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Summary  Temporal  lobe  epilepsy  (TLE)  is  typically  associated  with  long-term  memory  dys-
function. The  frontal  lobes  support  high-level  cognition  comprising  executive  skills  and  working
memory  that  is  vital  for  daily  life  functioning.  Deficits  in  these  functions  have  been  increasingly
reported in  TLE.  Evidence  from  both  the  neuropsychological  and  neuroimaging  literature  sug-
gests both  executive  function  and  working  memory  are  compromised  in  the  presence  of  TLE.
In relation  to  executive  impairment,  particular  focus  has  been  paid  to  set  shifting  as  measured
by the  Wisconsin  Card  Sorting  Task.  Other  discrete  executive  functions  such  as  decision-making
and theory  of  mind  also  appear  vulnerable  but  have  received  little  attention.  With  regard  to
working memory,  the  medial  temporal  lobe  structures  appear  have  a  more  critical  role,  but
with emerging  evidence  of  hippocampal  dependent  and  independent  processes.  The  relative
role of  underlying  pathology  and  seizure  spread  is  likely  to  have  considerable  bearing  upon  the
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provided
cognitive phenotype  and  trajectory  in  TLE.  The  identification  of  the  nature  of  frontal  lobe  dys-
function in  TLE  thus  has  important  clinical  implications  for  prognosis  and  surgical  management.
Longitudinal  neuropsychological  and  neuroimaging  studies  assessing  frontal  lobe  function  in  TLE
patients pre-  and  postoperatively  will  improve  our  understanding  further.

© 2011  Elsevier  B.V.  All  rights  reserved.
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emporal  lobe  epilepsy  (TLE)  is  associated  with  significant
ognitive  impairment.  Difficulties  in  the  formation  and  stor-
ge  of  long-term  episodic  memories  (LTM)  have  long  been
ecognised  as  a  hallmark  of  pathological  damage  to  medial
emporal  lobe  structures  (MTL).  Frontal  lobe  function  has
een  considered  spared  in  the  presence  of  MTL  damage  in
LE  (Cave  and  Squire,  1992;  Squire  et  al.,  2004), although
his  assumption  has  been  challenged  with  emerging  evidence
or  temporal  lobe  involvement  in  frontal  lobe  processes
Ranganath  and  Blumenfeld,  2005).

The  frontal  lobes  primarily  support  higher-level  cog-
itive  processes,  comprising  executive  skills  and  working
emory  (Hanna-Pladdy,  2007;  Linden,  2007;  Gilbert  and
urgess,  2008). Executive  functions  include  vital  cognitive
ctivities  including  decision-making,  planning,  sustained
ttention,  awareness  and  insight.  Not  surprisingly,  process-
ng  deficiencies  can  have  far  ranging  effects  that  impact
n  educational  attainment,  employment  and  social  func-
ioning.  For  instance,  executive  skills  deficits  have  been
ssociated  with  poor  outcomes  on  cognitive  rehabilitation
rogrammes  (Ehlhardt  et  al.,  2008).

Working  memory  refers  to  the  temporary  storage  and
anipulation  of  information,  and  it  is  an  early  and  key

tage  in  almost  all  cognitive  processing.  Impaired  function
an  disrupt  subsequent  cognition  and  as  a  consequence  can
ave  a  marked  impact  on  even  basic  everyday  activities
uch  as  following  a  conversation  or  reading  a  newspaper.
uch  research  has  been  undertaken  on  working  memory

Baddeley,  2000) and  this  indicates  two  subsystems,  the
honological  loop  for  the  initial  processing  and  storage  of
erbal  information,  and  the  visuospatial  sketchpad  for  early
rocessing  of  non-verbal  information.  A  third  subsystem,  the
pisodic  buffer,  is  responsible  for  linking  and  storing  infor-
ation  across  domains  into  a  multimodal  representation,

nd  it  is  proposed  to  link  the  working  memory  system  to
he  episodic  memory  system.  The  working  memory  subsys-
ems  are  coordinated  by  a  central  executive,  responsible
or  binding  information  from  multiple  sources,  in  order  to
ontrol  and  regulate  higher  cognitive  processes  (Fig.  1).
he  presumed  bi-directional  exchange  between  these  sys-
ems  indicates  a  crucial  role  for  fronto-temporal  pathways
n  working  memory.

Evidence  from  psychiatric  and  neurodegenerative  disor-
ers  support  temporal  lobe  involvement  in  classically  frontal
obe  processes.  In  schizophrenia,  executive  dysfunction  has
een  associated  with  disrupted  frontotemporal  connectiv-
ty  (Ragland  et  al.,  2007), while  evidence  from  Alzheimer’s
isease  and  frontotemporal  dementia  points  to  caution  in

he  automatic  attribution  of  working  memory  and  executive
unction  failures  solely  to  frontal  lobe  impairment,  suggest-
ng  temporoparietal  regions  are  also  implicated  (Stopford
t  al.,  2011). Frontal  lobe  function  in  TLE  has  received
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igure  1  Schematic  representation  of  Baddeley’s  working
emory  model  (Baddeley,  2000).

imited  attention,  with  the  nature  and  extent  of  extratem-
oral  cognitive  impairment  in  TLE  remaining  poorly
nderstood.

In  TLE,  whether  frontal  lobe  impairment  is  a  product  of
ritical  temporal  lobe  involvement  or  is  secondary  to  prop-
gation  of  epileptic  activity  from  the  epileptogenic  zone  to
loquent  cortex  responsible  for  frontal  lobe  function  is  sub-
ect  of  current  debate  (Devinsky,  2005). Identification  of  the
echanism  of  impairment  holds  significant  clinical  value,  for

nstance  in  the  surgical  management  of  medically  refractory
LE  patients  regarding  predictions  relating  to  likely  loss  or
ain  of  function  following  anterior  temporal  lobe  resection.

