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Abstract 

Hippocampal  theta osci l lat ions have been impl icated in  associat ive memory in  humans.  

However ,  f ind ings from elect rophys io log ical  s tudies  using  sca lp  e lect roencepha lography  

(EEG) or  magnetoencephalography (MEG) ,  and  those us ing int racran ia l  EEG ( iEEG) are  

mixed.  Here we asked  ten  pre-surgica l  ep i lepsy  pat ients  undergo ing  iEEG recording,  a long  

with  21 part ic ipants undergo ing MEG recordings,  to  per form an assoc iat ive  memory task,  

and asked whether h ippocampal  theta act iv ity  dur ing encoding was predict ive o f  

subsequent  assoc iat ive  memory  per formance.  Across the iEEG and MEG stud ies,  we 

observed  that  theta power  in  the h ippocampus increased during  encod ing,  and  that  th is  

increase d i f fered  as a  funct ion of  subsequent  memory,  with  greater  theta  act iv ity  for  pai rs  

that  were successfu l ly  ret r ieved in  thei r  ent irety  compared to those that  were not  

remembered.  This  help s to  c lar i fy  the role o f  theta osci l la t ions in  associat ive memory  

formation in  humans,  and further ,  demonstrate s that  f indings in  epi lepsy  pat ients  

undergo ing iEEG record ings can be extended to healthy part ic ipant s  undergo ing MEG 

recordings.  
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1. Introduction 

Osci l latory  act ivi ty  with in  the h ippocampal -entorhinal  system has long been hypothes ised  

to p lay  a  cr i t ica l  ro le  in  cogn it ive  funct ion  (Buzsák i  & Moser,  2013) .  In  part icu lar ,  the  6 -

10Hz theta rhythm dominate s  the local  f ie ld  potent ia l  in  the rodent  h ippocampus;  a  reg ion 

known to be cr i t ica l  for  spat ia l  and episodic  memory  in  humans (E ichenbaum & Cohen,  

2004; O’Keefe & Nadel ,  1979) .  Cont inuous h ippocampal  theta act iv ity  i s  observed 

whenever the an imal  is  moving (Vanderwol f ,  1969)  or  engaged in  memory -guided  

behaviour (Aronov et  a l . ,  2017) .  Memory funct ion has a lso been l inked to the presence of  

theta rhythmici ty ,  with  d isrupt ion of  h ippocampal  theta abo l i sh ing  spat ia l  learning  

(McNaughton et  a l . ,  2006;  Winson,  1978) .  

E lect rophysio log ica l  s tudies  have demonstrated that  theta  osc i l lat ions  are  a l so present  

during movement  in  the human hippocampus (Bohbot  et  a l . ,  2017;  Ekst rom et  a l . ,  2005;  

Jacobs et  a l . ,  2010) ,  a lbei t  at  shorter  durat ion and lower ampl itude than the rodent  

equ ivalent  ( Jacobs,  2014) .  S imi lar ly ,  substant ia l  evidence exists  to  demonstrate a  

re lat ionsh ip  between  theta act ivi ty  in  the h ippocampus and memory format ion in  humans 

(Herweg et  a l . ,  2020 ).  However,  resu lt s  regarding the prec ise  relat ionsh ip  between  

hippocampal  theta and  successfu l  memory  formation are mixed,  wi th  evidence from 

stud ies us ing sca lp  e lectroencepha lography (EEG) or  magnetoencephalography (MEG)  

demonstrat ing that  theta act ivi ty  dur ing encoding i s  posi t ively  correlated with  later  

memory  success  (Backus  et  a l . ,  2016:  Hanslmayr  et  a l . ,  2011:  Kl imesch et  a l . ,  1996;  Osipova 

et  a l . ,  2006;  Gruber  et  a l . ,  2008;  Guderian  &  Düzel ,  2005;  Herweg et  a l . ,  2016;  Staudigl  &  

Hanslmayr,  2013;  but  see a l so Guderian et  a l . ,  2009;  Addante et  a l . ,  2011  for  pre-st imulus  

encoding theta and subsequent  memory per formance ),  wh i le those using  intracrania l  EEG 

( iEEG) record ings  in  large part  demonstrat ing that  decreases in  h ipp ocampal  theta dur ing 

encoding are predict ive o f  la ter  memory success (Lega et  a l . ,  2012;  L in  et  a l . ,  2017;  

Sederberg et  a l . ,  2007;  Fe l lner  et  a l . ,  2019;  Long  et  a l . ,  2014;  Long  & Kahana,  2015;  

Solomon et  a l . ,  2019 ).  



3 

 

The reasons for  these d iscrepancies are perhaps  manyfold  (Herweg et  a l . ,  2020 ),  but  here 

we reasoned that  one important  factor  may be re lated to d if ferences in  memory  paradigms 

and/or  the type of  memory being assessed.  For  instance,  amongst  studies using scalp  EEG 

and MEG,  theta act ivi ty  dur ing encoding has been associated with  subsequent  recogni t ion 

(Os ipova  et  a l . ,  2006),  recol lect ion  (Gruber  et  a l . ,  2008;  Guderian  &  Düzel ,  2005;  Herweg 

et  a l . ,  2016)  and i tem to context  matching (Staudigl  & Hans lmayr et  a l . ,  2 013).  On the 

other  hand,  studies using iEEG have tended to focus on the recogni t ion or  recal l  of  s ing le,  

iso lated words .  This  po int  i s  c r i t ica l  g iven the proposed role o f  the h ippocampus in  the 

exp l ic i t  encoding and retr ieva l  o f  assoc iat ive memories (Mayes  et  a l . ,  2007;  Squ ire &  Zo la -

Morgan,  1991),  whi le  i tem -based  memory,  or  recognit ion  more general ly ,  may  a lso  be 

supported by MTL regions outside the h ippocampus;  possib ly  ref lect ing a  s imple fami l ia r i ty  

s igna l  (Agg leton & Brown,  1999 ;  D iana et  a l . ,  2007) .  

Here  we a imed to assess the ro le o f  h ippocampal  theta act ivity  in  subsequent  associat ive  

memory .  To do th is,  we used a  task  and memoranda speci f i ca l ly  designed to promote 

associat ive  b ind ing ( Horner &  Burgess,  2014 ),  g iven the role of  the h ippocampus in  th is  

process ( Cohen et  a l . ,  1999;  Davach i ,  2006;  Marr,  1971;  Mayes et  a l . ,  2007 ;  McCle l land et  

a l . ,  1995 ).  We co l lected iEEG and  MEG record ings  across  two stud ies ,  focus ing on later  

ret r ieva l  success for  pai red assoc iates that  were imagined interact ing dur ing encoding ( to  

promote deeper and more elaborat ive associat ive b inding),  wh i l st  a iming to  equate task 

demands for  pat ients  ( in  the iEEG study)  and  hea l thy part ic ipants  ( in  the MEG study) .  Whi le  

iEEG a l lows for  d irect  recordings f rom the h ippocampus,  a ffo rd ing  greater  spat ia l  

reso lut ion,  these recordings  are obta ined from cl in ica l  populat ions.  By  col lect ing MEG  

recordings from healthy part ic ipants per forming the same task,  we can  a lso  assess  the 

translat ion of  h ippocampal  theta ef fects to  non -c l in ica l  popu lat ions.  
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2. Methods 

2.1. iEEG 

2.1.1 .  Pat ients   

Fourteen  pat ients with  drug -resi stant  ep i lepsy  undergoing iEEG monitor ing  for  c l in ica l  

purposes were asked to per form an assoc iat ive  memory task  s imi lar  to  that  used in  Horner 

and Burgess (2014) .  E th ica l  approva l  was granted by the NHS Research  Ethics Committee 

(15/LO/1783 )  and informed wr itten consent  was obtained f rom each pat ient .  Four pat ients  

were excluded f rom the analyses for  the fo l lowing reasons :  ( i )  insuf f i c ient  tr ia l s  to  a l low 

for  compa risons of  subsequent  memory per formance  (def ined as less than two t r ia l s  in  any  

of  the subsequent  memory per formance cond it ions ,  n  =  2 ) ;  and ( i i )  on ly  one or  no electrode 

contacts  located  in  the h ippocampus  (n  =  2) .  Accord ingly ,  10 pat ients ( 4  male/6 female,  9  

r ight -handed,  with  M  age ± S D  o f  36 .20 ± 8 .59 years)  were inc luded in  the analyses.  

Pre- implantat ion MRI  and post - implantat ion  CT scans were co-reg istered to ident i fy  

electrode locat ions in  the h ippocampus  (M  ±  SD  number  o f  contacts =  3 .10 ±  1 .45) ,  

amygda la  (M  ±  SD  number  o f  contacts  =  2 .10 ± 0.99 )  and temporal  neocortex  (M  ±  SD  

number  o f  contacts = 10.50 ± 2.99) .  E lectrode implantat ion was uni latera l  in  a l l  pat ients  

and d ictated by c l in ica l  requ irements  ( see Error !  Reference sour ce not  found.  for  c l in ica l  

and general  detai l s) .  

