (c losed - vs  op en -loops)  wi th  the d if feren ce in  BOLD act iv i ty  between  

the c los ed -  and  op en -loop cond it ion  across  part ic ipants  (as  in  Horn er  et  a l . ,  2015),  

separately  for  the  no -d elay  an d d elay  condi t ion .  Note,  for  th is  ana lys is  we us ed the op en -

loop  no -d elay  cond it ion  as  the bas el in e  measure for  the c los ed - loop  n o-d elay  cond it ion,  

despi te  th is  contras t  n ot  provid in g c lear  ev id ence for  non -target  reinstatemen t in  th e 

pr imary ana lys is .   

Table  4 .   C l u st er s  a nd  pea ks  s howi n g w hol e - b ra i n  r e gio ns ,  a n d c l us te r s  w it h i n  

a  b i l a t era l  h i p pocam pa l  m ask,  cor re lat i ng  wi th  d i f f e re nc es  i n  cor t ic a l  act iv i ty  

for  non -ta r ge t  t r ia l s  b et wee n c lo se d -  a nd  o pe n- lo ops  at  de lay  a n d no - de la y  

(p F W E  <  . 05 ,  c l us t er  s i ze  >  5) .  L  =  L ef t  h em is p h er e;  R  =  R ig ht  h em i sp h er e.   

  MNI  C o ord inate s   

Reg io n  Vo xe ls  X  Y  Z  Z  sc ore  

De lay       

R  In fe r io r  Te mpo ra l  Gyr u s  57  57  -51  -15  5 .73  

L  Mi d dl e  T em pora l  Gy ru s  45  -60  -33  6  5 .54  

L  Amy g da la  65  -18  -3  -15  5 .37  

R  In s ul ar  5  36  9  -15  5 .08  

R  Pu tam e n  14  21  9  3  5 .04  

R  H i ppoc am pu s  12  18  -6  -12  4 .99  

No-D ela y       

L  H i ppoca mp u s  39  -27  -33  -6  5 .84  

L  S up e r ior  t em por a l  gy r us  299  -60  -36  9  5 .80  

L  Ce re b el l um  94  -15  -63  -33  5 .60  

R  C i n gu la te  gy r us  35  6  3  30  5 .46  

L  Put am en  64  -33  -9  -9  5 .45  

L  Tem pora l  Po le  52  -48  9  -6  5 .41  

L  Put am en  110  -24  9  9  5 .39  

R  S u pe r io r  t em por a l  s u lcu s  82  57  -30  3  5 .39  

R  C i n gu la te  gy r us  33  9  45  15  5 .28  

L  Me d ia l  f ro nt a l  gy r us  38  -9  -21  48  5 .20  

R  F ron ta l  Or b i ta l  Co rt ex  17  33  30  -12  5 .18  

R  Ce re b ra l  W hi te  Ma tt er  24  18  12  6  5 .16  

At both  delay  and n o -d elay ,  mult ip le  bra in  reg ions  that  have previous ly  b een  associated  

with  reco l lect ion ,  in clud ing  th e h ipp ocampus  (see Kim,  2010;  Ru gg  &  V i lb erg,  2013;  Spanio l  

et  a l . ,  2009 for  rev iews ),  corre lated with  th e d i fferen ce in  non -target  re instatement 

between c los ed - and op en -loops  on a  whole -b ra in  level  (s ee Table 4) .   With in  the b i lateral  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 6, 2024. ; https://doi.org/10.1101/2023.09.15.557911doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.15.557911
http://creativecommons.org/licenses/by/4.0/


19  

 

hippocampal  mask  (p F W E / S V C  < .05) ,  we obs erved  d if ferences  in  BOLD act iv ity  for  non -target  

tr ia ls  that  correlated with  the c losed - vs  op en - loop contras t  at  both delay  and no -d elay  

(see Table 5) .  We th erefore  provid e ev idence th at  non -target  re instatement correlates  th e 

h ippocampal  c losed -  vs  open -loop  cons trast  in  both  th e no -d elay  and  d elay  condi t ion.  

Unthres holded stat is t ica l  maps  o f  thes e ef fects  are  avai lab le at  

https://neu rovau lt .org/col lect ions /IFZTMWIU/ .  