This  review  will  examine  the  evidence  for  frontal  lobe
ysfunction  in  TLE,  focussing  on  executive  functions,  work-
ng  memory,  and  the  potential  mechanisms  of  impairment.  A
earch  of  Pubmed  for  original  and  review  articles  of  adults,
n  English  using  a  combination  of  the  keywords  frontal,  tem-
oral,  epilep*,  working  +  memory  and  executive  +  function
as  performed.  An  initial  total  of  160  papers  were  iden-

ified.  Animal  research  was  discounted  due  to  the  ongoing
ebate  surrounding  the  validity  of  the  clinical  translation  of
nimal  models  to  human  frontal  lobe  function  (Keeler  and
obbins,  2011;  Penn  and  Povinelli,  2007).  Case  reports  were
lso  excluded.  Relevant  citations  in  the  remaining  40  papers
ere  followed  up.

rontal lobe
unction in temporal lobe epilepsy

europsychological  impairment  is  an  important  comorbid-
ty  of  chronic  epilepsy  (Thompson  and  Duncan,  2005). Focal
pilepsy  syndromes  emphasize  the  link  between  the  pri-
ary  epileptogenic  region  and  the  corresponding  cognitive
mpairment,  such  as  episodic  memory  in  TLE  and  executive
unction  in  frontal  lobe  epilepsy  (FLE)  (Elger  et  al.,  2004).
n  TLE,  a  pattern  of  relatively  generalised  cognitive  impair-
ent  has  been  reported  which  raises  the  possibility  that
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Frontal  lobe  function  in  temporal  lobe  epilepsy  

structural  and  functional  abnormalities  may  exist  outside
the  bounds  of  the  temporal  lobe  (Hermann  et  al.,  1997;
Oyegbile  et  al.,  2004). This  inference  has  been  supported
by  findings  of  extratemporal  neocortical  abnormalities  both
contralateral  and  ipsilateral  to  the  side  of  seizure  onset
(McDonald  et  al.,  2008;  Mueller  et  al.,  2009;  Oyegbile  et  al.,
2004). The  range  of  cognitive  impairment  in  TLE  has  led  to
attempts  to  identify  cognitive  phenotypes  of  the  disorder,
with  executive  functions  compromised  in  a  significant  subset
of  the  TLE  population  (Dabbs  et  al.,  2009;  Hermann  et  al.,
2007).  In  one  example,  Dabbs  et  al.  (2009)  applied  a  clus-
ter  analysis  to  the  test  scores  of  55  chronic  TLE  patients.
Twenty-four  percent  of  the  sample  showed  severe  cognitive
compromise  in  memory,  executive  function  and  psychomo-
tor  speed.  Compared  to  healthy  controls  and  a  memory  only
compromised  group,  this  subset  presented  with  increased
abnormalities  in  total  white  and  grey  matter  volume,  as  well
as  poorer  prospective  cognitive  trajectories.

Executive functions in temporal lobe epilepsy

The  main  findings  from  studies  assessing  executive  function
in  TLE  are  summarized  in  Table  1.

Neuropsychological  studies

Evidence  for  executive  dysfunction  in  TLE  has  frequently
been  investigated  using  the  Wisconsin  Card  Sorting  Task
(WCST)  (Berg,  1948;  Heaton,  1981) or  its  modified  version
(Nelson,  1976). Each  assesses  planning,  organisation  and  the
use  of  environmental  feedback  to  shift  cognitive  set,  all  of
which  are  considered  classic  executive  functions.  Hermann
et  al.  (1991)  examined  WCST  performance  in  64  unilateral
TLE  patients.  Forty  four  percent  of  patients  exhibited  a  clin-
ically  relevant  executive  dysfunction.  The  authors  suggested
deficits  in  executive  function  may  be  associated  with  prop-
agation  of  temporal  lobe  seizure  activity  to  executive  skill
relevant  areas.  In  contrast  to  this  hypothesis,  Corcoran  and
Upton  (1993)  found  hippocampal  sclerosis  (HS),  a  patholog-
ical  hallmark  of  medial  TLE,  compromised  performance  on
the  modified  WSCT  (MWCST).  HS  patients  completed  fewer
categories  and  made  more  perseverative  errors  compared
to  FLE  and  non-HS  TLE  groups.  Performance  on  other  exec-
utive  tasks  was  not  compromised.  It  was  argued  that  the
heavy  working  memory  load  required  to  complete  the  task
was  responsible  for  the  selective  impairment  on  the  MWCST,
providing  evidence  for  a  dissociation  between  executive
subsystems  (Corcoran  and  Upton,  1993). Similarly,  Strauss
et  al.  (1993)  assessed  77  TLE  patients  with  the  WCST.  Set-
shifting  ability  was  most  impaired  by  the  presence  of  left
temporal  lobe  dysfunction,  but  only  if  damage  occurred
before  the  age  of  one  year  old.  Deficits  in  right  TLE  set-
shifting  ability  was  less  severe,  but  occurred  independently
of  age  of  onset.  While  suggestive  of  temporal  lobe  involve-
ment  in  executive  tasks,  the  impact  of  seizure  frequency  and
type  were  not  assessed,  limiting  the  interpretation  regard-
ing  the  mechanism  of  impairment,  Subsequent  studies  have

also  found  performance  on  the  WCST  to  be  compromised  in
TLE  (Drake  et  al.,  2000;  Hermann  et  al.,  2007;  Horner  et  al.,
1996;  Kim  et  al.,  2007;  Oyegbile  et  al.,  2004) and  specifically
those  with  HS  (Allegri  et  al.,  1999;  Garcia  Espinosa  et  al.,
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010;  Giovagnoli,  2001;  Oddo  et  al.,  2003). In  a  comprehen-
ive  study,  Giovagnoli  (2001)  investigated  the  contribution
f  the  hippocampus  to  performance  on  the  MWCST.  The
erformance  of  TLE  patients  with  left  HS  was  significantly
mpaired.  There  was  also  a  trend  for  left  TLE  patients
ithout  HS  to  perform  poorly.  The  authors  argued  that  HS
atients  were  compromised  in  their  ability  to  form  associa-
ions  and  register  new  information,  two  processes  that  are
ritical  for  the  successful  completion  of  the  task.  Interest-
ngly,  although  HS  patients  performed  poorly  on  a  measure  of
orking  memory,  there  was  no  correlation  between  working
emory  and  MWCST  scores,  indicating  that  working  memory
isruption  may  not  be  related  to  impaired  executive  perfor-
ance  providing  tentative  evidence  for  a  dissociation  of  the