Depth EEG was  recorded at  512 Hz (Pat ient  1) ,  1024 Hz  (Pat ient s 2 -7 ,  10) ,  or  2048 Hz  

(Pat ient s 8 -9)  using  a  Micromed SD  long-term monitor ing system  (Micromed) .  The EEG 

signa l  was referenced against  a  common white  matter  contact  that  was  located remotely  

from the suspected epi leptogen ic  focus  in  each pat ient .  Recordings made at  a  h igher  

sampl ing rate  were downsampled  to 512 Hz,  to  match  those recorded with  the lowest  

sampl ing rate,  before any analyses were performed.   
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Table  1 .  Cl i n ic a l  an d g en e ra l  d et a i l s  o f  th e pa t i e nt  p opu la t io n  

  Nu mber  of  c o nta ct s  Imp la nte d 

Hem is phere  

Pat ien t  I D  Se izure  o nse t  z one  HPC  Amygd a la  TNC   

1 L  HPC  4  2  12  L  

2  L  an te r io r  HPC  2  3  9  L  

3  R  me d ia l  t em pora l  3  0  15  R  

4  R  an te r io r  f ron ta l  2  2  8  R  

5  L  occ ip i to - t em pora l  2  1  15  L  

6  Cou ld  n ot  b e  l oca l i sed  2  3  13  L  

7  R  mi d dl e  f ron ta l  2  2  8  R  

8  R  f ro nta l/ i ns u lar  3  2  7  R  

9  R  f ro nta l  lob e  6  3  9  R  

10  Lef t  PC  5  3  9  L  

Note.  L ,  le f t ;  R ,  r ig ht ;  H P C,  Hip po ca mp us;  PC ,  P ost er ior  c ingu la te ;  TNC ,  Tem por al  ne o cor te x  

 

2.1.2 .  Mater ia ls  

The st imul i  consisted of  18 locat ions (e.g. ,  kitchen ) ,  18  famous peop le (e.g. ,  Barack 

Obama ) ,  18 common objects (e .g. ,  hammer ) ,  and  18 animals (e .g . ,  dog ) .  From these,  n ine 

randomised  locat ion -person -object  and n ine randomised locat ion -person-animal  events 

were generated for  each pat ient .  

2.1.3 .  Task  

The memory  task was  s imi lar  to  that  develope d by  Horner and Burgess (2014).  At  encod ing  

(see F igure 1A),  part ic ipants were separate ly  presented  with  three over lapp ing pa irs  

belong ing to  18 events  (e .g . ,  Barack Obama -k itchen ,  kitchen -hammer ,  hammer -Barack 

Obama  for  the event  Barack Obama ,  kitchen ,  hammer ) .  A l l  pai rs  were presented on a  

computer  screen  as text ;  one e lement  to  the left  an d one to the r ight  o f  f ixat ion.  The 
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le ft /r ight  assignment was randomly chose n on  each tr ia l .  Each word -pair  remained on  

screen for  6000-ms.  Pat ients were instructed to imagine,  as viv id ly  as possib le ,  the  

elements interact ing in  a  meaningful  way.  The  word -pai r  presentat ion was preceded  by a  

2000-ms f ixat ion and fo l lowed by a  2000-ms b lank screen .   

The pai rs  were presented across three b lock s wi th  one pai r  f rom each event  presented  

during each b lock,  such  that  the presentat ion of  a  pa ir  from one event  was inter leaved  

with  the presentat ion of  pai r s  from other  events.  With in  each  b lock ,  the presentat ion  

order  o f  events  was randomised.  Further,  the  order  of  presentat ions  across the three 

b locks was pseudo -randomised such that  the presentat ion order  o f  1/3 of  the events was  

( i )  person- locat ion,  locat ion -object ,  ob ject -person,  ( i i )  locat ion -ob ject ,  object -person,  

person- locat ion,  and ( i i i )  object -person,  person- locat ion,  ob ject -person,  respect ive ly .  

 

F igure  1 .  E x pe r i me n ta l  de s ig n.  ( A )  E nco di n g:  P art ic i pa n ts  saw mu lt i p l e  word pa ir s .  E ach  

pr e se nt at ion wa s pr ece d e d b y  a  20 00 -m s f i xat ion c r oss  a n d fo l lowe d by  a  2 00 0 -m s b la nk  scr ee n.  

(B )  Te st  ( iEE G st u dy) :  Pa t i en t s  we r e pr es e nt e d wi t h  a  s in g le  cu e for  3  s  a n d s u bs e q ue nt ly  as k ed  to  

in d icat e  wh et h er  t h e  cu e  was  p re s e nt ed  d ur in g  e nc odi n g ( i . e . ,  O l d/ New?) .  Pa t i en t s  ha d  80 00 - ms  

to  ma ke  a  j ud g em en t .  Pat i en t s  w er e th e n re q u ir ed  t o  r et r i ev e o ne  of  t he  ot h e r  e l em en t s  f rom t he  

sam e eve n t  a s  t h e c ue f r om amon g f iv e  fo i l s  ( e l e me nt s  o f  th e sam e t yp e f rom ot he r  ev en ts )  i n  

1000 0-m s.  Bo th e le me nt s  tha t  w er e p a i re d w it h  t h e  cue w e re te st e d i n  imm e di at e  s ucc e ss ion o f  

eac h o t he r .  Eac h  t es t  t r ia l  w as  pr ec ed e d  b y  a  200 0 -ms  f i xat ion  c ros s  a n d fo l l owed  by  a  2 000 -ms  

b l an k  scr ee n.  ( C )  Te s t  (ME G s t ud y) :  P ar t ic i pa nt s  we r e pr es e nt e d wi th  a  s i n g l e  cue  for  300 0 -m s a n d  

th e n r eq u ir e d to  r et r i ev e one of  t he ot h er  e l em e nt s  f rom t h e sa me ev e nt  f ro m amon g f iv e  fo i l s  i n  
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6000 -m s.  Eac h t es t  t r ia l  w as  p r ece d ed by  a  300 0 -m s f i xat ion c ros s  a n d fo l lowe d b y  a  10 00 -m s b la n k  

scr e en .  

 

Dur ing  test  ( see F igure  1B) ,  pat ients were f i rst  presented  with  a  cue (e.g. ,  Barack Obama )  

that  was drawn from  one of  the events learnt  dur ing encoding or  from an equal  number o f  

novel  events that  pat ients had not  seen during  encoding.  Each cue was presented in  the 

centre o f  the  screen and  remained on -screen for  3000-ms.  Pat ients were then  asked to 

indicate whether th is  was an e lement  that  had been seen dur ing encod ing  us ing an old/new 

recognit ion  judgement.  Pat ients had a  maximum of  8000-ms to provide a  response.  For  

‘o ld ’  cues only ,  t he old/new judgement was  fo l lowed  by a  forced -choice  associat ive  

memory  task ,  i r respect ive of  whether  the recognit ion response was  correct  or  incorrect .  

Dur ing  the associat ive  memory  test  s ix  possib le assoc iates (one target  and f ive fo i l s )  were 

presented a longside the cue e lement .  The target  wou ld be one of  the other  element s seen  

together  wi th  the cue during encoding .  The f ive fo i l s  would  be elements  f rom the same 

category  as  the target .  For  instance,  i f  the pat ient  had  been  presented  with  Barack  Obama -

kitchen  dur ing encoding  and cued with  Barack Obama  dur ing test ,  then  the target  wou ld  

be k itchen  and the f ive fo i l s  wou ld be other  randomly se lected  locat ions from other events  

learnt  dur ing encod ing.  

For  each cue,  both e lement s that  were pa ired  with  the cue dur ing encod ing would be 

tested in  immediate  success ion before pat ients were presented with  another cue element .  

For  example,  i f  a  pat ient  was presented with  Barack Obama  and required  to retr ieve 

kitchen ,  they  would then be ask ed  to  ret r ieve hammer  from amongst  f ive randomly 

selected objects from other events.  The target  and fo i l s  were presented in  two rows of  

three below the cue,  and the  locat ion  of  the correct  target  element was randomly selected 

on each ret r ieva l  tr ia l .  Pat ients had a  max imum of 10000-ms to respond with  a  key press .  

Responses that  fel l  outs ide th is  response wind ow were treated as incorrect  ( M  ±  SD  % of  

miss ing  response = 4.91  ± 5.42).   
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Each event  was tested with  cue -target  assoc iat ions in  both d irect ions across three b locks .  

