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Summary
Purpose:  To  investigate  lateralized  differences  in  limbic  system  functional  connectivity  between
left and  right  temporal  lobe  epilepsy  (TLE)  using  graph  theory.
Methods:  Interictal  resting  state  fMRI  was  performed  in  14  left  TLE  patients,  11  right  TLE
patients,  and  12  controls.  Graph  theory  analysis  of  10  bilateral  limbic  regions  of  interest
was conducted.  Changes  in  edgewise  functional  connectivity,  network  topology,  and  regional
topology were  quantified,  and  then  left  and  right  TLE  were  compared.

Results:  Limbic  edgewise  functional  connectivity  was  predominantly  reduced  in  both  left  and

right TLE.  More  regional  connections  were  reduced  in  right  TLE,  most  prominently  involving
reduced interhemispheric  connectivity  between  the  bilateral  insula  and  bilateral  hippocampi.
A smaller  number  of  limbic  connections  were  increased  in  TLE,  more  so  in  left  than  in  right  TLE.
Topologically,  the  most  pronounced  change  was  a  reduction  in  average  network  betweenness
centrality  and  concurrent  increase  in  left  hippocampal  betweenness  centrality  in  right  TLE.

Abbreviations: TLE, temporal lobe epilepsy; fcMRI, functional connectivity MRI; DMN, default mode network; AAL, automated anatomical
abeling; FWER, family wise error rate; AED, anti-epileptic drug; FDR, false discovery rate.
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In  contrast,  left  TLE  exhibited  a  weak  trend  toward  increased  right  hippocampal  betweenness
centrality,  with  no  change  in  average  network  betweenness  centrality.
Conclusion:  Limbic  functional  connectivity  is  predominantly  reduced  in  both  left  and  right  TLE,
with more  pronounced  reductions  in  right  TLE.  In  contrast,  left  TLE  exhibits  both  edgewise  and
topological  changes  that  suggest  a  tendency  toward  reorganization.  Network  changes  in  TLE  and
lateralized differences  thereof  may  have  important  diagnostic  and  prognostic  implications.
Published by  Elsevier  B.V.
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motion  parameters  and  their  temporal  derivatives,  ven-
tricular  signal,  and  white  matter  signal  (Fox  et  al.,  2005).
Whole-brain  signal  regression  was  not  performed,  in  order
Introduction

Temporal  lobe  epilepsy  (TLE)  is  the  most  common  epilepsy
in  adults  and  most  common  pharmaco-resistant  epilepsy
amenable  to  surgical  treatment.  However,  surgery  is  not
possible  in  about  30%  of  TLE  patients,  primarily  due  to  a
lack  of  clear  localizing  abnormality  (Berg  et  al.,  2003).  In
standard  surgical  evaluation  protocols,  high-resolution  MRI
and  video-EEG  play  a  central  role  (Duncan,  1997).  Func-
tional  connectivity  MRI  (fcMRI)  may  provide  an  additionally
potential  useful  technique  to  aid  lateralization.

Structural  and  functional  neuroimaging  has  shown  that
TLE  is  a  disorder  of  altered  brain  networks  involving  both
temporal  and  extratemporal  changes  (Chiang  and  Haneef,
2014;  Engel  et  al.,  2013;  Spencer,  2002).  In  additional  to
temporal  lobe  structures  (Bettus  et  al.,  2010;  Pittau  et  al.,
2012),  seizure-induced  neuronal  loss  has  been  hypothesized
to  lead  to  reorganization  of  limbic  connectivity  (Spencer,
2002).  Structural  reorganization  of  the  limbic  system  has
been  observed  in  TLE  using  diffusion  tensor  imaging,  mostly
involving  the  insula,  superior  temporal  lobe,  thalamus,  and
hippocampus  (Bonilha  et  al.,  2012).

Recent  studies  have  found  different  patterns  of  func-
tional  connectivity  between  right  and  left  TLE,  including
global  functional  impairment  in  right  TLE  and  redistribu-
tion  of  functional  activation  in  left  TLE  (Billingsley  et  al.,
2001;  Dupont  et  al.,  2002;  Vlooswijk  et  al.,  2010).  Other
lateralized  differences  in  subnetworks  such  as  the  default
mode  network  (DMN)  have  also  been  identified  (Haneef
et  al.,  2012).  A  graph  theoretic  approach  to  investigat-
ing  lateralized  differences  in  TLE  functional  connectivity
permits  a  network-level  approach  that  can  help  elucidate
pathophysiology  (Chiang  and  Haneef,  2014).  Additionally,
characterization  of  the  functional  connectome  using  graph
theoretic  measures  allows  for  quantification  of  connectomic
differences  which  may  potentially  aid  clinical  lateralization.