Table  5 .   C l us te r s  a nd p eak s  show i ng re g ion s  wi t h i n  th e b i lat e ra l  

h i p pocam pa l  m as k  cor re la t i ng  wi th  d i f f er e nc es  i n  co rt i ca l  act iv i ty  for  

non -ta r ge t  t r ia l s  b e twe e n  c los e d -  a n d op e n- loop s  at  de lay  an d no -

de lay  ( p F W E / S V C  <  .0 5 ,  c l us te r  d ef i n in g  t hr e sho l d  at  th e w ho le -b ra in  

lev e l  p  <  .0 01,  c lu s te r  ex t en t  t hr e sho l d  >  5  vox el s) .  L  =  L ef t  

he mi s ph er e ;  R  =  R ig h t  he mis p h er e.  

  MNI  C o ord inate s   

Reg io n  Vo xe ls  X  Y  Z  Z  sc ore  

De lay       

R  H i ppoc am pu s  2  18  -6  -12  4 .99  

L  H i ppoca mp u s  1  -18  -6  -12  4 .79  

No -D ela y       

L  H i ppoca mp u s  26  -27  -33  -6  5 .84  

L  H i ppoca mp u s  1  -33  -12  -12  4 .80  

L  H i ppoca mp u s  4  -21  -9  -12  4 .74  

 

We als o p er formed a second analys is  to  ass ess  th e relat ionship  b etween non -target  

re instatement  and  th e h ippocampal  c los ed -  vs  op en -loop contrast .  We f i rst  id ent i f ied  

regions  with in  th e h ip pocamp al  mask  that  s howed greater  BOLD act iv ity  for  c los ed -  

re lat ive  to  op en - loops  ( col laps ed  across  delay  and no -d elay  and a l l  retr ieva l  t r ia ls ) .  Th is  

revea led a  region in  th e left  h ipp ocamp us (p eak :  -21,  -36,  3)  at  an un corrected thresho ld  

(p  <  .001)  (Unth reshold ed stat ist ica l  map of  th is  ef fect  is  avai lab le at  

https://neu rovau lt .org/col lect ions /IFZTMWIU/ ) .  We then extracted  the d i fferen ce 

between clos ed - and open -loops  in  th is  fun ct ional ly  d ef ined region for  each part ic ipan t  

and correlated th is  d i f ference with  the d if feren ce in  n eocort ica l  n on -target  act iv ity  

between clos ed - an d open -loops.  Cons istent  wi th  th e whole-bra in  and SVC ana lys es  

rep orted  above,  we saw that  act iv ity  from the c los ed - vs  op en -loop contrast  in  th e 

hippocampus correlated  with  part ic ipants ’  non -target  reinstatement at  b oth no -d elay ,  r  =  

0.68,  p  <  .001  (and  wh en us in g  th e op en -loop delay  cond it ion  as  bas el ine  for  the  c los ed -

loop cond it ion at  no -d elay,  r  =  0 .66,  p < .001)  and delay,  r  =  0.43,  p  =  .002.  
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F igure  4 .  (A )  Cor re la t io n b etw ee n  t he  d i f fe re nc e i n  h ip pocam pa l  act iv i ty  du r i n g  

th e r et r i ev a l  o f  c los e d -  v s  op e n- loop s  ( h i p pocam p al  ROI  de f i n ed as  a  9 -m m 

rad i us  s ph er e  ce n tr e d o n th e  p ea k  coo rd i nat e  f ro m  t h e c los e d -  v s  o p en - loo p 

cont ra st  pe ak :  -2 1,  -3 6,  3)  a nd t he me an d i f f er e nce (co l l ap s e d acro s s  

pr ec un e us ,  l ef t  pa ra hi p p ocampa l  gyr u s  a n d l ef t  mi dd le  t em pora l  g yr u s  fo r  

peo p le,  loc at ion s  a nd  o bj e cts ,  r e sp ec t iv e ly )  i n  BOLD  act i v i ty  d ur i ng  non -ta rg e t 

re tr iev a l  fo r  c lo se d -  v s  op en - loo ps,  s ep ara te ly  fo r  e ve nt s  r et r i ev ed a f t er  no -

de lay  ( l ef t )  a n d d e lay  ( r ig ht) .  (B )  M ea n GLME m ode l  es t i mat e s  (a n d 95%  

conf i d e nce  i nt e rva ls )  for  in te rc ep t  ( le f t )  a nd  s lo pe  ( r ig ht)  for  t h e no - de la y  

(da rk  gr ey)  a nd  d e lay  ( l ig h t  g r ey)  co n di t io ns .  ** * p  <  .00 1 ,  ns  no n- s ig ni f ic an t .  