ffect  of  HS  on  executive  subsystems.
There  is  limited  research  using  other  measures  of  exec-

tive  functions  in  TLE.  Labudda  et  al.  (2009)  assessed
ecision-making  in  20  TLE  patients  using  the  Iowa  Gambling
ask  (IGT)  (Bechara  et  al.,  1994). This  test  is  designed  to
ssess  how  feedback  affects  the  decision-making  process.
ubjects  are  required  to  select  a  card  (typically  with  mon-
tary  value)  from  one  of  four  decks,  two  decks  provide
hort-term  gain  and  long-term  loss  (disadvantageous  deci-
ion),  and  two  provide  short-term  loss  but  long-term  gain
advantageous  decision).  Subjects  are  assessed  on  their  abil-
ty  to  utilise  the  immediate  feedback  from  each  deck  in
rder  to  make  greater  advantageous  than  disadvantageous
ecisions.  Compared  to  controls,  TLE  patients  were  signif-
cantly  impaired  in  their  decision-making,  and  those  with

 preference  for  disadvantageous  decisions  performed  less
ell  on  other  tests  of  executive  function.  The  authors  argued

hat  the  disturbance  in  this  type  of  decision-making  was  due
o  disrupted  feedback  processing  caused  by  damage  to  the
mygdala.  However,  it  was  noted  that  those  patients  with
elective  HS  and  no  amygdala  disturbance  also  exhibited  a
reference  for  disadvantageous  decisions  (Labudda  et  al.,
009).

Schacher  et  al.  (2006)  investigated  advanced  theory
f  mind  capacity  in  TLE  through  the  detection  of  social
aux  pas,  a  sensitive  indicator  of  higher-order  deficits.  The
ask  requires  the  detection  of  social  faux-pas  (i.e.  where
omeone  makes  a  social  blunder)  from  short  scenarios.
he  performance  of  27  medial  TLE  (MTLE)  patients,  was
ompared  to  27  demographically  matched  non-medial  TLE
atients  and  12  healthy  controls.  The  MTLE  group  performed
ess  well  than  both  non-medial  TLE  patients  and  healthy
ontrols  in  detecting  social  faux  pas.  There  was  no  signif-
cant  difference  in  performance  between  non-medial  TLE
nd  controls.  Across  both  epilepsy  groups,  performance  did
ot  correlate  with  epilepsy  related  variables  such  as  age
t  seizure  onset,  or  duration  of  epilepsy.  The  authors  sug-
est  that  medial  temporal  lobe  damage,  particularly  the
nvolving  the  amygdala  was  the  specific  cause  of  the  deficit
Schacher  et  al.,  2006).

While  these  studies  provide  evidence  for  executive  dys-
unction  in  TLE,  there  are  also  contrary  findings.  McDonald
t  al.  (2005)  administered  the  Trail  Making  Test,  a  measure
f  mental  flexibility,  to  frontal  lobe  epilepsy  patients  (FLE),

LE  patients  and  healthy  controls.  FLE  patients  showed  sig-
ificant  impairment  in  both  speed  and  accuracy  compared
o  TLE  and  controls  in  the  more  cognitively  demanding  set-
witching  condition.  On  all  other  measures,  TLE  patients
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Table  1  Studies  of  executive  function  in  TLE.

Author  (yr)  n.  (group)  Executive  assessment  Results  TLE  effecting
frontal  lobe
function?

Hermann  et  al.  (1991)  64  (TLE)  WCST  44%  exhibited  clinically  relevant  executive
dysfunction

Yes

Corcoran and  Upton  (1993)  16  (HS)  MWCST,  VF  HS  reduced  performance  on  MWCST  Yes
13 (TLEo)  Stroop
18  (FLE)

Strauss  et  al.  (1993)  77  (TLE)  WCST  Poor  performance  related  to  left  sided  pathology  and
early age  of  onset

Yes

Horner et  al.  (1996)  38  (TLE)  WCST  50%  TLE  patients  showed  clinical  executive
dysfunction  as  measured  by  perseverative  responses

Yes

Jokeit et  al.  (1997)  96  (TLE)  ‘Frontal’  battery  including
TMT  and  digit  span

26%  patients  showed  reduced  prefrontal
hypometabolsim,  significantly  effecting  performance
on frontal  measures

Yes

Allegri et  al.  (1999) 50  (MTLE)  WCST,  VF,  TMTb  MTLE  (particularly  HS)  showed  reduced  executive
performance  across  all  tasks

20 (HC)  Yes
16 (TLE)  WCST  75%  TLE  patients  showed

Drake et  al.  (2000)  12  (PGE)  Reduced  performance  compared  to  12%  PGE  Yes
Giovagnoli (2001) 112  (TLE)  MWCST  Left  FLE  and  Left  HS  sig.  impaired  on  MWCST

53 (FLE)  Yes
36 (HC)

Oddo  et  al.  (2003)  71  (HS)  WCST,  Stroop,  TMTb  25%  showed  impaired  WCST  performance  Yes
McDonald et  al.  (2005) 23  (FLE)  TMTb,  D-KEFS  TLE  performance  equal  to  controls  No

20 (TLE)
23 (HC)

Schacher  et  al.  (2006) 27  (MTLE)  Faux-pas  test  MTLE  impaired  in  recognising  social  faux-pas  Yes
27 (TLEo)
12 (HC)

Takaya  et  al.  (2006)  21  (MTLE)  MWCST,  TMT  Patients  with  frequent  seizures  more  impaired  in
set-shifting;  related  to  prefrontal  hypometabolism

Yes

Hermann et  al.  (2007) 96  (TLE)  WCST,  Stroop,  TMTb,  Cluster  analysis  revealed  29%  TLE  belonged  to  a
memory,  executive  and  speed  impaired  group