For  instance,  dur ing  b lock one,  pat ients cou ld  be cued with  Barack  Obama and  asked to  

ret r ieve k itchen  and  then hammer ,  dur ing  b lock two cued with  kitchen  and required to  

ret r ieve hammer  and then Barack Obama ,  and last ly  dur ing b lock three cued with  hammer  

and asked to retr ieve Barack Obama ,  then ki tchen .  Hence,  for  each event,  each e lement 

acted as a  cue once across the three b locks (e .g . ,  Block 1 :  Barack Obama ;  B lock 2 :  kitchen ;  

B lock  3 :  hammer )  and as  a  retr ieval  target  twice across the three b locks (e.g. ,  Barack  

Obama :  B lock 2  and 3;  k itchen :  B lock 1 and 3 ;  hammer :  B lock 1  and 2) .   

Encod ing  and test  were sp l i t  into two phases,  such that  a l l  three pairs  from the f i r st  n ine 

events were encoded (mak ing a  tota l  o f  27 encod ing t r ia l s )  and then tested in  both 

d irect ions  (mak ing a  total  o f  54 ret r ieva l  tr ia l s ) ,  before pa irs  from the remaining n ine  

events were encoded and tested.  Hence,  across  the two encod ing/test  phases,  pat ients 

were presented with  a  total  o f  54  encod ing t r ia l s ,  108 old/new recognit ion tr ia ls ,  and  108 

associat ive  memory ret r ieval  tr ia l s .  Note that  retr ieval  tr ia ls  fo l lowed only  a fter  the  

presentat ion of  cue element s that  pat ients had seen dur ing encoding.  As such,  dur ing test ,  

pat ients were requi red  to make a  total  o f  108 old/new recogn it ion judgements;  54 o f  wh ich  

re lated to e lements presented dur ing  encoding  (e.g. ,  Barack Obama )  and were fo l lowed  

by two associat ive retr ieval  t r ia l s  (e.g. ,  retr ieve kitchen ,  then hammer ) ;  and  54 of  which 

re lated to e lements  that  pat ients had not  seen during encod ing  and were not  fo l lowed by  

any associat ive ret r ieva l  tr ia l s .  

Each test  tr ia l  (composed of  a  cue presentat ion,  o ld/new judgement,  and two associat ive 

ret r ieva l  t r ia l s ,  when appl icab le)  was preceded by a  2000 -ms f ixat ion  and fo l lowed by a  

2000-ms b lank  screen.  

2.1.4 .  iEEG t im e-frequency analys is  

Est imates o f  osci l la tory  power dur ing  the encoding per iod were obta ined by convolv ing  

the EEG signa l  with  a  seven -cycle Morlet  wavele t  generated using  SPM12 (L itvak  et  a l . ,  

2011) .  Time-frequency data was extracted from 2000 -ms before the star t  of  each encod ing  
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tr ia l  to  2000 -ms a fter  the  end of  the encod ing per iod .  Power values were obta ined,  

separately  for  each encoding tr ia l ,  for  55 logar ithmical ly -spaced f requenc ies in  the 2 -82  

Hz range,  and  log  transformed before  mean power  in  each  band between  1000 -ms and  500 -

ms pr ior  to  the star t  o f  the encoding per iod was  subtracted from the data at  a l l  o ther  t ime 

point s  to  g ive a  measure  o f  powe r change f rom basel ine in  each  frequency band.  Data from 

the t ime windows before  the basel ine  per iod  ( -2000- to  -1000-ms)  and a fter  (6000-  to  

8000-ms)  the encoding  per iod  were then d iscarded.  F inal ly ,  a l l  t r ia l s  that  had vi sual ly  

ident i f ied  in ter icta l  sp ikes with in  the t ime window used for  convo lut ion were exc luded 

pr ior  to  averaging over  electrode contacts  (M  ±  SD  % of  exc luded tr ia l s  = 12.87 ± 16.53 )  

(M  ±  S D  number of  included t r ia l s  per  condit ion = 15.80 ± 11.34,  16.99 ±  4.08,  14.25  ±  

9.37,  for  zero,  one,  and both d irect ions  correct ,  respect ive ly) .  

2.2. MEG 

2.2.1 .  Part ic ipants  

Twenty -six  part ic ipants  were recru ited to per form the associat ive memory  task.  Eth ica l  

approva l  was  granted  by  the local  research eth ics committee at  Universi ty  Col lege London  

and a l l  part ic ipants gave wr itten in formed consent  to  take part .  A l l  part ic ipants  were 

compensated  for  their  part ic ipat ion.  F ive part ic ipants were exc luded f rom t he ana lyses  

due to  the fo l lowing reasons:  ( i )  poor  data qual i ty  ( n  =  1 ) ;  and ( i i )  insuf f i c ient  tr ia l s  to  

a l low for  compar isons o f  subsequent  memory per formance ( again,  def ined as less than two 

tr ia l s  in  any of  the  subsequent  memory  per formance cond it ion s,  n  =  4 ) .  Thus ,  a  total  o f  21  

part ic ipants (4 male/17 female,  21 r ight -handed,  wi th  a  M  age ± SD  of  24.10 ± 2 .97 years)  

were inc luded in  the analyses .  

2.2.2 .  Mater ia ls  

The st imul i  consisted of  36 locat ions (e.g. ,  kitchen ) ,  36  famous peop le (e.g. ,  Barack 

Obama ) ,  36 common objects (e .g. ,  hammer ) ,  and  36 animals (e .g . ,  dog ) .  For  each 

part ic ipant,  18 o f  the four -e lement  sets were randomly ass igned to a  c losed -loop  

associat ive structure.  For  c losed -loops,  n ine of  the four -element sets were ass igned  to 
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be locat ion -person -object  events,  and the remaining n ine were locat ion -person-animal  

events.  The remain ing 18 four -element sets  were randomly assigned to an open -loop  

associat ive structure,  a l l  o f  which contained a l l  four  elements.  

2.2.3 .  Task  

The memory task was ident ical  to  that  used in  the iEEG dataset ,  with  the fo l lowin g  

except ions.  Dur ing encoding,  part ic ipants learnt  three over lapping pa i rs  from 36 events  

that  formed e ither  a  c losed - or  open - loop assoc iat ive st ructure (Horner  & Burgess,  2014).  

Closed -  and open -loops d if fer  in  that  a l l  three e lements  o f  an  event  (e .g. ,  Barack Obama ,  

kitchen ,  hammer )  a re presented  pa ired with  a l l  o ther  e lements o f  the  same event  (e.g. ,  

Barack  Obama -k itchen ,  kitchen -hammer ,  hammer -Barack Obama )  for  c losed -loops,  whi le  

four  e lements belong ing to  the same event  (e.g. ,  David Beckham ,  off ice ,  walle t ,  l ion )  are  

presented  as a  cha in  of  over lapping  pai rs  (e .g. ,  David Beckham -off i ce ,  off ice -wal let ,  

wallet - l ion )  for  open -loops .  This  experimenta l  man ipulat ion has  previous ly  been shown to  

produce greater  evidence of  pat tern  complet ion ( i .e. ,  the  ret r ieva l  o f  a l l  e lements  o f  an  

event  when presented with  a  s ingle element as a  cue)  for  c losed - compared to open - loops,  

both in  terms of  behavioura l  responses and  BOLD act ivity  (Grande et  a l . ,  2019;  Horner et  

a l . ,  2015;  Horner & Burgess,  2014;  Joensen et  a l . ,  2020) .  In  the iEEG study,  only  18 c losed -

loop  events were used  to avoid  over -tax ing  the pat ients ,  and  to  focus  on  those events 

most  l ikely  to  provide evidence of  assoc iat ive me mory .  Here,  we were pr imari ly  in terested  

in  whether theta osci l la t ions during the encod ing o f  a  g iven pai r  are pred ict ive o f  la ter  

ret r ieva l  success es for  that  same pai r ,  so  we do  not  d ist inguish  between these two types  

of  associat ive structure  in  the MEG analyses.  However,  we have included a  supplementary  

sect ion  compar ing  subsequent  memory effects  between closed - and open -loop events in  

the MEG study (no d i f ferences  were found).  

At  test  ( see Figure 1C),  part ic ipants were not  requ ired to make an old/new judgement  as  

in  the iEEG study.  Instead,  cue presentat ion was immediate ly  fo l lowed  by a  forced -cho ice  

ret r ieva l  t r ia l  where part ic ipants  were requ ired to se lect  the element that  was previously  

paired with  the cue from six  poss ib le target  e lements .  Part ic ipants  had a  max imum o f  
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6000-ms to respond with  a  key press dur i ng each test  tr ia l .  Responses that  fe l l  outside th is  

response window were t reated as incorrect  ( M  ±  SD  % of  missing response = 1 .83 ± 2.37) .  