In  this  study,  we  used  a  graph  theoretic  approach  to
analyze  resting  state  fcMRI  and  characterize  differences
in  limbic  functional  connectivity  between  left  and  right
TLE  compared  to  healthy  controls.  This  consisted  of  three
steps:  (1)  comparison  of  edgewise  differences  in  functional
connectivity,  (2)  comparison  of  whole-brain  limbic  network
properties,  and  (3)  comparison  of  network  properties  of  lim-
bic  structures  at  a  nodal  level.

Materials and methods
Subjects

We  studied  14  subjects  with  left  TLE,  11  subjects  with
right  TLE,  and  12  controls.  The  study  was  approved  by  the

t
(
(
f

nstitutional  Review  Board  for  Baylor  College  of  Medicine
BCM).  Consenting  patients  were  recruited  from  July  2011
o  March  2014  from  the  BCM  comprehensive  epilepsy
enter  following  clinical  evaluation,  video-EEG  monitoring,
nd  high-resolution  MR  imaging.  Patients  with  disabling
ognitive  impairment  or  other  neurological  co-morbidities
ere  excluded.  Control  subjects  were  recruited  through
niversity  advertisement  and  word-of-mouth,  and  were
elected  to  match  patient  groups  in  age,  gender,  and
ducational  background.

mage  acquisition

maging  was  performed  on  a  Philips  Ingenia  3T  MRI  scan-
er  (Philips  Medical  Systems,  Best,  Netherlands).  Resting
tate  fMRI  was  acquired  axially  for  10  min  (TR  =  6000  ms,
E  = 30  ms,  FOV  =  228  mm,  matrix  = 100  ×  100,  slice  thick-
ess  =  2.25  mm,  67  slices,  100  volumes).  Subjects  were
nstructed  to  lie  still  with  eyes  closed,  and  not  asked  to  think
bout  anything  in  particular  during  the  functional  sequence.
atients  were  requested  not  to  fall  asleep  during  imaging
nd  were  monitored  by  the  imaging  technician.  T1-weighted
maging  was  also  performed  as  follows:  TR  =  2500  ms,
E  = 4600  ms,  FOV  =  199  mm,  matrix  =  244  ×  206,  slice  thick-
ess  =  1.4  mm,  284  slices.

MRI  preprocessing

ata  pre-processing  were  performed  using  FSL
fMRIB  Software  Library)  version  5.0.2  (Oxford,  UK,
ww.fmrib.ox.ac.uk/fsl) (Forman  et  al.,  1995;  Woolrich
t  al.,  2001).  The  first  12  s  were  discarded  to  attain
agnetization  equilibrium.  Resting  state  functional  images

nderwent  non-brain  tissue  elimination  (Smith,  2002);  slice-
iming  correction;  spatial  smoothing  using  a  Gaussian  kernel
5  mm  full-width  half  maximum);  and  co-registration  to
he  T1-weighted  structural  image.  Common  pre-processing
teps  for  resting  state  fMRI  were  then  applied,  including
emporal  bandpass  filtering  (0.01  <  f  <  0.1  Hz)  (Fox  et  al.,
005;  Uddin  et  al.,  2009) and  removal  of  the  following
ources  of  spurious  various  using  linear  regression:  six
o  increase  test-retest  reliability  in  graph  theory  analyses
Liang  et  al.,  2012).  Motion  scrubbing  was  also  performed
Power  et  al.,  2012).  Residuals  were  normalized  prior  to
urther  analysis.

http://www.fmrib.ox.ac.uk/fsl
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Figure  1  Histogram  showing  spatial  distribution  of
increased/decreased  limbic  connectivity  in  LTLE  and  RTLE.
Number of  increased/decreased  functional  connections  is
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hown on  y-axis.  LTLE,  left  TLE;  RTLE,  right  TLE;  L,  left;  R,
ight.