Yes

82 (HC)
32 (TLE)  VF,  Stroop  TLE  reduced  performance  on  all  measures

Wang et  al.  (2007)  42  (HC)  Yes
Cahn-Weiner et  al.  (2009) 29  (TLE)  Executive  daily  living  test  Both  groups  within  normal  limits  No

9 (FLE)
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erformed  equal  to  controls.  In  addition,  a small  but  impor-
ant  study  investigated  cognitively  based  daily  living  tasks  in
LE  and  TLE  groups  (Cahn-Weiner  et  al.,  2009). These  tasks
ere  either  memory  based  or  executive  skills  based.  Neither
LE  nor  TLE  groups  showed  impairment  on  the  executive
ased  daily  living  tasks.  Despite  the  potential  lack  of  sensi-
ivity  of  the  tasks  employed,  this  study  shows  that  executive
unctions  in  daily  life  may  not  be  affected  by  focal  epilepsy.

euroimaging  studies

ew  neuroimaging  studies  have  examined  the  relationship
etween  executive  function  and  TLE.  Jokeit  et  al.  (1997)
sed  FDG-PET  to  show  extratemporal  hypometabolsim  in
LE  was  related  to  reduced  executive  functioning.  A  neu-
opsychological  test  battery  tapping  executive  function  was
dministered  to  96  TLE  patients  within  3  months  of  scan-
ing.  Asymmetric  prefrontal  hypometabolsim  was  observed
n  26%  of  TLE  patients.  This  asymmetry  had  a  main  effect
n  the  ten  measures  of  frontal  lobe  function,  with  a  larger
symmetry  related  to  poorer  performance.  More  recently,
akaya  et  al.  (2006)  showed  TLE  patients  experiencing  fre-
uent  seizures  were  more  impaired  in  set-shifting  (measured
y  the  modified  WCST  and  Trail  Making  Test)  than  those  expe-
iencing  rare  seizures.  This  reduced  performance  correlated
ith  prefrontal  hypometabolsim  as  measured  by  FDG-PET,
roviding  support  for  seizure  propagation  as  a  mechanism
f  impairment.

Wang  et  al.  (2007)  used  diffusion-tensor  imaging  to  exam-
ne  the  relationship  between  executive  function  and  white
atter  integrity  in  TLE.  Patients  performed  significantly  less
ell  across  all  measures  of  executive  function  compared

o  controls,  including  the  Trail-Making,  Digit  Span  and  the
troop  Tests.  In  addition,  the  fractional  anisotropy  (FA)  val-
es  of  the  thalamus  and  posterior  limb  of  the  left  internal
apsule  were  reduced  compared  to  controls.  Correlational
nalysis  revealed  the  FA  of  this  latter  area  to  be  positively
orrelated  with  Trail-Making  performance  indicators.  The
uthors  concluded  that  patients  with  TLE  and  executive  dys-
unction  show  damage  to  areas  other  than  the  frontal  lobes,
hus  areas  beyond  the  frontal  lobes  may  be  involved  in  exec-
tive  function  (Wang  et  al.,  2007). One  further  study  has
sed  quantitative  MRI  to  investigate  executive  function  in
LE  (Keller  et  al.,  2009). Relative  to  30  controls,  43  patients
ith  unilateral  TLE  had  volume  atrophy  of  the  ipsilateral
ippocampus  and  bilateral  prefrontal  cortex  (PFC).  Execu-
ive  function  was  positively  correlated  to  left  dorsal  PFC  and
eft  hippocampus  volumes.  The  authors  suggested  extended
amage  to  brain  regions  remote  from  the  epileptic  zone
ay  be  responsible  for  executive  deficits  observed  in  TLE.
oth  of  the  above  studies  are  important  in  highlighting  evi-
ence  for  additional  structural  damage  outside  the  temporal
obes  that  correlates  with  executive  ability  in  TLE.  Whether
his  is  an  effect  of  seizure  propagation  or  more  widespread
athology  in  TLE  requires  further  attention.
orking memory in temporal lobe epilepsy

he  main  findings  from  studies  assessing  working  memory  in
LE  are  summarized  in  Table  2.
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Table  2  Studies  of  working  memory  in  TLE.

Author  (yr)  n.  (group)  Working  memory  assessment  Results  TLE  effecting  frontal
lobe  function?

Cowey  and  Green  (1996) 12  (TLE)  Visuospatial  motor  task,  letter  span  Compared  to  FLE  and  HC,  TLE  patients  were
unimpaired  on  dual-task  performance

No

12 (FLE)
12  (HC)

Duzel  et  al.  (1996)  20  (TLE)  Corsi  block  tapping,  digit  span  TMS  over  left  temporal  lobe  induces  recency
effects  in  verbal  working  memory  task

Yes

Grippo et  al.  (1996) 29  (TLE)  Delayed  match-to-sample  Specific  ERP  abnormalities  in  memory  impaired
TLE  related  to  reduced  working  memory  capacity

Yes

26 (HC)
Owen  et  al.  (1996) 32  (FLEx)  Matched  verbal,  visual  and  spatial  TLEx  and  AHx  groups  impaired  on  visual  working

memory  compared  to  FLEx.  Spatial  working
memory  deficits  evident  in  TLEx  only  at  high
demand

Yes

41 (TLEx)
19  (AHx)
91  (HC)

Krauss  et  al.  (1997)  8  (TLE)  Verbal  and  visuospatial  Mesial  temporal  spikes  decreased  working
memory  performance  in  6/8  patients

Yes

Abrahams et  al.  (1999)  47  (TLE)  Nine-box  maze  Spatial  working  memory  deficits  in  right  TLE
patients

Yes

Axmacher et  al.  (2007) 11  (TLE)  Delayed  match-to-sample  iEEG  revealed  sustained  MTL  activity  during
multiple  item  maintenance  in  TLE.  Confirmed  by
MTL  fMRI  activity  in  HC