Each of  the 36 events were tested with  cue -target  assoc iat ions in  both  d irect ion s across  

s ix  retr ieva l  b locks,  with  one randomly chosen pair  f rom each event  tested in  each b lock,  

mak ing a  total  o f  216 retr ieva l  tr ia l s .  Each test  tr ia l  (composed of  a  cue presentat ion and  

ret r ieva l  t r ia l )  was preceded  by a  3000-ms f ixat ion and  fo l lowed b y  a  1000-ms b lank 

screen.  

Note a l so that  in  contrast  to  the iEEG study,  encoding and test  were not  sp l i t  in to two 

encoding/test  phases.  Instead ,  part ic ipants encoded pai rs  be longing to  a l l  36 events pr ior  

to  being tested  on a l l  cue -target  associat ions.  Aga in,  th is  d i f ference stems from the fact  

that  the iEEG task was designed to  avo id  over -ta xing the pat ients .  

2.2.4 .  MEG source power analys is  

MEG record ings were made using a  275 -channel  Canad ian  Thin  F i lms (CTF)  MEG system 

with  SQUID -based axia l  grad iometers (VSM Med -TECH) wh i le part ic ipants sat  upr ight  in  a  

magnet ica l ly  sh ie lded room. Recordings were made at  a  sampl ing rate o f  480 Hz.  Head  

pos it ion co i l s  were at tached to nasion and  left  and r ight  pre -auricular  s i tes for  anatomical  

coregist rat ion.  

Al l  data preprocess ing and analyses were performed in  SPM12 (L i tvak  et  a l . ,  2011)  wi th  

the only  except ion being that  eye b l ink and heartbeat  ar tefacts  were ident i f ied and  

removed using independ ent  component analys i s ,  implemented in  F ieldt r ip  (Oostenveld  et  

a l . ,  2011)  and EEGLAB (Delorme & Makeig,  2004) .  A h igh -pass (0.1 Hz)  and notch (48 -52 

Hz)  f i l ter  w ere appl ied  to  the data  to  remove dr i ft  and l ine noise,  respect ively ,  and  the 

data were epoched from 2000 -ms pr ior  to  the onset  o f  the encoding per iod to 2000-ms 

fo l lowing the end of  the  encod ing per iod.  

MEG source local isat ion  was conducted us ing the l inear ly  constra ined min imum var iance  

(LCMV) beamformer wi th  a  s ing le -shel l  forward  model  to  g enerate maps o f  mean source 

power d if ferences  (Barnes &  H i l lebrand,  2003)  for  tr ia l s  where part ic ipants  were presented  
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wi th  pai rs  that  they  subsequent ly  fa i led to  ret r ieve,  successfu l ly  retr ieved in  one d irect ion  

but  not  the other,  and those where they s uccessfu l ly  retr ieved the pai rs  in  both d i rect ion s  

( i .e . ,  zero,  one,  and both d irect ions correct) .  Tr ia l s  conta in ing musc le artefacts were 

vi sual ly  ident i f ied and removed pr ior  to  source local i sat ion  (M  ±  S D  % of  excluded tr ia l s  =  

5.78 ± 8 .10 ;  M  ±  S D  number of  inc luded t r ia l s  per  cond it ion = 20.00 ± 16.73,  25.39 ± 5.75,  

56 .48 ± 23.09,  for  zero,  one,  and both d irect ions correct ,  respect ively ) .  Maps wer e 

generated on a  10 -mm gr id ,  coregistered to MNI coordinates and a l l  SPM images wer e 

smoothed using a  12x12x12-mm fu l l -width ha l f -maximum (FWHM) Gaussian kernel .   

Given our speci f i c  hypothes is  regard ing the h ippocampus,  h ippocampal  SPM results  are 

smal l  vo lume corrected (SVC) wi th in  a  b i latera l  h ippocampal  mask  (F igure 4A).  The mask  

was generated us ing WFU P ickAt las (Maldj ian et  a l . ,  2003)  wi th  h ippocampal  regions  

def ined from the Automated Anatomical  Label l ing (AAL)  a t las (Tzour io -Mazoyer et  a l . ,  

2002) .  For  completeness ,  we a lso present  result s  from outs ide the h ippocampus.  Al l  e f fects 

reported from outs ide the h ippocampus are p F W E  <  .05  whole -brain  corrected.  

 

3. Results 

3.1. Behaviour  

Our associat ive memory task involved pat ients/part ic ipants f i r st  encoding a  ser ies of  

pairwise assoc iat ions  (e.g. ,  Barack Obama -k i tchen ) .  Pat ients/part ic ipants were then 

requ ired to retr ieve the learnt  pairs  us ing a  forced -choice assoc iat ive memory test ,  where 

a  cue e lement (e .g. ,  Barack Obama )  was presented a longside s ix  poss ib le targets ( e.g. ,  

kitchen  and f ive  fo i l s  f rom the same category  as  the target) .  Each  cue-target  assoc iat ion  

was retr ieved  in  both d irect ions  ( e.g. ,  cue:  Barack Obama ,  ta rget :  kitchen ;  cue:  k itchen ,  

target:  Barack  Obama ) .  
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Table  2 .  M ea n pro por t io n corr ect  ( an d s ta nd ar d d ev i at io n s)  a n d m ea n pro por t i on o f  pa i r s  

re tr iev e d co rr ect ly  i n  z ero ,  on e,  a n d bot h d i r ect ion s  (an d s ta nd ar d de v ia t io n s)  i n  t h e iEEG an d 

MEG da ta .  

 Prop ort ion  

corre c t  

Zero d irec t io ns  

corre c t  

One dire c t io n 

corre c t  

Bot h d irec t io ns  

corre c t  

iEEG  .48  ( .19)  .33  ( .21)  .37  ( .05)  .30  ( .18)  

MEG  .68  ( .19)  .20  ( .17)  .25  ( .06)  .55  ( .21)  

 

 

The mean  proport ion correct  and mean  proport ion of  pai rs  retr ieved  correct ly  in  zero,  

one,  and both d i rect ions in  the iEEG and MEG study  are presented in  Table 2.  In  the MEG 

study ,  mean memory per formance was 68 %,  which is  comparab le to  performance in  

previous studies us ing  a  s imi lar  paradigm (Horner  et  a l . ,  2015;  Horner  & Burgess,  2014)  

and s ign i f i cant ly  above chance (~1 6.7%),  t (20)  = 12.12,  p  <  .001,  d  =  2.65.  Mean memory  

per formance i n  the iEEG study  was 48%,  wh ich  i s  numerica l ly  lower than  that  seen  in  pr ior  

stud ies  wi th  hea lthy part ic ipants .  This  i s  consistent  with  evidence showing decreases in  

memory  per formance in  pat ients with  foca l  ep i lepsy  (Delaney  et  a l . ,  1980),  but  we not e  

that  pat ients were st i l l  ab le to  retr ieve  the learnt  pa irs  at  a  level  wel l  above chance,  t (9)  

= 5 .26,  p  <  .001,  d  = 1 .66.  S imi lar ly ,  pat ients’  o ld/new recogn it ion per formance (Hi ts :  M  =  

.92,  S D  =  .04;  False Alarms:  M  =  .04,  S D  =  .05;  d ’ :  M  =  3 .30,  SD  =  .57)  was s ign i f i cant ly  

above chance ( .50),  t (9)  = 18.25,  p  <  .001,  d  =  5 .78.  Note that  for  pat ients  who had no fa l s e  

a larms (n  =  4 ) ,  va lues  were set  to  1 /  N ,  where N  i s  the number o f  t r ia l s  correspond ing to  

‘new’  cues.  

3.2. iEEG study 

3.2.1 .  Theta act iv ity in  h ippocampal contacts  and subsequent memor y  

As a  f i r st  step,  we looked for  increases  in  osc i l latory  power on h ippocampal  e lectrode 

contacts dur ing the encoding per iod .  For  th is  analys is ,  we used a  Monte Car lo  c luster  
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analys is  approach  (Mar is  & Oostenveld,  2007)  implemented  in  F ieldt r ip  (Oostenveld  et  a l . ,  

2011)  to  ident i fy  t ime - and frequency -bands (α  =  0.05 (one -ta i led) ,  #permutat ions = 1000)  

where power increased  relat ive to  basel ine.  Note  that  because the number  o f  contacts  

d i f fered across pat ients ,  power va lues were averaged over  electrode contacts for  each  

pat ient  pr ior  to  analys i s .  Th is  revealed a  s ign i f i cant  posi t ive c luster  in  the theta frequency 

band (at  approx imately  2 -7 Hz)  from approximately  0 to  1500 -ms fo l lowing the onset  o f  

the encoding per iod (t s u m  =  2.46 x  10 4 ,  t m a x  =  4.87,  t m e a n  =  2 .59,  p  =  .03,  d  =  .82)  ( see  

out l ined c luster  in  F igure  2A) ,  demonstrat ing  that  theta osc i l lat ions in  the h ippocampus 

are  engaged during encoding.  