imbic  network  functional  connectivity

tatistical  significance  was  evaluated  at  the  0.05  level.  After
egistration  to  the  MNI  template  image,  functional  connec-
ivity  was  estimated  between  ten  pairs  of  bilateral  limbic
nd  perilimbic  regions  of  interest  (regions  in  Fig.  1).  These
egions  were  chosen  based  on  a  priori  knowledge,  as  they
ave  consistently  demonstrated  structural  changes  in  TLE
Keller  and  Roberts,  2008).  Using  the  automated  anatomical
abeling  (AAL)  atlas  (Tzourio-Mazoyer  et  al.,  2002),  regions
f  interest  were  first  mapped  to  BOLD  space.  The  represen-
ative  time  series  for  each  region  was  obtained  by  averaging
he  fMRI  residual  time  series  across  all  voxels  in  the  region.
unctional  connectivity  was  estimated  through  the  Pearson
orrelation  between  all  pairs  of  residual  time  series.  Fisher’s
-to-z  transformation  was  applied  to  estimated  correlation

oefficients.  To  test  for  lateralized  differences  in  the  propor-
ion  of  functional  connections  increased/decreased  relative
o  controls,  a  two-sample  two-sided  test  of  equal  propor-
ions  based  on  the  raw  connectivity  matrix  was  performed.

P
c
M
s

S.  Chiang  et  al.

o  identify  limbic  structures  with  connectivity  most  affected
y  TLE,  structures  with  mean  altered  connectivity  in  the
pper  15th  percentile  were  reported.  Non-parametric  per-
utation  testing  with  1000  resamples  was  used  to  evaluate
ifferences  in  functional  connectivity  for  TLE  compared
o  controls.  To  account  for  multiple  comparisons,  family
ise  Type  1  error  rate  (FWER)  was  controlled  at  the  0.05

evel  using  the  maximal  statistic.  This  is  considered  the
old  standard  for  accurately  correcting  for  multiple  testing
Westfall  and  Young,  1993) and  was  used  to  provide  strong
ype  1  error  control.  Nodes  and  edges  were  mapped  onto
ortical  surfaces  and  visualized  with  the  BrainNet  Viewer
Fig.  2) (Xia  et  al.,  2013).

raph  construction

rior  to  graph  construction,  negative  correlations  were
et  to  zero  to  improve  the  reliability  of  graph  theory
easures  (Wang  et  al.,  2011).  Binary  undirected  graphs
ere  constructed  by  thresholding  the  correlation  matrix
cross  a  series  of  biologically  plausible  connection  densities
Bullmore  and  Bassett,  2011),  yielding  a  range  of  potential
ndirected  graphs  of  the  brain’s  functional  network.  This
llowed  comparison  of  network  properties  between  patient
ubgroups  and  controls  to  reflect  differences  in  connectome
rganization  rather  than  differences  in  absolute  connectiv-
ty.

raph  theory  measures

ifferences  in  functional  reorganization  between  TLE  sub-
roups  were  characterized  based  on  graph  theoretic
easures  of  the  functional  connectome.  A  large  number  of

unctional  topology  measures  can  be  calculated  for  brain
etworks,  although  of  unclear  relevance  to  TLE.  Therefore,
e  chose  to  focus  on  basic  measures  of  global  functional

opology  studied  previously  (Bonilha  et  al.,  2012),  including
verage  betweenness  centrality,  clustering  coefficient,  and
lobal  network  efficiency.  We  examined  these  measures  on

 nodal  level,  including  nodal  betweenness  centrality,  clus-
ering  coefficient,  and  local  efficiency  (see  Supplementary
ata).

Global  and  nodal  graph  theory  measures  were  aver-
ged  across  the  non-random  connection  density  range
Bullmore  and  Bassett,  2011)  and  compared  to  controls  using
on-parametric  permutation  testing  with  1000  resamples.
ultiple  testing  correction  was  performed  by  FWER  control
t  the  0.05  level.  Results  are  reported  both  before  and  after
ultiple  testing  correction.  Statistical  analyses  were  con-
ucted  using  MATLAB  version  R2011a  (MathWorks,  Natick,
assachusetts,  USA).  Graph  theory  metrics  were  calculated
sing  the  Brain  Connectivity  Toolbox  (Rubinov  and  Sporns,
010).

esults
atient  details  are  in  Table  1.  We  did  not  find  a  signifi-
ant  difference  in  patients  with  ipsilateral  mesial  temporal
RI  findings  (Fisher’s  exact  p-value  >  0.99),  mesial  temporal

clerosis  (MTS)  or  hyperintense  mesial  signal  (Fisher’s  exact
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Table  1  Baseline  characteristics  for  unilateral  temporal  lobe  epilepsy  patients.