Yes

23 (HC)
Axmacher  et  al.  (2008) 13  (TLE)  Delayed  match-to-sample  MTL  and  inferior  temporal  lobe  receive  increasing

top-down  control  as  working  memory  load
increase

Yes

23 (HC)
Axmacher  et  al.  (2009) 8  (TLE)  iEEG  activation  patterns  Working  memory  related  hippocampal

deactivation  interferes  with  long-term  memory
formation

Yes

19 (HC)
Campo  et  al.  (2009) 9  (LHS)  MEG  activity  during  verbal  task  Reduced  ipsilateral  and  increased  contralateral

MTL activity  in  TLE  related  to  impaired
performance

Yes

10 (HC)
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europsychological  studies

ecent  models  of  working  memory  highlight  the  role  of
he  ‘episodic  buffer’,  linking  working  memory  to  long-
erm  memory  systems  (LTM;  Baddeley,  2000). Accordingly,
t  is  reasonable  to  argue  that  the  pathological  effect
f  TLE  on  one  process  (i.e.  LTM)  may  affect  the  other
.e.  working  memory.  Several  neuropsychological  studies
rovide  evidence  of  working  memory  dysfunction  in  TLE
Abrahams  et  al.,  1999;  Black  et  al.,  2010;  Duzel  et  al.,
996;  Owen  et  al.,  1996;  Wagner  et  al.,  2009). Duzel
nd  colleagues  (1996)  induced  changes  in  verbal  working
emory  performance  in  patients  with  left  TLE  using  tran-

cranial  magnetic  stimulation  over  the  temporal  lobe.  The
uthors  argued  that  the  phonological  loop,  responsible  for
he  short-term  storage  of  verbal  information,  has  a  func-
ionally  and  anatomically  multimodular  structure  including
oth  frontal  and  temporal  areas.  In  addition,  Abrahams
t  al.  (1999)  found  patients  with  right  hippocampal  damage
ere  impaired  on  a  spatial  working  memory  task,  and  that
ippocampal  and  parahippocampal  gyrus  volume  negatively
orrelated  with  the  number  of  spatial  memory  errors  These
ndings  support  a  specialized  role  for  the  right  hippocampus

n  spatial  working  memory.
In  the  only  study  to  look  specifically  at  material-specific

ateralization  of  working  memory  in  TLE,  Wagner  and
olleagues  (2009)  studied  a  group  of  96  patients  with  unilat-
ral  MTL  damage  (24  pre-operative  and  72  post-operative)
n  matched  verbal  and  non-verbal  supraspan  tasks.  For
ach  subject,  a  supraspan  set  size  score  and  error  rate
as  recorded  for  each  material  type.  Compared  to  healthy
ontrols,  both  left  and  right  TLE  groups  showed  reduced
pan  sizes  for  both  material  types.  There  were  no  group
ifferences  between  pre-  and  postoperative  patients  but
here  was  a  significant  interaction  between  material  type
nd  side  of  pathology.  Right  TLE  patients  had  a  smaller  visu-
spatial  span,  but  not  verbal  span,  compared  to  left  TLE
atients.  The  left  TLE  group  made  significantly  more  errors
n  the  verbal  span  task  than  on  the  visuospatial  task  when
ompared  to  controls  and  right  TLE  patients.  These  results
ere  taken  to  argue  for  material-specific  lateralization  of
orking  memory  dysfunction  arising  from  unilateral  medial

emporal  lobe  damage  (Wagner  et  al.,  2009). The  inclusion
f  both  pre-  and  postoperative  TLE  in  one  group  con-
ounds  the  interpretation  of  results.  The  seizure  propagation
ypothesis  could  have  been  investigated  by  comparing  the
erformance  of  the  seizure-free  versus  the  non-seizure-free
atients  in  the  postoperative  sample.  The  study  highlights
gain  the  need  for  longitudinal  data  to  identify  the  contribu-
ion  of  the  temporal  lobes  to  processes  of  working  memory.

More  recently,  Black  et  al.  (2010)  investigated  the  effect
f  the  duration  of  epilepsy  and  lifetime  seizure  load  on
rontal  lobe  function  in  207  TLE  patients  compared  to  216
atients  with  psychogenic  non-epileptic  seizures.  Previous
esearch  suggested  that  as  duration  of  epilepsy  and  the  num-
er  of  complex  partial  seizures  increase,  executive  functions
ecline  (Thompson  and  Duncan,  2005). The  authors  derived
n  impairment  index  for  each  subject  based  on  working

emory  capacity  and  executive  function  performance.  Mul-

ivariate  regression  analyses  revealed  that  age  at  onset  was
he  strongest  significant  predictor  of  working  memory  and
xecutive  function,  with  earlier  onset  predictive  of  poorer
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erformance.  In  addition,  greater  lifetime  seizure  load  was
lso  related  to  a  reduced  executive  function.  The  relation-
hip  between  clinical  variables  and  frontal  lobe  function  in
LE  requires  further  research.

When  directly  assessing  the  role  of  the  medial  tempo-
al  lobes  in  working  memory,  there  is  limited  evidence  to
uggest  that  temporal  lobe  structures  are  not  involved.
owey  and  Green  (1996)  investigated  the  effect  of  hip-
ocampal  sclerosis  on  working  memory.  Twelve  HS  patients
ere  compared  to  12  FLE  and  12  healthy  controls.  The
orking  memory  tasks  were  designed  to  assess  the  central
xecutive  component  of  Baddeley’s  working  memory  model
Fig.  1).  Each  subject  performed  two  separate  short-term
emory  tasks  simultaneously,  placing  increased  demand  on

he  division  of  attention.  The  TLE  group  performed  at  the
ame  level  as  controls.  As  the  authors  implied,  the  measure
f  working  memory  they  used  may  not  have  been  sensitive
o  TLE.  They  were  specifically  looking  for  the  neural  cor-
elate  of  the  central  executive,  a  component  of  working
emory  that  may  not  be  effected  by  TLE  (Cowey  and  Green,

996).