 

F igure  2 .  T het a  pow er  on  hip po ca mp al  iEEG  co nta c t s  ( A )  T i me -f r e qu e ncy  pow e r  sp ect rog ram ,  ov er  

h i p pocam pa l  co ntac ts ,  f ro m -10 00- ms p r io r  to  6 00 0 - ms a f t er  th e o n se t  o f  t h e enco d in g p er iod .  (B )  

T ime  s er i es  p lot  o f  m ea n  t he ta  powe r  ( 2 -7  Hz )  ov er  h ip poca mp al  con tact s  sp l i t  by  s u bs e q ue nt  

memo ry  p er forma nc e  f ro m - 100 0-m s  p r io r  to  600 0 -  m s af t er  t h e  on s et  o f  t he  enco d in g  p e r io d.  (C )  

Box plot  o f  m ea n th et a  power  ( 2 -7  Hz )  be twe e n 0 -1 500- ms af t e r  t h e on s et  o f  e ncod i ng ( s ha d ed  

da sh e d box i n  A  an d B ) ,  o ver  h ip poca mp al  co nt act s ,  sp l i t  by  la t er  me mory  p er forma nc e.  L i n es  i n  

box p lot  r ep re s e nt  me an  powe r.  Bo ttom  a n d to p ed g es  o f  bo xe s  i nd ica te  th e 25 t h  a n d 7 5 t h  

pe rc en t i l es ,  r es p ect iv e ly .  Whi sk e rs  r ep re s en t  m i nim um a n d m ax im um da ta  po in ts .  Ov er la id  dot s  

re pr e se n t  i n di v i d ua l  d ata  po i nt s .   *  p  <  . 05.  

 

Next ,  to  establ i sh  whether increases  in  h ippocampal  theta  power  were predict ive  o f  

subsequent  memory ,  we asked whether theta  power (at  2 -7 Hz between  0 -1500 ms;  see  

shaded dashed  box in  F igure 2 A)  d i f fered between the encoding o f  pairs  that  were 
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consistent ly  retr ieved correct ly  in  both d irect ion s and those that  pat ient s cons istent ly  

fa i led to  ret r ieve .  A paired sample t -test  revea led that  theta power  was s igni f i cant ly  

greater  dur ing the encoding o f  pai rs  that  were remembered correct ly  in  both vs zero  

d irect ions,  t (9)  = 2.68,  p  =  .03,  d  =  .85  ( F igure 2C,  see a l so  F igure 2B for  the t ime prof i le  

of  mean  theta power  over  the ent i re  encoding  per iod )  (note that  th is  two -tai led  

s ign if icance va lue i s  not  corrected for  mult ip le compar isons ,  being our main effect  o f  

interest ) .  

For  completeness,  we a lso per formed a one-way  ANOVA comparing mean theta power (at  

2-7 Hz between  0 -1500 ms)  dur ing the encod ing  of  pairs  that  were subsequent ly  ret r ieved  

correct ly  in  zero  vs  one vs  both  d irect ions .  I t  i s  imp ortant  to  note,  however,  that  act ivi ty  

re lat ing to  pai rs  that  were la ter  ret r ieved correct ly  in  only  one d irect ion  i s  not  a  good 

indicator  o f  subsequent  memory,  as i t  ref lect s a  mixture of  both successfu l  and  

unsuccessfu l  encoding.  This  ANOVA did  not  reveal  a  s igni f i cant  effect  of  subsequent  

memory,  F (2,  27)  = 2.70,  p  =  .09 ,  η p
2  =  .17.  S imi lar ly ,  pai red sample  t -tests  compar ing  theta 

power between pa irs  that  pat ients d id  not  la ter  retr ieve versus those remembered in  one 

d irect ion  and  tho se remembered in  one versus both  d i rect ions  revealed no  signi f icant  

effect s,  ts < 1.93,  ps >  .08 ,  cons istent  with  the indeterminate status of  pai rs  correct ly  

ret r ieved  in  on ly  one d irect ion .  In  sum, we see evidence to  suggest  that  theta osc i l lat ions  

during encoding contr ibute to  later  memory,  at  least  in  so far  as theta act ivi ty  d i f fers  

between pairs  that  were recal led  in  thei r  ent irety  and those that  pat ients  d id  not  

remember.  

Interest ingly ,  some p r ior  stud ies  have shown that  pre-encod ing  theta  act iv ity  can  a l so be 

pred ict ive o f  subsequent  memory success (Fel l  et  a l . ,  2011;  Guderian et  a l . ,  2009;  Otten  

et  a l . ,  2006) .  However,  we found no s ign i f i cant  re lat ionsh ip  between  raw theta  act iv ity  ( in  

the 2-7 Hz  band) averaged over  the -1000 to -500-ms pre-encod ing basel ine window (used  

in  the ana lyses above)  and subsequent  memory ( i .e. ,  between pa irs  that  pat ients retr ieved  

in  zero ,  one,  or  both d irect ions  correct ly ) ,  ts  <  .1. 70,  ps > . 12 .  
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3.2.2 .  Spectr al  t i l t  on h ippocampal  contacts  

Having examined the t ime -frequency spectrograms between encod ing and basel ine,  and  

across d i fferences in  subsequent  memory,  we now wanted to ascerta in  whether thes e 

dif ferences may  be a f fected by  changes in  spectral  ‘ t i l t ’  (Fel lner  et  a l . ,  2019) .  To  do so,  

we used  the irregular -resampl ing auto -spectra l  analysi s  ( IRASA) method  (Wen & L iu ,  2016) ,  

implemented in  F ieldtr ip  (Oostenveld  et  a l . ,  2011) ,  to  separate the background ‘ fractal ’  

and osc i l latory  components of  the EEG signa l  dur ing the 0-1500-ms encod ing per iod of  

interest .  We then compared  power in  the theta  frequency band  ident i f ied above  between  

the f ractal  power spectrum across t r ia l s  correspond ing  to  the encoding pai rs  that  

part ic ipants  ret r ieved correct ly  in  zero,  one,  or  both  d i rect ions ,  but  found no  main ef fect  

of  subsequent  memory success,  F (2,  18)  = .09,  p  =  .91,  η p
2  <  .01.   

For  completeness,  we a lso  compared  power  in  the f ractal  power  spectrum between  t r ia l s  

corresponding to  the encoding o f  pairs  that  pat ient s retr ieved correct ly  in  zero d irect ions  

and those retr ieved correct ly  in  both d i rect ion s us ing a  pai red sample t - test ,  but  observed  

no ef fect  o f  subsequent  memory success,  t (9)  = .44,  p  =  .67,  d  =  .13.  In  sum,  th is  suggests 

that  there i s  no change in  spect ral  t i l t  dur ing the t ime window of  in terest  according to  

subsequent  memory performance and i s  cons istent  wi th  the proposa l  that  whi le theta 

act ivity  supports  assoc iat ive memory,  spectra l  t i l t  may ref lect  a  more genera l  index  o f  

act ivat ion (Fe l lner  et  a l . ,  2019;  Herweg et  a l . ,  2020) .  

3.2.3 .  Theta act iv ity acr oss other  tempor al  lobe  contacts  

As theta osci l lat ions have been shown to be widespread across the temporal  lobe dur ing  

encoding (Sederberg et  a l . ,  2003) ,  we next  assessed  whether memory related changes in  

theta act iv ity  were rest r ic ted to h ippocampal  e lectrode contacts or  i f  they extended to  

other  tempora l  lobe contacts .  As  a  f i r st  step ,  we performed two separate c luster  analys es  

(α  =  0.05 (one -ta i led),  #permutat ions = 100 0),  to  ident i fy  increases in  osci l la tory  power 

on e lect rode contacts in  the tempora l  neocortex or  amygdala  dur ing encod ing.  Note that  

one pat ient  had  no  depth electrodes  located in  the amygdala  and as  such th is  ana lysi s  
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inc ludes only  n ine pat ients ( see Table 1 ) .  No sign if icant  c lusters were observed in  the 

temporal  neocortex (p s > .15) .  However ,  a  s ign if icant  c luster  was  observed in  the 

amygda la ,  where power increased relat ive to  basel ine (at  approx imately  3 -6 Hz)  at  

approximately  500 -ms to 2000 -ms fo l lowing the onset  o f  encoding (t s u m  =  1 .39 x  10 4 ,  t m a x  

=  4.42,  t m e a n  =  2 .67,  p  =  .04,  d  =  .94) .  

To  examine whether power  during encod ing  in  the amygda la  d i f fered  according to  

subsequent  memory per formance,  we assessed whether  increase s in  theta  power (at  3 -6  

Hz between 500 -2000-ms)  d i f fered between the encod ing  o f  pa irs  that  were retr ieved 

correct ly  in  both d irect ions and those that  were consistent ly  not  retr ieved.  A paired  

sample  t -test  reveal ed  no signi f icant  d i f ference ,  t (8)  = 0.81,  p  =  .94,  d  =  .03 .  S imi lar ly ,  

paired  sample t -tests comparing theta power between pai rs  that  were not  later  retr ieved  

and those remembered  in  only  one d irect ion and those remembered  in  one and both  

d irect ions  revealed no s ign if icant  ef fects,  ts  <  .19,  ps  >  .85.  