 

As a  n ext  step,  t o  ass ess  wh eth er the relat ion ship  b etween the h ippocampal  c los ed - vs  

open - loop  contrast  and  non-target  reinstatement d if fered  at  no -d elay  and d elay ,  we again  

ext racted th e d i fferen ce between  c los ed - and  open - loops  (co l lapsed  across  a l l  retr ieval  

tr ia ls )  in  th e fun ct ional ly  d ef in ed  h ippocampal  region id ent i f ied  above for  each  

part ic ipant ,  as  wel l  as  the mean d i fferen ce in  neocort ica l  non -target  act iv ity  b etween  

clos ed -  and  op en -loops .  We th en used  a  gen eral ised  l in ear  mixed -ef fects  (GLME) model  to  

est imate th e stren gth of  n eocort ica l  re instatement ( i .e . ,  d i f ferences  in  neocort ica l  non -

target  a ct iv ity  between  clos ed - and open - loops ) ,  incorp orat in g f i xed ef fects  o f  Delay  ( i .e. ,  

no-d elay  vs  delay) ,  th e  h ippocampal  c los ed -  vs  op en -loop con tras t  ( i .e . ,  d i f ference in  
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hippocampal  act iv ity  b etween clos ed - and op en -loops ) ,  and  th ei r  in teract ion,  a lon g with  

random ef fects  o f  p art ic ipant  and Delay  for  each part ic ipant .  Note th at  th e f i xed -ef fects  

spec i fy  predictors  of  interest ,  whi le th e random effects  accou nt  for  stat i st ica l  d epend ency  

between with in -p art ic ip ant  obs ervat ions .  

Cons istent  wi th  th e corre lat ion an alys es ,  the GLME model  revealed s ignif icant  effects  o f  

the h ippocampal  c los ed - vs  open - loop contrast  on th e strength of  non -target  

re instatement at  both n o -d elay,  t (96)  = 6 .49,  p  <  .001,  and d elay ,  t (96)  = 3.43,  p  <  .001  

(adjus ted  a lpha  for  s ix  comparisons  = .008) .  We also  saw that  the s lop e of  th is  effect  of  

the h ippocampal  contrast  on non -target  re instatement d id  not  d i f fer  s ignif icant ly  between  

delay  an d no -d elay  condit ion,  t (96)  =  1 .62,  p  =  .11.  As  such ,  th e  h ipp ocampal  c los ed - vs  

open - loop con trast  is  p red ict ive o f  non -target  re instatement in  both  the n o -delay  and 

delay  condi t ions ,  and we s ee no ev idence for  a  d i f feren ce across  d elay .   

Cr it i ca l ly ,  th e  GLME  model  revea led that  th e intercept s  d i f fered s ign if i cant ly  across  d elay ,  

t (96)  = 4 .78,  p  <  .001.  Whi le th e in tercept  at  no -d elay  d id  not  d i f fer  from zero,  t (96)  =  

1.32,  p  =  .189,  th e intercept  for  th e d elay  con dit ion was  s igni f icant ly  greater  than zero,  

t (96)  =  6 .82,  p  <  .001  (s ee Figure  4) .  Th is  is  cr i t ica l  as  i t  d emonstrate s  that ,  a l thou gh th e 

h ippocampal  c los ed - vs  open - loop contrast  corre lated with  non -target  re instatement at  

both t ime p oints ,  th e reinstatemen t ef fect  can occur  without  ev id en ce for  a  corresp onding  

d if feren ce between closed - vs  op en -loops  in  the h ippocampus at  dela y.  Given th is  

h ippocampal  con trast  is  l ikely  a  marker  o f  h ipp ocampal  p attern  complet ion (Horner  et  a l . ,  

2015),  th is  sugges ts  that  non -target  reinstatement can b e dr iven ,  in  an  addit ive manner,  

by  both h ippocamp al  pattern complet ion and a  non -h ippocamp al  process  fo l lowin g a  24 -

hr  d elay  between  en cod ing and ret r ieva l .  