euroimaging  studies

he  neuroanatomical  basis  of  working  memory  is  often
nvestigated  with  variants  of  the  ‘n-back’  task  (Gevins
nd  Cutillo,  1993). Typically,  this  requires  the  monitoring
f  a  series  of  stimuli,  responding  whenever  a  stimulus  is
resented  that  is  the  same  as  the  one  presented  n  tri-
ls  previously  (where  n  =  1,  2,  3,  etc.).  This  places  great
emands  on  working  memory,  requiring  the  on-line  monitor-
ng,  continuous  updating  and  manipulation  of  remembered
nformation.  A  recent  meta-analysis  of  24  functional  MRI
fMRI)  data  sets  for  variants  of  the  n-back  paradigm  found
onsistent  activation  of  frontal  and  parietal  cortical  regions
Owen  et  al.,  2005). The  authors  also  found  evidence  for
ub-regional  material-specific  hemispheric  lateralization  for
orking  memory  processes.  Verbal  compared  to  nonverbal

dentity  monitoring  was  associated  with  increased  activation
n  left  ventrolateral  prefrontal  cortex,  whereas  nonverbal
ocation  monitoring  relative  to  nonverbal  identity  moni-
oring  was  associated  with  enhanced  activation  in  right
orsolateral  prefrontal  and  posterior  parietal  cortex  (Owen
t  al.,  2005). Increased  MTL  activation  was  not  identified.
lthough  this  may  indicate  no  involvement,  it  could  be  that
he  effect  of  working  memory  load  was  not  adequately  rep-
esented  in  the  analyses.  More  recent  imaging  studies  have
hown  MTL  involvement  in  working  memory  when  multiple
tems  are  maintained  and  contrasted  with  single  item  stor-
ge  (Axmacher  et  al.,  2007,  2009;  Campo  et  al.,  2005,  2009).
n  alternative  explanation  could  be  the  lack  of  distinc-
ion  between  novel  and  familiar  stimuli  in  the  n-back  tasks
escribed.  Previous  research  has  shown  the  MTL  specifically
ontributes  to  the  short-term  maintenance  of  information
hat  has  no  prior  representation  in  the  brain  rather  than
o  familiar  stimuli  (Ranganath  and  D’Esposito,  2001;  Stern
t  al.,  2001;  Zarahn  et  al.,  2005).
Few  neuroimaging  studies  have  examined  working  mem-
ry  in  TLE.  Techniques  including  event-related  potentials
ERP)  (Grippo  et  al.,  1996), intracranial  depth  electrodes
icEEG)  (Axmacher  et  al.,  2007,  2008;  Krauss  et  al.,  1997)
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nd magnetoencephalography  (MEG)  (Campo  et  al.,  2009;
ashdollar  et  al.,  2009) have  all  been  utilised.  Early  stud-

es  indicated  TLE  patients  with  memory  impairment  show
educed  performance  as  working  memory  load  increases  on

 digit-span  task  accompanied  with  attenuated  ERP  response
Grippo  et  al.,  1996). Additionally,  mesial  temporal  spikes
ave  been  shown  to  interfere  with  both  verbal  and  non-
erbal  working  memory  processes,  with  left  hippocampal
pikes  causing  disruption  across  both  domains  (Krauss  et  al.,
997).  Recently,  MEG  has  been  used  to  track  the  time  course
f  MTL  activation  in  TLE  patients  when  performing  a  verbal
orking  memory  task  (Campo  et  al.,  2009). Compared  to
ontrols,  9  patients  with  left  hippocampal  sclerosis  showed
ignificantly  reduced  performance.  MEG  recordings  during
he  encoding  phase  indicated  an  ipsilateral  decrease  and  a
ontralateral  increase  of  MTL  activity  in  TLE  compared  to
ontrols.

Axmacher  and  colleagues  (Axmacher  et  al.,  2007,  2008,
009)  have  shown  neural  activity  in  the  MTL  mediates
orking  memory  processes.  TLE  patients  (9  right,  2  left)
erformed  a  visuospatial  working  memory  task  while  under-
oing  icEEG  recordings  (Axmacher  et  al.,  2007). The
aradigm  assessed  working  memory  loads  requiring  the
aintenance  of  one,  two  or  four  neutral  faces.  Following

 brief  (3  s)  pause,  a  probe  face  would  appear,  requiring
he  subject  to  respond  as  to  whether  they  had  seen  the
ace  previously.  Twenty-three  healthy  controls  performed
he  same  task  with  fMRI.  The  patients  were  less  accurate
ith  increasing  memory  load  compared  to  controls.  When

he  working  memory  load  was  low  (single  face),  there  was  a
ustained  decrease  of  activity  in  the  hippocampus  and  rhi-
al  cortex  compared  to  baseline.  As  the  load  increased  there
as  an  increase  in  hippocampal  activity.  These  results  were

einforced  by  the  analysis  of  the  encoding  phase  in  the  4-
ace  trials;  with  a  stepwise  increase  in  hippocampal  activity
ollowing  the  presentation  of  each  additional  face.  Further-
ore,  gamma-band  activity  was  in  keeping  with  the  direct

urrent  changes  observed,  with  a  sustained  decrease  for  sin-
le  item  maintenance  and  an  increase  as  load  increased.  The
MRI  results  for  the  control  group  confirmed  the  involvement
f  the  MTL  in  working  memory  was  not  due  to  a  disease
rocess  or  perceptual  changes.  In  addition  to  the  typical
orking  memory  frontal  and  parietal  network  activations,

he  left  hippocampus  showed  an  increased  activation  with
ncreasing  memory  load  that  paralleled  the  icEEG  findings
Axmacher  et  al.,  2007). It  is  of  note  the  stimuli  were  non-
erbal  (neutral  faces)  and  the  fMRI  result  does  not  support
he  traditional  material-specific  hypotheses  of  MTL  memory
unction.