Next ,  we contrasted  mean  power  in  the t ime (0 -1500-ms)  and frequency (2 -7 Hz)  band  

where h ippocampal  theta act ivi ty  increased  relat ive  to  basel ine  dur ing encoding ,  sp l i t  by  

subsequent  memory  per formance ( i .e.  zero vs one vs both d irect ions correct ) ,  for  

electrode contacts located in  the amygda la  and temporal  neocortex .  Pai rwise compar isons  

of  theta power sp l i t  by  subsequent  memory revealed no signi f icant  d i f ferences in  mean 

theta act ivi ty  (a t  2 -7 Hz between 0-1500-ms)  in  contacts located in  the tempora l  

neocortex ,  ts  <  1 .41,  ps > .1 9 (F igure 3B),  or  amygdala,  ts < 1.06,  ps > .3 1 (F igure 3D) .   

These resul ts  suggest  that  changes in  theta power as a  funct ion of  subsequent  assoc iat ive  

memory  may show a d i f ferent  pattern  with in  the h ippocampus compared  to that  in  the 

amygda la  and tempora l  neocortex .  However,  for  the n ine pat ients wi th  e lectrode contacts  

in  a l l  three reg ions,  a  2x3 ANOVA for  subsequent  memory (zero  vs  two direct ions  correct )  

and region (h ippocampus vs temporal  neocortex  vs amygdala)  showed that  theta power  

d if fered sign if icant ly  accord ing to  subsequent  memory performance,  F (1,  8)  = 6 .43,  p  =  

.04,  η p
2  =  .45,  but  not  across  electrode contacts  located in  the h ippocampu s,  temporal  
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neocortex  and amygda la,  F (2,  16)  =  1 .23,  p  =  .32,  η p
2  =  .13,  even  as an interact ion with  

subsequent  memory per formance,  F (2,  16)  = .83 ,  p  =  .45,  η p
2  =  .09 .   

To assess th is  further,  we examined the re lat ionsh ip  between tr ia l -by -tr ia l  var iat ions in  

mean theta power  in  the 0  to  1500 -ms encod ing window with in  each reg ion .  To do  so,  we 

f i r st  computed  power  for  each e lect rode contact  in  each  reg ion  and  then  est imate d  the 

l inear  relat ionship  between mean theta power (at  2 -7 Hz)  on each contact  across  the 

regions.  We then averaged the beta coeff ic ients for  each pa ir  o f  electrode contacts across  

the regions and assessed whether the observed  f i t  cons istent ly  deviated fro m zero us ing  

one-sample t -tests.  

 

F igure  3 .  T het a  p ower  in  t emp ora l  ne o cor te x  an d a mygda la  iEEG c on ta ct s .  ( A ,  B )  T em pora l  

neoco rt e x  co ntac t s .  ( A )  T i me s er ie s  p lot  o f  m ea n t h e ta  powe r  ( 2 -7  Hz ) ,  sp l i t  by  su b se q u en t  m emo ry  

pe rfor ma nce,  f rom - 100 0- ms p r ior  to  60 00 -m s af t e r  th e o n se t  o f  t he  e nco di n g pe r io d.  (B )  Box p lot  

o f  mea n th e ta  powe r  (2 - 7  Hz )  b etw ee n 0 -15 00- ms  af te r  t h e on s et  o f  e ncod i ng (da sh e d box  i n  A ) ,  

sp l i t  by  la t er  m e mor y  p er f orma nce .  (C,  D )  A my gd ala  contac ts .  ( C )  T im e s e r i es  p lo t  o f  me an th e ta  

powe r  (2 -7  Hz ) ,  s p l i t  by  s ub s e qu e nt  m emo ry  p erfo r manc e,  f rom - 100 0-m s pr i or  to  6 000 -m s af te r  

th e on s et  o f  th e enco d in g  pe r io d.  ( D )  Bo xp lot  o f  m ea n t he ta  powe r  (2 - 7  Hz )  be twe e n 0 - 150 0-m s 

af t er  t he  on s et  o f  en cod in g ( da s he d bo x in  C ) ,  s p l i t  b y  la t er  me mory  p e rform an ce.  L i ne s  i n  box p lot s  

re pr e se n t  m ea n  pow er .  B ottom  a nd  to p e d ge s  o f  box e s  i nd ica te  t h e 25 t h  a nd  7 5 t h  pe rc en t i l es ,  

re s pec t iv e ly .  W hi sk er s  r e pr e se nt  m in im um  a n d m a xi mu m da ta  po in ts .  Ov e r l a i d  dot s  re p re s en t  

in d iv i d ua l  dat a  po i nt s .  
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Th is  analys is  revea led that  t r ia l -by -tr ia l  theta power  in  the  h ippocampus was s ign if icant ly  

corre lated with  theta power in  both tempora l  neocortex ,  t (9 )  = 4 .99,  p  <  .001,  d  =  1 .58,  

and amygda la,  t (9 )  = 4.86,  p  <  .01,  d  =  1.62.  Combined,  these f indings are cons istent  with  

the idea that  theta osci l lat ions across the temporal  lobe may be dr iven by a  s ingle source  

(Bush et  a l . ,  2017) ,  wi th  subsequent  memory  ef fects being most  pronounced in  the 

h ippocampus but  a l so present  –  to  some extent  –  in  other  reg ions  (g iven the main ef fect  

of  subsequent  memory in  the 2x3 ANOVA above) .  

3.3. MEG study 

3.3.1 .  Hippocam pal theta power and subsequent memor y  

To corroborate our  int racran ia l  h ippocampal  ef fects,  w e examined whether theta power in  

the source reconstructed MEG data  during encod ing was predict ive  of  d i f ferences in  

subsequent  memory  performance .  We focused th is  analys i s  on the theta frequency (2 -7  

Hz)  and  t ime band  (0  to  1500 -ms fo l lowing  the onset  o f  encod ing)  ident i f ied in  the iEEG 

study .  However,  as  a  contro l  to  ascerta in  whether any  ef fect  was speci f i c  to  the theta  

frequency band,  we a lso  assessed  power changes in  three other  canon ical  frequency  bands  

( i .e . ,  a lpha:  8-12 Hz,  beta :  13 -29  Hz,  and gamma: 30 -80 Hz) .  Note that  the method for  

comput ing  mean source  power used  here (L itvak et  a l . ,  2011)  requires  that  the basel ine  

and t ime window of in terests are o f  equ iva lent  durat ion .  Therefore,  a l l  source power  

va lues ref lect  d i f ference s in  mean theta power at  0 to  1500 -ms fo l lowing the onset  o f  

encoding relat ive to  2000 to 500 -ms pr ior  to  the onset  o f  the encoding per iod  (as compared  

to the 1000 to 500 -ms pre-encoding basel ine used in  th e iEEG study ).  

As a  f i r st  step ,  s ource  reconstructed theta power was est imated separate ly  for  t r ia l s  

associated with  pa irs  that  part ic ipants later  fa i led to  retr ieve,  ret r ieved correct ly  in  one 

d irect ion ,  and those ret r ieved correct ly  in  both  d irect ions.  To assess  our  main ef fect  o f  

interest ,  source reconstructed theta power w as examined in  a  second - level  genera l  l inear  

model  that  contained  a  s ing le  t -contrast  between  pai rs  ret r ieved correct ly  in  zero and both  

d irect ions.  Th is  ana lysi s  revealed  an  ef fect  of  sub sequent  memory  with  greater  t heta  
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act ivity  wi th in  the b i latera l  h ippocampal  mask for  t r ia l s  la ter  retr ieved  correct ly  in  both  

d irect ion s than those not  ret r ieved correct ly ,  with  a  max ima around the r ight  h ippocampus 

(28,  -4,  -28)  (Z  =  3.17,  p F W E / S V C  =  .03).  In  add it ion,  there was  an e f fect  o f  subsequent  

memory at  the whole -brain  c luster  corrected level  in  the infer ior  temporal  ( -52,  -56,  -24) (  

Z  =  6.52,  p F W E  <  .01)  and c ingu late gyrus (8 ,  24,  16) ( Z  =  4.65,  p F W E / S V C  <  .01).  No  such  

d if ferences were seen when contrast ing source  recon stru cted  theta  power for  t r ia l s  

associated with  pai rs  retr ieved in  zero and one d i rect ion correct ly  and those retr ieved  

correct ly  in  one and both d irect ions.  S imi lar ly ,  no  d if ferences were seen in  the a lpha ,  beta,  

or  gamma frequency bands,  either  a t  the whole-bra in  level  or  wi th in  the b i latera l  

h ippocampal  mask .  