Age  (y) Sex  Handedness  Epilepsy  duration  (years) AEDs  Surgery  MRI  findings  VEEG  PET  EEG  Neuropsychology
memory
dysfunction

33  F  R  16  CBZ,  PHT L  ATL L  MTS LT Not  done LT  sp V  >  NV
23 F  R  4  LTG,  PGB No  surgery L  MT  fullness

(CD  or
neoplasm)

LT L  MT
hypometabolism

LT  sp V

22 F  R  4  LCM,  LTG,  TPM L  ATL Normal  LT Normal  LT  slowing V  >  NV
67 F  R  64  LEV  No  surgery L  MTS LT Not  done BT  sp Not  done
22 M  R  5  LEV,  OXC No  surgery Normal  LT Normal  L  FT  sp V  >  NV
23 F  R  11  FBM,  ZNS L  ATL L  MT  fullness

(CD  or
neoplasm)

LT Not  done LT  sp,  LF  >  RF  sp V  +  NV

39 F  R  27  LTG,  ZNS,  CBZ No  surgery L  MT
hyperintensity

LT Not  done LT  >  RT  sp Not  done

32 M  R  17  CBZ,  LEV  No  surgery  Normal  LT  Not  done  LT  sp  V  +  NV
38 F  R  6  LTG,  ZNS  No  surgery  L  MT

hyperintensity
LT  Not  done  LT  sp  V  +  NV

37 F  R  22  LTG,  CBZ,  LCM  No  surgery  Bilateral  H
hyperintensity

LT  Normal  BT/bifrontal  sp  Not  done

42 F  R  9  LTG  No  surgery  L  MT  CD  LT  Not  done  LT  sp  Not  done
33 F  R  12  LTG,  LEV,  AZ  No  surgery  L  MT  CD  LT  Not  done  LT  sp  V  >  NV
28 M  L  2  LEV,  OXC  No  surgery  Normal  LT  Not  done  LT  sp  Normal
53 F  R  7  LTG  L  ATL  L  MT  fullness

(CD  or
neoplasm)

LT  LT
hypometabolism

LT  sp  Normal

47 F  R  3  LCM  No  surgery  R  MTS  RT  Not  done  RT  >  LT  sp  NV  >  V
36 M  L  30  LTG,  ZNS  R  ATL  Mild

generalized
parenchymal
volume  loss

RT  RT
hypometabolism

RT  sp  Not  done

21 M  R  9  LCM,  PHT  No  surgery  Normal  RT  Not  done  RT  sp  Not  done
28 M  R  6  LEV,  LTG,  TPM  No  surgery  R  H  full-

ness/hyperintensity
RT  Not  done  BT  sp  V  +  NV

57 M  R  5  VPA,  OXC  R  ATL  R  MTS  RT  Normal  RT  sp  NV  >  V
37 M  R  27  LTG,  CBZ  R  ATL  R  cavernous

malformation
RT  Normal  RT  >  LT  sp  NV
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-value  =  0.12),  or  normal  MRI  (Fisher’s  exact  p-value  =  0.34)
etween  left  and  right  TLE  groups.  Left  TLE,  right  TLE,  and
ontrol  groups  were  similar  in  age  (Kruskal—Wallis  �2 =  4.26,
-value  =  0.119),  gender  (Pearson  �2 =  4.40,  p-value  =  0.111),
nd  education  (Kruskal—Wallis  �2 =  3.76,  p-value  =  0.15).

imbic  network  functional  connectivity

ost  altered  edgewise  functional  connections  reflected
ecreases  for  both  left  and  right  TLE  (Fig.  1).  Increased
unctional  connections  were  more  often  in  left  (23/190,
r  12.1%)  than  right  (7/190,  or  3.7%)  TLE  (p-value  =  0.004).
ncreases  were  mostly  interhemispheric  in  left  TLE  and  intra-
emispheric  in  right  TLE  (Fig.  2a and  b).