A  recent  fMRI  study  examined  working  memory  perfor-
ance  in  36  individuals  with  cryptogenic  focal  epilepsy;

0  temporal,  13  frontotemporal  and  13  frontal  foci  based
n  EEG  and  seizure  semiology  (Vlooswijk  et  al.,  2011).
ompared  to  controls,  patients  were  impaired  on  all
easures  of  working  memory.  Reduced  connectivity  in  a  pre-

rontal  network  comprising  the  anterior  cingulate  cortex,
iddle  and  inferior  frontal  gyri  was  associated  with  per-

ormance  on  a  measure  sensitive  to  the  central  executive

omponent  of  working  memory.  However,  there  was  no  com-
arison  of  prefrontal  network  integrity  between  patients
ith  temporal  and  extratemporal  foci,  limiting  interpreta-

ion  of  the  results  in  the  context  of  seizure  propagation.
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Table  3  Studies  assessing  pre-  vs.  postoperative  change  of  frontal  lobe  function  in  TLE.

Author  (yr) n.  (group) Assessment Postop  assessment
timecourse

Results

Hermann  et  al.  (1988) 37  (TLE) WCST 6  months 57%  impaired  preop.  Fewer  perseverative  errors
following  surgery

6 (PGE)
Frisk  and  Milner  (1990) 29  (TLE) Word  span 5  days  and  2  weeks Equal  to  HC  preop;  transient  deficit  at  5  days

postop;  restored  at  2  weeks.  Extent  of  excision  of
no significance

14 (HC)
Trenerry  and  Jack  (1994) 34  (Left  TLE) WCST 4—5  months  No  sig.  difference  in  performance  from  before  to

after  surgery
34 (Right  TLE)

Hermann  and  Seidenberg,  1995  74  (TLE)  WCST  6  months  Postoperative  improvements  in  performance
Martin et  al.  (1999) 15  (Left  MTLE) WCST,  TMTb Not  reported Executive  function  was  not  impaired  preop  and  no

sig. change  postop  for  both  groups
40 (Left  TLE  +  )

Martin  et  al.  (2000a) 174  (TLE) WCST,  VF  TMTb 6—12  months  No  change  in  WCST  and  TMTb  scores,  however  VF
sig. improved  following  surgery

Martin et  al.  (2000b) 89  (TLE) WCST 6—12  months  No  change  postop.  Seizure  frequency  outcome
unrelated  to  WCST  performance

Kim et  al.  (2007) 85  (MTLE) WCST 1  year 56%  MTLE  impaired  preop.  Postop  decline  related
to better  preop  performance

34 (ncTLE)

TLE: temporal lobe epilepsy; MTLE: mesial temporal lobe epilepsy; TLE+: temporal lobe epilepsy with coexisting temporal developmental malformation; ncTLE: neocortical temporal lobe
epilepsy; PGE: primary generalised epielpsy; HC: healthy controls; WCST: Wisconsin card sorting task; MWCST: modified WCST; VF: verbal fluency; TMTb: Trail-Making-Test part B.
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onetheless,  the  authors  conclude  that  in  the  absence  of
ymptomatic  lesions,  seizure  activity  with  both  temporal
nd  extratemporal  origin  may  disrupt  prefrontal  network
ntegrity  associated  with  working  memory  (Vlooswijk  et  al.,
011).

ostoperative change

n  optimal  experimental  design  for  studying  the  mecha-
ism  underlying  the  disruption  to  frontal  lobe  function  in
LE  is  to  assess  for  post-surgical  change.  Anterior  temporal

obe  resection  (ATLR)  is  with  a  well-established  treatment
or  medically  intractable  temporal  lobe  epilepsy.  If  medial
emporal  lobe  structures  are  critical  for  executive  func-
ioning,  then  preoperative  impairments  would  be  expected
nd  these  would  be  maintained  or  exacerbated  by  surgery.
f  however  the  spread  of  epileptogenic  activity  to  frontal
egions  is  causing  executive  dysfunction,  then  removal  of
he  primary  epileptogenic  zone  should  result  in  a  gain  of
unction.  Table  3  summarizes  the  main  findings  of  the  studies
hat  have  examined  frontal  lobe  function  before  and  after
emporal  lobe  surgery.

Hermann  et  al.  (1988)  examined  WCST  performance  in
5  TLE  patients  compared  to  a  small  group  of  6  primary
eneralised  epilepsy  (PGE)  patients.  Fifty  seven  percent  of
he  TLE  group  were  impaired,  with  an  increased  persever-
tive  error  rate,  compared  to  only  17%  of  the  PGE  group.

 subset  of  the  TLE  group  was  retested  6  months  follow-
ng  temporal  lobe  resection.  These  patients  produced  fewer
erseverative  responses,  indicating  a  gain  in  function  fol-
owing  the  surgical  removal  of  the  primary  epileptogenic
one.  Frisk  and  Milner  (1990)  looked  at  working  memory
efore  and  after  unilateral  temporal  lobe  resection.  Work-
ng  memory  capacity  was  assessed  preoperatively  and  3—5
ays  and  two  weeks  postoperatively.  While  there  was  a
ransient  decrease  of  capacity  3—5  days  following  surgery,
t  2  weeks  performance  returned  to  preoperative  levels.
he  transient  decrease  was  attributed  to  overall  language
isturbance  commonly  observed  following  left  ATLR.  There
as,  however,  no  comment  on  whether  the  TLE  group  were

mpaired  at  baseline  compared  to  controls,  making  inter-
retation  difficult.  Size  of  hippocampal  resection  had  no
ignificant  effect  on  performance.  No  other  clinical  outcome
easures  of  surgery  (e.g.  seizure  frequency)  were  reported,

gain  confounding  interpretation  of  the  effect  of  temporal
obe  surgery  on  working  memory.  In  addition,  neuropsycho-
ogical  assessment  2  weeks  after  major  resective  surgery
ay  be  a  weak  indicator  of  cognitive  outcome,  and  longer

ollow  up  to  show  stability  of  their  findings  would  have  been
nstructive  (Frisk  and  Milner,  1990).