To ass ess  th e robustn es s  of  th es e ef fects ,  we re -ran th e GLME analys is  whi le remov ing a  

randomly se lected subs et  o f  part ic ip ants  at  each analys is  poin t  f rom n -1 to  n -20.  For  each  

of  th ese an alys es ,  we i terat ively  rep eated th e analys is  50 t imes and removed  a  rand omly  

selected subset  o f  part ic ipants  for  each i terat ion .  The robustn ess  ana lys i s  showed that  th e 

s ign if icant  intercept  d i f ferences  from zero in  the d elay  condi t ion was  pres ent  in  every  

i terat ion,  as  wel l  as  th e s ign if icant  d i fferen ces  in  th e intercep t  between  the no -d elay  an d 

delay  cond it ion b eing  p res ent  in  every  i terat ion.  Th e n on -s igni f i cant  d i f feren ces  in  th e 

s lop e b etween th e no -d elay  and  d elay  condi t ion  was  more var iable,  decreas ing below 90%  

cons is ten cy with  the main an alys is  at  n -9,  with  a  mea n cons is tency o f  83% b etween n -9  

and n -20 and a  minimu m cons isten cy o f  70% at  n -20.  Th us,  th e resul ts  of  ou r  novel  GLME 

approach  to assess ing  the relat ionsh ip  b etween  hipp ocamp al  pattern complet ion  and  non -

target  neocort ica l  reins tatemen t are robust  to  ran dom removal  o f  data  points  to  at  least  

n -9 ( i .e. ,  a  tota l  N  o f  ~40) .  
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Discussion 

We show that  events ,  comp osed  of  three over lapping p airs  ( i .e . ,  c losed - loops ) ,  con t inu e 

to b e re instated  ho l is t i ca l ly  fo l lowing  a  24-h r  per iod  of  forgett ing and consol idat ion .  

Alth ough  memory  per forman ce d ecrease d over  t ime  ( indicat in g th at  forgett ing  had  

occurred ),  we cont inu ed  to obs erve BOLD act iv ity  related to th e reinstatement o f  e lements  

inc id enta l  to  retr ieval  ( i .e . ,  n on -targets ) .  For  examp le,  when  part ic ip an ts  were cu ed with  

a  locat ion (e.g. ,  kitchen )  and  asked to ret r ieve th e over lapping  object  (e .g . ,  hammer ) ,  

ret r ieva l  a lso  led to  act iv ity  in  cort ica l  reg ion s  assoc iated  with  th e over lapp ing  p erson  

(e .g . ,  Barack Obama ) ,  despi te no exp l ic i t  demand to ret r ieve th is  element ( i .e . ,  th e  

element was  n either  th e cue nor th e retr ieval  target ) .  Important ly ,  the  level  o f  th is  n on -

target  re instatement ef fect  at  de lay  was  equiva lent  to  that  seen for  c los ed -loops  retr ieved 

immed iately  a fter  encoding  (wh en  us ing th e open -loop cond it ion at  d elay  as  bas el ine).  

Th is  is  cons istent  with  behav iou ral  ev iden ce for  ‘hol is t i c  forgett ing’  where events  retain  

their  coh eren ce over  per iods  of  forgett in g  (Joen sen et  a l . ,  202 0).   

Th e re instatement of  non -target  e lements  is  thought  to  b e a  d irect  consequen ce of  pat tern  

complet ion  in  the h ippocampus  ( Horner  &  Doel ler ,  2017 )  whereby a  part ia l  input  can resu lt  

in  th e retr ieval  o f  th e complete memory .  We show that  th e stren gth  of  th e non -target  

re instatement  ef fect  correlates  with  a  s ignature o f  h ippocampal  p attern comp let ion  

(h ipp ocampal  c los ed - vs  open - loop  contrast)  b efore and a fter  a  24 -h r  delay.  However,  

a lthou gh th e s lop e of  th is  re lat ionsh ip  d id  not  stat ist ica l ly  d i f fer  across  del ay,  th e 

intercept  s ign if icant ly  increas ed and was  s tat is t ica l ly  greater  than  zero  at  delay.  Al thou gh  

th is  n ovel  analys is  an d f inding appears  to  be rob ust  to  th e removal  o f  random part ic ip ants  