A  larger  number  of  significant  changes  in  limbic  edge-
ise  connectivity  were  found  in  right  than  left  TLE  (Fig.  3d
nd  e).  Limbic  structures  with  the  most  reduced  connec-
ivity  (upper  15th  percentile  average  altered  connectivity)
ere  the  left  posterior  cingulate  gyrus  and  bilateral  thalami

or  left  TLE,  and  the  right  hippocampus,  right  parahip-
ocampus,  and  right  posterior  cingulate  gyrus  for  right  TLE.
fter  multiple  testing  correction,  significant  reductions  in
unctional  connectivity  included  (1)  the  left  and  right  hip-
ocampus  (p-value  =  0.01)  and  (2)  the  left  and  right  insula
p-value  =  0.001)  in  right  TLE  (Fig.  3e,  hatched  squares).

lobal  functional  topology

ig.  4  compares  average  betweenness  centrality,  clustering
oefficient,  and  global  network  efficiency  across  different
evels  of  nonrandom  connection  densities.  Patients  with
ight  TLE  had  significantly  decreased  levels  of  network
etweenness  centrality  (p-value  =  0.008).  A  trend  toward
ecreased  global  efficiency  of  the  left  TLE  limbic  system
as  also  identified  prior  to  multiple  testing  correction.  No
ther  significant  changes  in  network  betweenness  centrality,
lustering  coefficient,  or  global  efficiency  were  observed.
verage  global  network  measurements  are  summarized  in
able  A.1.

odal  functional  topology

ig.  A.1  shows  the  overall  spatial  pattern  of  topological
hanges.  The  hippocampus  and  perihippocampal  struc-
ures  (parahippocampal  gyrus,  posterior  cingulate  gyrus,
usiform)  generally  exhibited  decreases,  with  any  increases
eing  contralateral.  The  superior  temporal  gyrus  mainly
xhibited  decreases.  Deep  gray  matter  structures  (caudate,
halamus)  mainly  exhibited  increases.  Both  increases  and
ecreases  were  variably  observed  in  frontal  regions  (infe-
ior  orbitofrontal  gyrus,  anterior  cingulate  gyrus).  Clustering
oefficient  and  local  efficiency  showed  increases  in  left
nd  decreases  in  right  TLE,  whereas  betweenness  centrality
howed  decreases  in  left  and  was  variable  in  right  TLE.

Of  these  changes,  right  TLE  patients  exhibited  a  signif-
cant  increase  in  left  hippocampal  betweenness  centrality,

nd  decreases  in  betweenness  centrality  of  the  left  insula
nd  right  parahippocampal  gyrus.  Local  efficiency  and  clus-
ering  coefficient  were  decreased  in  the  right  hippocampus
n  both  left  and  right  TLE.  In  left  TLE,  the  left  superior
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Figure  2  Increased  (a—b)  and  decreased  (c—d)  functional  con
RTLE, right  TLE.

temporal  gyrus  exhibited  decreases  in  local  efficiency  and
nodal  clustering  coefficient.  The  left  posterior  cingulate
gyrus  also  experienced  decreased  local  efficiency  in  left  TLE,
along  with  a  decrease  in  betweenness  centrality  of  the  left
thalamus  and  a  weak  trend  toward  increased  betweenness
centrality  of  the  right  hippocampus  prior  to  multiple  test-
ing  correction.  Outside  of  the  hippocampus,  all  significant
changes  in  local  efficiency  or  clustering  coefficient  prior  to
multiple  testing  correction  occurred  in  left  TLE  patients.
After  multiple  testing  correction,  patients  with  right  TLE
exhibited  a  significant  increase  in  betweenness  centrality  of
the  left  hippocampus  (p-value  =  0.04)  (Table  2).

Discussion

We  investigated  lateralized  differences  in  the  functional
connectivity  of  the  TLE  limbic  system.  Limbic  functional
connectivity  was  predominantly  reduced  in  both  left  and
right  TLE,  with  more  pronounced  reductions  in  right  TLE.
In  contrast,  left  TLE  exhibited  changes  in  both  edgewise
connectivity  and  functional  topology  that  suggest  reorga-
nization.

Limbic  network  functional  connectivity

Using  DTI,  previous  research  has  consistently  demonstrated
observations  of  structural  fiber  loss  in  the  TLE  limbic  sys-
tem  (Bonilha  et  al.,  2012;  Riley  et  al.,  2010).  Our  finding
that  functional  connectivity  is  mainly  reduced  in  TLE  shows

inter-modality  agreement  between  DTI  and  fMRI.  Addition-
ally,  we  found  that  this  reduction  is  more  pronounced  in  right
TLE,  an  observation  corroborated  by  seed-based  fcMRI  anal-
yses  of  the  DMN  (Haneef  et  al.,  2012)  and  the  limbic  system

u
m

c

ions  in  the  limbic  system  for  left  and  right  TLE.  LTLE,  left  TLE;