Trenerry  and  Jack  (1994)  investigated  executive  function
efore  and  4—5  months  post-operatively  in  68  TLE  patients
sing  the  WCST.  Preoperative  scores  indicated  executive
ysfunction  in  42—57%  of  the  sample.  Both  left  and  right  TLE
atients  showed  no  significant  change  across  all  WCST  per-
ormance  measures,  however,  there  was  a  trend  for  fewer
erseverative  responses  following  resection.  Performance

id  not  correlate  with  seizure  onset  or  hippocampal  vol-
me  (Trenerry  and  Jack,  1994). The  authors  argued  against

 significant  role  for  the  hippocampus  in  WCST  perfor-
ance,  yet  acknowledged  that  performance  may  be  related
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o  the  propagation  of  seizure  activity.  In  a  subsequent  study,
ermann  and  Seidenberg  (1995)  again  found  WCST  perfor-
ance  improved  in  74  TLE  patients  6  months  after  temporal

obe  surgery,  suggesting  gain  of  function  following  a  reduc-
ion/cessation  of  seizures.

Martin  et  al.  (1999)  assessed  dual  pathology  patients  with
eft  temporal  lobe  developmental  malformations  with  con-
urrent  left  medial  temporal  sclerosis  (LMTS)  and  patients
ith  LMTS  only  across  several  cognitive  measures.  The
easure  of  executive  function  included  the  number  of  per-

everative  errors  on  the  WCST,  and  Trail-Making  Test  scores.
atients  performance  was  within  the  normal  range  on  both
f  these  tasks,  and  no  changes  were  found  postoperatively
Martin  et  al.,  1999). This  could  be  interpreted  as  prior
unctional  reorganisation  of  temporal  lobe  related  execu-
ive  function,  or  that  the  temporal  lobe  is  not  relevant  to
his  performance  measure.  A  complementary  study  inves-
igated  executive  function  more  comprehensively  (Martin
t  al.,  2000a). The  WCST,  a  Trail-Making  Test  and  a  verbal
uency  task  was  administered  to  174  TLE  patients  before
nd  after  anterior  temporal  lobe  resection.  Again,  execu-
ive  functions  as  measured  by  the  WCST  and  Trail-Making
est  were  unchanged  following  surgery  but  verbal  fluency
erformance  improved.  The  authors  argued  for  a  selective
ormalization  of  executive  function  (verbal  fluency)  follow-
ng  anterior  temporal  lobe  surgery  (Martin  et  al.,  2000a).
n  a  further  report  focussing  on  the  WCST,  Martin  et  al.
2000b)  assessed  89  patients  with  TLE,  of  which  72  went
n  to  have  anterior  temporal  lobe  resection.  Regression
nalysis  of  the  effect  several  clinical  variables  on  preop-
rative  performance  proved  non-significant.  Patients  who
ere  seizure  free  following  surgery  did  not  exhibit  better
CST  performance  than  those  who  continued  to  experience

eizures.  The  results  argue  against  a  role  of  structural  MTL
bnormalities  or  seizure  propagation  in  set-shifting  ability
Martin  et  al.,  2000b).

Kim  et  al.  (2007)  investigated  WCST  performance  pre  and
ostoperatively  in  a  group  of  85  medial  TLE  patients.  At
aseline,  56%  of  medial  TLE  patients  had  a  sorting  impair-
ent,  with  30%  of  those  being  severe.  Correlational  analysis

howed  preoperative  sorting  ability  was  negatively  corre-
ated  with  postoperative  change  i.e.  those  with  greater
reoperative  scores  deteriorated  more  than  those  with
eaker  preoperative  scores.  The  authors  suggested  that

orting  ability  in  TLE  patients  cannot  be  explained  by
ippocampal  damage  alone,  and  that  seizure  propagation
o  frontal  regions  may  be  predominantly  responsible  (Kim
t  al.,  2007).

Functional  neuroimaging  studies  have  been  under-
tilised  to  date  and  these  are  likely  to  help  in  identifying
he  underlying  neural  correlates  of  working  memory  and
xecutive  functions  in  TLE.  To  date,  there  are  no  functional
agnetic  resonance  imaging  studies  specifically  investigat-

ng  frontal  lobe  function  in  lesional  TLE.  The  identification  of
hese  correlates  will  aid  our  understanding  of  the  cognitive
henotypes  of  TLE.
onclusions and future directions

vidence  from  both  the  neuropsychological  and  neuroimag-
ng  literature  suggests  both  executive  function  and  working
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memory  can  be  compromised  in  the  presence  of  TLE.  In  rela-
tion  to  executive  impairment,  particular  emphasis  has  been
paid  to  set  shifting  as  measured  by  the  WCST.  Other  functions
such  as  decision-making  and  theory  of  mind  appear  vulner-
able,  but  as  this  review  demonstrates  these  have  received
little  attention.  Study  samples  are  often  small  or  suffer  from
heterogeneity  regarding  pathology  for  example  by  combing
pre-  and  post-surgical  cases.

Despite  a  limited  evidence  base,  the  cause  of  execu-
tive  skills  weakness  seems  to  be  the  propagation  of  seizure
activity  to  executive  skills  dependant  regions  in  the  frontal
lobes.  With  regard  to  working  memory,  the  evidence  more
consistently  supports  a  direct  role  of  the  temporal  lobe
in  the  encoding  and  maintenance  of  working  memory  but
with  emerging  evidence  of  hippocampal-dependent  and  hip-
pocampal  independent  processes.  The  cognitive  phenotype
and  trajectory  in  TLE  will  likely  vary  depending  on  the  under-
lying  mechanism  and  this  has  clinical  relevance  and  will  be
important  to  establish  further.

In  the  research  reviewed  little  consideration  has  been
given  to  the  role  of  anti-epileptic  medication  and  its  impact
on  frontal  lobe  function.  For  example,  there  is  considerable
evidence  that  topiramate  can  negatively  impact  on  working
memory  (Kim  et  al.,  2006;  Smith  et  al.,  2006). This  deserves
attention  and  could  be  explored  by  reassessing  executive
functions  following  drug  discontinuation  in  seizure-free  sur-
gical  patients.

Longitudinal  neuropsychological  and  functional  neu-
roimaging  studies  assessing  executive  skills  and  working
memory  pre-  and  post  temporal  lobe  resections  hold  promise
in  elucidating  the  nature  and  mechanisms  underlying  frontal
lobe  dysfunction  in  TLE.
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