(at  leas t  to  N -9 p art ic ipants) ,  i t  is  non etheless  importan t  that  they shou ld  be rep l i cated in  

an in dep en den t  d ata  set  in  th e future.  Our  resul ts  su ggest  that  h ippocamp al  pattern  

complet ion st i l l  contr ib utes  to  th e strength of  th is  ef fect  a fter  de lay,  h owever some non -

target  reins tatement can occur  withou t  a  corres pondin g s ignature o f  h ip pocamp al  pattern  

complet ion  fo l lowing  a  24 -hr  delay .  Th is  lat ter  f ind i ng  po ints  to  an emergent  non -

hippocampal  contr ibut ion to hol is t i c  re instatement.   

I t  has  lon g b een  propos ed  that  the role  o f  the  h ippocampus  in  long-term memory  retr ieval  

chan ges  over  t ime ( McClel land  et  a l . ,  1995;  Squire & Alvarez,  1995 ).  Th is  proposal  is  

mot ivated  by obs ervat ions  that  a lth ough pat ients  with  h ippocampal  damage pres ent  with  

amn esia  (Scov i l le  & Mi l ler ,  1957;  Vargha -Khad em et  a l . ,  1997),  th ey o ften sh ow a temp ora l  

grad ient  to  th eir  def ic i t ,  with  memory for  remote even ts  being  re lat ive ly  spared compared  

to more recent  on es  (Schnid er  et  a l . ,  1995;  but  see a ls o Sand ers  &  Warr ington,  1971).  

Standard  th eories  of  consol id at ion h ave argu ed  that  t h e sparse  act iv ity  patterns  and h igh  

neural  d ens ity  o f  th e  h ippocampus  are thought  to  provide the id ea l  mech anis ms  for  the  
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in it ia l  en cod ing an d retr ieva l  of  event -bas ed rep res en tat ion s  (McCle l land et  a l . ,  1995;  

Norman  & O’Rei l ly ,  2003;  Treves  &  Rol ls ,  1994) .  However,  over  p er iods  o f  conso l idat ion,  

gradu al  ad justments  to  cort ica l  conn ect ions  are th ought  to  a l low for  the formation of  

neocort ica l  repres entat ions  th at  can  be ret r ieved ind ependent  o f  the h ippocampus  

(McClel land  et  a l . ,  1995) .  A lth ough,  stan dard  theories  of  consol idat ion  have noted that  

th is  process  can b e relat ive ly  protracted occurr ing over  days ,  weeks,  or  mon ths,  th ere is  

ev iden ce that  d i f feren ces  in  h ip pocampal  act iv i ty  at  retr ieval  a lready emerge a fter  a  on e -

day interval  (Takashima et  a l . ,  2006;  Takash ima et  a l . ,  2009).  

Cons istent  wi th  th es e f indings ,  we found a  d i f feren ce in  th e in tercept  between the no -

delay  and d elay  cond it ions  when est imatin g the re lat ionsh ip  b etween n eocort ica l  

re instatement and h ipp ocampal  pat tern complet ion .  Whi le  the intercept  d id  not  d i f fer  

from zero in  th e no -d elay  cond it ion,  i t  was  s ignif icant ly  greater  than zero in  th e d elay  

cond it ion (and the in tercepts  s ign i f i cant ly  d i f fered between con dit ions) .  Th e non -zero  

intercept  su gges ts  th at  n eocort ica l  reins tatement  can occur  without  ev iden ce for  a  

corresp onding  s ignature o f  h ippocampal  pattern comp let ion  fo l lowing  a  24 -hr  p er iod  of  

conso l idat ion.  Yet ,  our  resul ts  a lso show that  whi le th e neocort ica l  rein statemen t of  non -

target  elements  can be ach ieved withou t  a  corresp onding  in crement in  h ippocampal  

pattern  comp let ion,  the h ippocampus  st i l l  con t r ibutes  to  th e strength of  th is  

re instatement  ef fect .  As  such,  whi le  conso l idat ion  may a l low for  the stren gth ening of  

re lated n eocort ica l  rep res entat ions  that  can b e hol is t i ca l ly  re instated independently  o f  

h ippocampal  pat tern complet ion –  cons istent  wi th  standard theor ies  of  conso l idat ion –  

pattern  complet ion  cont inu es  to  med iate  th e stren gth  to  wh ich  even ts  are  ho l is t ica l ly  

re instated  a fter  a  24 -hr  delay.   