Doucet  et  al.,  2013).  Previous  studies  have  found  greater
aseline  levels  of  functional  and  structural  connectivity  in
ealthy  brains  in  the  left  compared  to  right  hemisphere
Barrick  et  al.,  2007;  Bettus  et  al.,  2009).  These  greater
aseline  levels  of  left  hemispheric  connectivity  may  provide
igher  levels  of  functional  and  structural  integrity  which
re  protective  against  left-sided  disease,  resulting  in  the
ore  pronounced  reductions  in  connectivity  for  right  TLE

bserved  in  our  study.
Interestingly,  we  found  that  a  larger  proportion  of  limbic

ystem  connections  were  increased  in  left  compared  to  right
LE.  Consistent  with  this  study,  a  similar  trend  of  increased
onnectivity  in  left  TLE  compared  to  decreased  connectivity
n  right  TLE  has  also  been  observed  in  the  DMN.  In  partic-
lar,  increased  connectivity  of  the  anterior  and  posterior
MN  has  been  observed  in  left  TLE,  whereas  decreased  con-
ectivity  of  the  posterior  DMN  has  been  observed  in  right
LE  (Haneef  et  al.,  2012).  Our  data  provide  evidence  sup-
orting  the  concept  of  functional  redistribution  in  left  TLE
nd  bilateral  functional  impairment  in  right  TLE  (Billingsley
t  al.,  2001;  Dupont  et  al.,  2002;  Vlooswijk  et  al.,  2010).  This
ay  reflect  compensatory  changes  necessitated  by  greater

ognitive  deficits  in  left  TLE  (Mayeux  et  al.,  1980),  result-
ng  in  reorganization  and  less  impairment  from  reductions  in
eft  TLE  connectivity.  Alternatively,  this  may  also  represent

 maladaptive  process  leading  to  greater  cognitive  deficits
n  left  TLE,  as  research  increasingly  supports  the  notion  that
pregulations  in  mesial  temporal  lobe  connectivity  are  not
unctionally  efficient  (Voets  et  al.,  2014).  Further  investiga-
ion  is  needed  to  improve  understanding  of  circumstances

nder  which  these  functional  changes  are  compensatory  or
aladaptive  (Saur  and  Hartwigsen,  2012;  Voets  et  al.,  2014).
Previous  research  has  highlighted  the  prominence  of

hanges  in  connectivity  of  the  posterior  cingulate  gyrus,
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Figure  3  Edgewise  functional  connectivity  of  controls,  left  TLE,  and  right  TLE  patients.  Mean  correlation  matrices  for  controls,
left TLE,  and  right  TLE  are  shown  in  (a—c).  To  provide  an  overview  of  groupwise  differences,  statistical  significance  prior  to  multiple
testing correction  is  shown  in  matrices  (d—e).  For  (a—c),  the  gradient  (0—1)  represents  the  edgewise  Pearson  correlation  between
pairs of  limbic  structures,  with  negative  correlations  set  to  0.  For  (d—e),  white  and  hatched  squares  indicate  edgewise  connections
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ignificantly  different  from  controls  prior  to  and  after  multiple  

eft; R,  right.

ippocampus,  parahippocampus,  insula,  thalamus,  and
uperior  temporal  gyrus  in  unilateral  TLE  (Bonilha  et  al.,
012;  James  et  al.,  2013;  Liao  et  al.,  2010).  Here,  we
oo  found  that  these  were  the  most  affected  structures  in
LE.  In  addition,  we  show  that  edgewise  connectivity  of
hese  structures  are  affected  to  different  extents  in  left
nd  right  TLE,  with  the  insula  and  parahippocampal  gyrus
ost  affected  in  right  TLE,  and  the  superior  temporal  gyrus

nd  thalamus  most  affected  in  left  TLE.  The  hippocampus

nd  posterior  cingulate  were  affected  in  both  left  and
ight  TLE,  similar  to  previous  research  (James  et  al.,
013),  and  is  consistent  with  the  selective  vulnerability
f  functional  connections  between  the  hippocampal  and

w
H
c
a

ng  correction,  respectively.  Abbreviations  as  listed  in  Fig.  1.  L,

osterior  cingulate  regions  of  the  DMN  identified  in  previous
s-fMRI  studies  (Voets  et  al.,  2014).