For  cons istency  with  the iEEG study,  we next  compared est imates o f  source reconstructed 

theta power  between pairs  that  were later  retr ieved correct ly  in  zero,  one,  and  both  

d irect ions  in  a  second  level  general  l inear  model .  Th is  model  contained  a  s ingle  F -contrast  

corresponding  to  the main ef fect  o f  subsequent  memory .  Th is  analys i s  a l so  revea led an 

effect  o f  subsequent  memory with in  the b i lateral  h ippocampal  mask,  with  a  maxima 

around  the r ight  h ip pocampus (18,  -6,  -14)  (Z  =  3.22,  p F W E / S V C  =  .03)  (F igure  4A) .  In  add it ion,  

there was a  s ingle subsequent  memory ef fect  at  the whole -brain  corrected level  in  the 

medial  p refrontal  cortex ( 10,  22,  18)  (Z  =  4.05 ,  p F W E  =  .04)  (F igure 4B).  No such  ef fect s  

were seen in  the a lpha,  beta ,  or  gamma frequency bands,  either  on a  whole brain  level  or  

wi th in  the b i lateral  h ippocampal  mask .  
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F igure  4 .  Sour ce - lo ca l i sed MEG thet a  power  (A )  So u r ce- loca l i se d th et a  pow er  e f fec t  o f  su b se q u en t  

memo ry  p e rform an ce  (v i s ua l i se d a t  p F W E / S V C  < .0 5)  w it h i n  t h e b i lat er a l  h i p po camp al  m as k  (g re e n 

out l i n e)  u se d  for  sma l l - vo lu me  cor rec t io n.  (B )  Sou rc e loca l i se d  t h eta  powe r  ef fect  o f  s u b se q ue n t  

memo ry  pe rfo rma nc e (v is ua l i se d at  an  unco rr ect e d th re s ho l d  o f  p  <  .0 01)  acr oss  t he  who le  b ra i n.  

 

To assess th i s  h ippocampal  subsequent  memory  ef fect  further,  we ext racted mean source  

power for  a l l  encoding  t r ia ls  sp l i t  by  subsequent  memory  f rom a  10 -mm sphere  centred  on  

the peak r ight  h ippocampal  voxel  showing  a  consistent  main ef fect  o f  subsequent  memory  

(F igure 4A) .  

A pai red sample t -test  compari ng extracted power showed that  theta power was greater  

for  encoding t r ia l s  associated  with  pa irs  remembered in  both d irect ions  re lat ive to  those 

that  part ic ipants fa i led to  retr ieve,  t (20)  = 3 .57,  p  <  .001,  d  =  .78 ( F igure 5A) (note that  

the s ign if icance va lue i s  not  corrected for  mult ip le comparisons as th is  was our  main ef fect  

of  interest ) .  Interest ingly ,  in  contrast  to  the iEE G study,  a  pa ired sample t -test  a l so  showed 

that  theta power for  pa irs  remembered  in  one d irect ion  was greater  than for  pa irs  that  

part ic ipants  d id  not  later  remember,  t (20)  = 3.38 ,  p  <  .01,  d  =  .74  ( F igure  5A) .  There was  

no d i fference between encoding tr ia l s  assoc iated with  pairs  remembered in  one re lat ive  

to  both  d i rect ions,  t (20)  = 1.74,  p  =  .10 ,  d  =  .38.  
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S imi lar  ef fects were a l so seen when mean  source power was ext racted from a 10 -mm 

sphere centred on the peak  media l  prefrontal  voxe l  (F igure  4B) ,  with  greater  theta power  

for  encoding tr ia l s  associated  with  pa irs  remembered  in  both  d i rect ion,  t (20)  =  6 .01,  p  <  

.001,  d  =  1.31,  and one d irect ion,  t (20)  = 4 .24,  p  <  .001,  d  =  .92,  relat ive to  those pairs  

that  were not  remembered,  respect ively  ( F igure 5B).  

 

F igure  5 .  Subs eq uen t  me mory  ef fe ct s .  ( A )  Bo x plo t  o f  mea n h ip poca mp al  pow er  ( e xt rac te d f rom a  

10-mm  s p h er e c en tr e d o n  th e p ea k  h i p pocam pa l  vo xe l ) ,  s p l i t  b y  la t er  m emor y  p er form anc e.  ( B )  

Box plot  o f  m ea n me d ia l  p ref ron ta l  pow er  (e x tra ct e d f rom  a  10 -mm  sp h er e c en tr e d o n  t he  p eak  

pr ef ron ta l  vo x el ) ,  sp l i t  b y  la t er  m emory  pe rfor ma n ce.  L i ne s  i n  bo x plo t  re p r es e nt  m ea n pow er.  

Bottom  a n d top  ed g es  o f  bo x es  in d icat e  t h e 25 t h  an d 75 t h  p erc e nt i l e s ,  r es pec t i ve ly .  W hi s ke rs  

re pr e se n t  m in im um an d m ax im um da ta  po i nt s .  Ove r l a i d  dot s  r e pr es e nt  i n div i d ua l  data  po i nt s .  * *  

p  <  . 01 ,  * * * p  <  . 001 .  

 

We next  assess ed  whether  raw theta act ivi ty  in  the source  reconstru cted  MEG data during  

the -2000 to  -500-ms basel ine per iod  d i f fered  between encod ing  tr ia l s  that  we re  

associated with  pa irs  retr ieved correct ly  in  zero,  one,  or  both d irect ions .  To do th is,  we 

computed mean source  power in  the 2 -7Hz theta f requency range during th at  basel ine  

per iod,  and then extracted power va lues from the r ight  h ippocampal -centred 10-mm 

sphere spec if ied  above.  Pairwise comparisons  o f  the extract ed  power  revealed  that  theta 

act ivity  was s igni f icant ly  lower for  t r ia l s  associated with  pa irs  that  were retr ieved  
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correct ly  in  one d irect ion relat ive  to  those that  part ic ipants  fa i led to  ret r ieve ,  t (20)  =  2 .33,  

p  =  .03,  d  =  .51.  This  d i f ference may  contr i bute  to  the theta power  ef fect  seen  when  

contrast ing  pa irs  retr ieved  correct ly  in  one and  zero d irect ions in  the basel ine normal i sed  

MEG data during the encoding per iod.  No other  s ign if icant  d i f ferences during the basel ine  

per iod were seen,  ts < 1 .82,  ps >  .09.  

 

4. Discussion 

In  humans,  h ippocampal  theta  i s  thought  to  b e  cr i t i ca l  for  successfu l  memory  format ion  

(Buzsák i ,  2002) .  However,  f ind ings regarding the prec ise contr ibut ion of  theta osci l la t ion s  

to  successfu l  encoding and subsequent  memory  are  mixed .  Here,  we used an assoc iat ive  

memory parad igm that  requ ired pat ients  and  part ic ipants to  viv id ly  imagine pai rs  o f  

elements  interact ing (Horner & Burgess,  2014) ,  combined  with  iEEG and MEG record ings ,  

to  assess  the contr ibut ion  of  h ippocampal  theta act ivi ty  dur ing  encoding  to  later  

associat ive memory performance.  In  the iEEG study,  w e showed that  theta act iv ity  

increased during encoding,  and that  th is  increase was greater  for  pairs  that  were 

subsequent ly  ret r ieved  successfu l ly  in  both d i rect ion s relat ive to  those that  were not  

remembered  at  a l l .  In  the MEG study ,  we corroborated  these f ind ings,  demonstrat ing that  

the d i f ference between theta act ivi ty  for  pai rs  remembered in  both d irect ions and those 

that  part ic ipants fa i led to  ret r ieve translated to  hea lthy popu lat ions.  

Invest igat ions o f  the ro le o f  theta act ivity  in  memory format ion ha ve y ielded contrast ing  

resu lt s ,  with  stud ies us ing  non - invasive  record ings  in  hea lthy  popu lat ions  showing  that  

increased  theta during  (e .g . ,  Gruber et  a l . ,  2008;  Os ipova  et  a l . ,  2006)  or  pr ior  to  (e.g. ,  

Addante et  a l . ,  2011;  Guder ian et  a l . ,  2009)  encod ing i s  associated with  later  memory  

success,  wh i le int racrania l  stud ies  have,  in  la rge part ,  demonstrat ed  that  decrease s  in  

theta act ivity  dur ing encoding  contr ibute to  subsequent  memory per formance (e.g. ,  Long  

et  a l . ,  2014;  Solomon et  a l . ,  2019) .  We speculated  that  these d if ferences  may,  at  least  

part ia l ly ,  be due to d if ferences in  memory paradigms or  the type of  memor ies being  
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examined,  as studies  using iEEG recordings have tended  to  focus on the recogn it ion or  free  

recal l  of  s ingle,  i so lated i tems.  We aimed to address  that  d iscrepancy here by  a l so  

assessing the role o f  theta encod ing act ivi ty  in  i tem recognit ion in  the iEEG study .  