Cr it i ca l ly ,  th es e two contr ibut ions  to  h ol is t i c  neocort ica l  re instatement  app ear to  b e 

addit ive  in  n ature;  the total  amou nt of  re instatement  is  th e  sum of  th e  l inear  re lat ionsh ip  

between h ippocampal  pattern comp let ion an d reinstatemen t and the addit ion al  n on -

hippocampal  contr ibut ion (at  least  af ter  24 -hours) .  This  su ggests  th at  the re lat ionsh ip  is  

not  comp ensatory  in  n ature  –  i t  i sn ’ t  th e  cas e th at  as  on e contr ibut ion  increas es  th e oth er  

decreas es .   

One cr it i ca l  quest ion is  wh eth er th is  pattern i s  cons istent  across  fur ther  delays .  I t  is  

poss ib le  that  the h ippocampal  contr ibut ion  d ecreas es  over  longer  t imes cales ,  wh ich  wou ld 

be ref lected in  a  d ecrease in  th e s lop e of  th e est imated relat ionsh ip  over  t ime.  Su ch  a  

resu lt  wou ld supp ort  standard cons ol idat ion th eor ies ;  however,  i t  wou ld p o int  to  a  more 

addit ive re lat ionsh ip  durin g th e cons ol idat ion process ,  wi th  h ippocamp al  pat tern 

complet ion cont inuing to  con tr ibute to  th e reins tatement o f  past  events  even in  th e 

pres en ce of  a  non -h ippocampal  contr ibut ion  to  retr ieval .  Indeed ,  our  ap proach potent ia l ly  

a l lows for  th e track in g o f  ind ep end ent  t ime cours es ,  wh ere th e contr ibut ion of  
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hippocampal  p attern  complet ion  might  d ecreas e over  t ime at  a  d i f ferent  rate re lat ive to  

the emergen ce of  the  non -h ippocamp al  process ,  and that  th es e d if ferent  t ime cours es  

might  b e d r iven by d if ferent  mechan isms .  For  example,  th e increas e in  the n on -

hippocampal  process  might  b e dr iven by act ive systems conso l id at ion  process es  during  

s leep (D iekelmann & Born,  2010),  whereas  th e decreased con tr ib ut ion of  h ippocampal  

pattern  comp let ion might  be a  funct ion  of  forgett ing  v ia  d ecay mech an isms  (Hardt  et  a l . ,  

2013;  Sad eh et  a l . ,  2013).  Track ing the t ime cou rse o f  changes  to  th e s lope an d intercept  

of  th e h ippocampal  p attern complet ion -n eocort ica l  reins tatement re lat ionsh ip  over  

d i f ferent  d elays  ( from one day to  s everal  weeks )  could  assess  th is  poss ib i l i ty .  

Alternat ive  accounts  o f  conso l id at ion,  su ch as  the mu lt ip le t race  th eory  (Nad el  &  

Moscovitch,  1997)  and  trace-trans formation theory  (Sekeres  et  a l . ,  2018 ;  Winocur &  

Moscovitch,  2011 )  make a  d ist inct ion b etween the main tenan ce an d  ret r ieval  o f  f in e -

gra in ed,  or  context -r i ch ,  in format ion  and  more gist - l ike  in formation surround in g a  

memory .  Th es e d ist in ct  repres entat ions  have b een  propos ed to  be rep res en ted  

ind ependently ,  wi th  th e former  bein g more d ependent  on  th e h ipp ocampus and  th e la tter  

on th e neocortex .  Support  for  th is  d ist in ct ion has  come from ev id ence showing  that  

per iph era l  d etai ls  are forgotten more rapid ly  than gist - l ike in formation f rom an event  

(Sekeres  et  a l . ,  2016)  and ev iden ce showing  that  memory  for  context -r ich  in format ion of  

an event  (but  not  g is t - l ike in formation )  tend s  to  be imp aired fo l lowin g h ippocampal  

damage (St -Lau ren t  et  a l . ,  2009).  