lobal  and  nodal  functional  topology

rior  examination  of  structural  graph  properties  of  the  lim-
ic  network  in  TLE  found  no  change  in  the  overall  efficiency
f  the  limbic  network  when  left  and  right  TLE  patients

ere  evaluated  as  a  single  group  (Bonilha  et  al.,  2012).
ere,  we  show  that  a  trend  toward  decreased  global  effi-
iency  of  the  limbic  system  in  left  TLE  exists  when  left
nd  right  TLE  patients  are  evaluated  separately.  This  is
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d  be
LE,  
Figure  4  Network  clustering  coefficient,  global  efficiency,  an
nection density  range  (0.25—0.50)  are  shown.  LTLE,  left  TLE;  RT
supported  by  previous  observations  of  decreased  white  mat-
ter  global  efficiency  in  left  TLE  when  evaluated  separately
from  right  TLE  (Liu  et  al.,  2014).  Clustering  coefficient  has
variably  been  reported  to  be  both  increased  (Bernhardt
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Table  2  Nodal  functional  measurements  for  healthy  controls,  l
multiple testing  correction.

Region  Clustering  coefficient  Local  ef

LTLE  RTLE  LTLE  

ACG  L  0.11  ↑  0.39  ↓  0.11  ↑  

ACG R  0.46  ↑  0.24  ↓  0.44  ↑  

CAU L  0.44  ↑  0.37  ↑  0.48  ↓  

CAU R  0.49  ↓  0.17  ↑  0.41  ↑  

FUS L  0.34  ↓  0.46  ↑  0.26  ↓  

FUS R  0.06  ↓  0.12  ↓  0.05  ↓  

HIP L  0.43  ↓  0.29  ↓  0.37  ↓  

HIP R  0.03  ↓  0.04  ↓  0.04  ↓  

FIOG L 0.09  ↑  0.32  ↓  0.05  ↑  

FIOG R  0.18  ↑  0.35  ↓  0.19  ↑  

INS L  0.34  ↓  0.51  ↑  0.24  ↓  

INS R  0.11  ↑  0.34  ↓  0.12  ↑  

PHG L  0.37  ↓  0.24  ↑  0.30  ↓  

PHG R  0.26  ↓  0.13  ↓  0.22  ↓  

PCG L  0.09  ↓  0.49  ↓  0.04  ↓  

PCG R  0.14  ↓  0.32  ↓  0.12  ↓  

STG L  0.04  ↓  0.11  ↓  0.03  ↓  

STG R  0.46  ↓  0.16  ↓  0.48  ↓  

THL L  0.41  ↑  0.13  ↑  0.42  ↓  

THL R  0.45  ↑  0.28  ↑  0.47  ↑  

Highlighted values are significantly different from controls prior (bold
level.
↑ = increased relative to controls. ↓ = decreased relative to controls.
Abbreviations as per Fig. 1. L, left; LTLE, left TLE; R, right; RTLE, right
tweenness  centrality.  Mean  estimates  across  non-random  con-
right  TLE.
t  al.,  2011;  Bonilha  et  al.,  2012;  Horstmann  et  al.,  2010)
nd  decreased  (Liao  et  al.,  2010;  Vaessen  et  al.,  2012;
looswijk  et  al.,  2011)  in  TLE  (Chiang  and  Haneef,  2014).

n  this  study,  clustering  coefficient  was  not  significantly

eft  TLE,  and  right  TLE.  Values  shown  are  p-values  prior  to

ficiency  Betweenness  centrality

RTLE  LTLE  RTLE

0.42  ↓  0.06  ↓  0.20  ↓
0.33  ↓  0.48  ↓  0.43  ↑
0.27  ↑  0.23  ↑  0.36  ↑
0.11  ↑  0.45  ↓  0.05  ↓
0.42  ↑  0.49  ↓  0.24  ↑
0.10  ↓  0.30  ↓  0.27  ↓
0.39  ↓  0.49  ↓  0.02  ↑
0.02  ↓  0.09  ↑  0.22  ↓
0.26  ↓  0.29  ↓  0.09  ↓
0.25  ↓  0.31  ↓  0.21  ↓
0.36  ↓  0.26  ↑  0.01  ↓
0.24  ↓  0.23  ↑  0.23  ↓
0.36  ↑  0.16  ↓  0.11  ↓
0.06  ↓  0.27  ↑  0.02  ↓
0.42  ↓  0.07  ↓  0.12  ↓
0.36  ↓  0.29  ↓  0.21  ↓
0.10  ↓  0.06  ↑  0.24  ↑
0.20  ↓  0.32  ↓  0.30  ↓
0.09  ↑  0.05  ↓  0.41  ↑
0.19  ↑  0.35  ↓  0.47  ↑