However ,  pat ients’  recogni t ion performance was too h igh to  a l low for  mean ingfu l  

comparisons between correct  and  incorrect  recognit ion  ( i .e. ,  h it s  and  misses) .  As such,  

fur ther  work  i s  needed to address th is  poss ib i l i ty ,  but  we note  that  int racrania l  stud ies  

that  have correla ted  encod ing act ivi ty  to  later  assoc iat ive  memory,  rather  than i tem 

memory,  have shown  that  increased theta power at  encod ing  i s  posit ive ly  related to  later  

memory  per formance (Kota et  a l . ,  2020;  Mi l ler  et  a l . ,  2018) .  

The associat ive nature of  the task u sed here,  a long  with  requi rements to  vivid ly  imagine 

the i tems in teract ing,  might  be  important  factors in  our  f ind ing o f  pos it ive subsequent  

memory  theta ef fects  in  the iEEG and MEG stud ies,  as compared  to the less  de l iberat ive  

free reca l l  o f  s ingle i tems used e lsewhere when negat ive theta subsequent  memory effects  

have been observed (e.g. ,  Long  et  a l . ,  2014) .  I t  is  possib le that  the encoding demands in  

th is  s tudy encourage more contextual ly  r ich  and/or h igh confidence retr ieval  states ,  which  

contr ibutes to  our  subsequent  memory contrast  (e.g. ,  S taud ig l  & Hans lmayr,  2013) .  

However ,  we cannot  ru le out  the possib i l i ty  that  the  posit ive h ippocampal  theta  

subsequent  memory  ef fects observed  here,  and negat ive h ippocampal  theta  subsequent  

memory  ef fects observed  e lsewhere ref lect  separate ef fects,  each of  which  contr ibute  to  

later  memory (Long et  a l . ,  2014) .  

We have a lso demonstrated that  our  intracrania l  resul t s  extend to a  measure o f  osci l la tory  

act ivity  recorded  using  MEG  in  non -cl in ica l  populat ions .  Th is  po int  i s  cr i t ica l  because 

human iEEG studies face the i ssue of  extrapolat ing f indings in  pat ients to  the genera l  

populat ion ,  and here  we show that  averaged ef fects  across  pat ient  populat ions  can ,  a t  

least  in  th is  instance ,  be trans lated  to  hea lthy  part ic ipants.  A lthough we were able  to  

detect  the presence of  pos it ive  h ippocampal  theta subsequent  memory  ef fects  in  both the 

iEEG and MEG study,  we are unab le to  def in it ively  conf irm that  these ef fects or ig inate in  

the h ippocampus.  Nonetheless,  t he observat ion of  correlated tr ia l -by -tr ia l  var iat ions in  
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theta act iv ity  across temporal  lobe recording s i tes  in  the iEEG study support  the  proposal  

that  th is  act ivity  may  b e  dr iven by a  s ing le source (Bush et  a l . ,  2017) .  In addi t ion ,  our MEG 

source local isa t ion resul ts ,  and the fac t  that subsequent memory e f fec ts  in the iEEG s tudy 

only reached s igni f icance on h ippocampal  e lec trode contac ts ,  suggest the hippocampus as  

the most l i ke ly or igin .  

A lthough the f ind ings in  the MEG study in  large part  over lapped with  thos e observed in  

the iEEG study,  they d id  d i f fer  in  one aspect .  In  the iEEG study we  observed that  

h ippocampal  theta  power during encod ing was  greater  for  pai rs  subsequent ly  retr ieved 

correct ly  in  both d i rect ions re lat ive to  those not  retr ieved at  a l l  (a  f ind ing rep l i cated in  

the MEG study) .  However ,  in  the MEG study  (when extract ing mean theta power from the 

h ippocampal  reg ion  with  the peak  subsequent  memory  ef fect )  we a lso saw that  theta  

power was greater  for  those pa irs  that  were retr ieved correct ly  in  one d irect ion but  not  

the other ,  compared to those that  part ic ipants  d id  not  subsequ ently  remember.  I t  i s  

poss ib le  that  epi lept ic  pathology  and  the relat ive ly  smal l  sample  s ize  in  the iEEG study 

may  have reduced our  abi l i ty  to  detect  such  a  d i f ference.  Interest ingly  though,  when 

extract ing  mean theta  power from the same  reg ion,  we d id  observe that  basel ine  theta 

act ivity  in  the MEG stud y was lower for  pa irs  that  part i c ipant s later  ret r ieved correct ly  in  

one d irect ion relat ive to  those that  part ic ipants d id  not  remember (an effect  not  seen in  

the iEEG study).  I t  i s  poss ib le that  th is  d i f ference during the basel ine per iod may  

contr ibute  to  the theta  power d i f ference seen  in  the basel ine corrected  MEG data during 

encoding.   

Indeed,  we cannot  ru le out  some contr ibut ion of  basel ine decreases in  theta power to  the 

pos it ive subsequent  memory ef fect  we observed here.  Except  for  the above,  we saw that  

basel ine act ivity  was not  pred ict ive o f  subsequent  memory per formance.  Nonetheless ,  

even smal l ,  non -sign if icant ,  var iat ions  in  basel ine theta act ivi ty  may lead us  to  

overest imat e d i f ferences in  encoding act iv ity  across pairs  ret r iev ed correct ly  in  zero,  one,  

or  both  d i rect ions.  In  th is  sense,  the result s  presented  here  could  potent ia l ly  ref lect  
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changes  in  some  system state  p r ior  to  encoding ,  in  add it ion to  changes  induced  by  the 

presentat ion of  the  pai rs  or  those evoked by the underl y ing theta rhythm.  

We are a l so unab le to  spec i fy  the funct ions contr ibut ing to  subsequent  memory,  wh ich  

may inc lude ef fects of  a ttent ion or  task  engagement.  Here we assess the contr ibut ion of  

h ippocampal  theta  power  to  later  memory  per formance by  contrast i ng encod ing  t r ia l s  

associated with  pairs  that  were correct ly  retr ieved to those in  which they  were not .  As 

such,  our  main ef fect  of  interest  inevitab ly  ref lects act iv ity  related  to the successfu l  

formation of  assoc iat ive memor ies ,  including  act ivity  that  i s  not  speci f i c  to  mnemonic  

encoding,  such as a ttent ion or  task  engagement.  Future stud ies should  a im to isolate the 

neural  p rocesses relate d  to successfu l  assoc iat ive memory  format ion  by  control l ing for  the  

inf luence of  attent ion  and/or  task  engagement.   

F ina l ly ,  we note that ,  in  contrast  to  our  f indings ,  some previous  stud ies have  a l so  

descr ibed  theta  subsequent  memory ef fects in  medial  and lateral  tempora l  lobe reg ions  

outside o f  the  h ippocampus (e.g. ,  Hans lmayr et  a l . ,  2011 ) .  Although we have shown that  

theta power across tempora l  lobe recording s i tes was s igni f i cant ly  corre lated on a  tr ia l -

by-t r ia l  basi s,  we d id  not  f ind  st rong evidence for  subsequent  memory ef fects  in  these 

other  regions.  However,  i t  i s  possib le  that  our  sensi t ivi ty  to  such an effect  was  reduced b y  

greater  var iabi l i ty  in  e lectrode p lacement in  the temporal  neocortex ,  relat ive to  the 

h ippocampus,  and by averaging our resu lt s  across contacts  with in  each region for  each  

pat ient  pr ior  to  ana lyses .  I t  i s  a l so poss ib le that  d i f ferences in  task  demands could  account  

for  these d iscrepancies.  For  instance,  Greenberg et  a l .  (2015)  observed  that  theta  power  

decreases in  the temporal  lobe  ( includ ing  the temporal  neocortex)  dur ing  encoding wer e 

pred ict ive o f  subsequent  memory performance for  l i st s  o f  word -pairs .  In  contrast ,  we 

requ ired part ic ipants to  r ich ly  imagine the pai red assoc iates interact ing  to  promote cross -

modal ,  assoc iat ive b inding ,  wh ich  i s  known to depend on the h ippocampus (Cohen et  a l . ,  

1999;  Davachi ,  2006;  Marr,  1971;  Mayes et  a l . ,  2007 ;  McCle l land et  a l . ,  1995 ).   

In  summary,  across two compl ementary  stud ies us ing iEEG and MEG recordings,  we showed  

that  theta act ivi ty  dur ing encod ing in  the human h ippocampus promote s subsequent  
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associat ive memory .  Important ly ,  we are ab le to  demonstrate that  h ippocampal  theta 

effects observed  in  pat ients in  the iEEG study  extrapolate  to  healthy  part ic ipants .  
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