Our  f ind ings  may  represent  an  intermed iate  b etween standard theor ies  of  conso l idat ion 

and thes e a lternat ive accounts ,  where th e d irect  invo lvemen t of  h ip pocamp al  pat tern  

complet ion  in  recol lect ion en dures ,  insofar  as  h ipp ocampal  pattern complet ion  st i l l  

contr ibu tes  to  th e strength or  p rec is ion of  re ins tatemen t,  des pite the emergence of  a  non -

hippocampal  contr ibu t ion to  ret r ieva l .  Har low and col leagu es  (Har low & Donalds on,  2013:  

Har low & Yonel inas ,  2016)  have argu ed that  recol lect ion may b e ch aracter is ed by two 

potent ia l ly  sep arab le memory components :  ‘access ib i l i ty ’  ( i .e. ,  th e probabi l i ty  o f  

success fu l  ret r ieva l)  and ‘precis ion’  ( i .e . ,  th e prec is ion/f ide l i ty  of  the successfu l ly  

ret r ieved in formation) .  As  su ch,  i t  is  poss ib le  that  th e strength  (or  precis ion )  of  

re instatement  is  ref lect ive  o f  a  more cont inu ous  ret r ieva l  p rocess ,  such that  even  in  

instan ces  where an ent i re event  is  successfu l ly  re instated in  th e n eocortex ,  th e f id el i ty  of  

re instatement  may d i f fer  across  events ,  an d th is  may d ep end on th e involvement of  th e  

h ippocampus (e.g. ,  Korkki  et  a l . ,  2021;  N i lakantan et  a l . ,  2018,  bu t  s ee a lso Richter  et  a l . ,  

2016).  Wh ereas  some in it ia l  ( less  precis e)  neocort ica l  reinstatement could  occu r  without  

h ippocampal  pattern comp let ion  fo l lowing  a  delay,  fu rth er  (more prec ise ,  d eta i led )  

re instatement  cou ld  st i l l  requi re pat tern complet ion .  This  would pred ict  th at  wh en  

ret r iev ing  context -r i ch  informat ion  th e h ipp ocamp al -n eocort ica l  relat ionship  should  b e 
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mainta in ed over  d elay ,  however ,  when retr iev ing  more gis t - l i ke  informat ion,  the  

re lat ionsh ip  shou ld  decreas e over  d elay .  Ass ess ing memory for  th e perceptua l  v ersus  

semant ic  features  o f  mu lt ip le event  elements  across  delay  could  addres s  th is  poss ib i l i ty .  

In  sum, we prov id e ev idence for  hol is t i c  reins tatemen t fo l lowin g a  per iod of  forgett in g  

and conso l idat ion.  Th is  is  cons isten t  wi th  p rev ious  b ehavioural  ev id en ce suggest ing  that  

event -bas ed memories  u ndergo  a  hol is t i c  form of  forgett ing wh ere even ts  that  are  reta in ed  

cont inu e to b e ret r ieved in  th ei r  ent irety  and  events  that  are  forgotten are forgotten  in  

their  ent irety .  Cr it ica l ly ,  we found ev idence th at  hol is t i c  re instatemen t in  the neocortex  

is  dr iven by both h ippocampal  pattern complet ion and a  non -h ippo campal  process  after  

24-hours .  Further,  ou r  novel  exp er imen tal  app roach  a l lows us  to  ind epend ent ly  assess  

both a  h ippocampal  and  non -hip pocampal  contr ibut ion to re instatemen t,  a l lowing  futur e  

res earch to t rack th e  t ime-cours es  o f  th es e potent ia l ly  ind ependent  contr ibu t ions.  F ina l ly ,  

our  resu lts  show th at  hol is t ic  retr ieval  is  dr iven by both a  non -h ippocamp al  p rocess  and  

h ippocampal  p attern  comp let ion  a fter  24 -h ou rs ,  su ggest ing  that  the h ipp ocampus and  

neocortex work in  a n  addit ive,  rather  than  comp ensatory,  mann er to  support  episod ic  

memory  retr ieval .   
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