) and after (underlined) multiple testing correction at the 0.05

 TLE.
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ltered  in  TLE  compared  to  controls.  Although  the  reason
or  inter-study  differences  in  clustering  coefficient  is  not
lear,  heterogeneity  in  hippocampal  sclerosis  levels,  sam-
le  size,  age,  and  anti-epileptic  drug  (AED)  regimens  must
e  considered  (Chiang  and  Haneef,  2014).  Neuronal  graph
heory  models  of  dentate  gyrus  sclerosis  have  shown  that
lustering  coefficient  increases  during  the  majority  of  the
clerotic  process  and  decreases  in  the  final  stages  of  sclero-
is  (Dyhrfjeld-Johnsen  et  al.,  2007).  Other  factors,  such  as
ncreased  drug  load,  are  also  associated  with  decreases  in
lustering  coefficient  (Vlooswijk  et  al.,  2011).

The  most  pronounced  change  in  functional  topology  was
 gain-of-function  increase  in  betweenness  centrality  of
he  left  hippocampus  in  right  TLE,  along  with  an  overall
ecrease  in  network  betweenness  centrality.  Table  2  sug-
ests  that  the  overall  decrease  in  network  betweenness
entrality  was  attributable  to  decreases  in  nodal  between-
ess  centrality  throughout  the  limbic  system,  including  the
psilateral  hippocampus  (see  also  Fig.  A.1).  While  not  sta-
istically  significant  individually,  these  combined  to  cause
n  overall  decrease  in  network  betweenness  centrality.  We
ostulate  that  the  concomitant  increase  in  left  hippocampal
etweenness  centrality  suggests  a  rerouting  of  ipsilateral
ippocampal  as  well  as  other  limbic  system  hubs  to  the
ontralateral  hippocampus  in  right  TLE.  Observations  of
erouted  hubs  involving  the  limbic  system  have  also  been
oted  in  previous  TLE  research  (Bernhardt  et  al.,  2011;  Liao
t  al.,  2010;  Liu  et  al.,  2014).

In  contrast,  a  much  weaker  increase  in  contralateral  hip-
ocampal  betweenness  centrality  compared  to  controls  was
bserved  for  left  TLE.  Our  finding  that  the  functional  impor-
ance  of  the  right  hippocampus  is  only  weakly  increased
n  left  TLE,  compared  to  the  marked  increase  in  left  hip-
ocampal  importance  in  right  TLE,  is  supported  by  previous
ndings  on  the  temporal  precedence  of  cross-hippocampal
unctional  connectivity  in  TLE.  Although  the  contralateral
ippocampus  exerts  influence  over  the  ipsilateral  hippocam-
us  in  both  left  and  right  TLE,  the  right  hippocampus
lso  exerts  influence  over  the  left  hippocampus  in  healthy
ontrols  (Morgan  et  al.,  2011),  leading  to  less  marked  dif-
erences  between  controls  and  left  TLE  in  right  hippocampal
nfluence.  Increased  functional  activation  of  the  contralat-
ral  hippocampus  in  response  to  memory  cues  has  also  been
bserved  in  right,  but  not  left,  TLE  (Powell  et  al.,  2007),
uggesting  that  the  contralateral  hippocampus  may  be  more
lastic  and  able  to  assume  lost  functionality  in  right  TLE.
n  light  of  the  more  disruptive  connectivity  changes  in  right
LE  and  compensatory  changes  in  left  TLE,  an  alternative
ypothesis  is  that  the  greater  compensatory  response  in
eft  TLE  leads  to  decreased  need  for  the  contralateral  hip-
ocampus  to  serve  as  a  rerouted  hub,  whereas  the  more
isruptive  pattern  in  right  TLE  leads  to  a  greater  need  for
he  contralateral  hippocampus  to  serve  as  a  rerouted  hub.
igher  functional  adequacy  of  the  left  hippocampus  in  left
LE  patients  (Chelune,  1995)  may  also  explain  the  ability  of
he  left  hippocampus  to  assume  lost  functionality  from  the
emainder  of  the  network.

Outside  of  the  hippocampus,  changes  in  clustering  coef-

cient  and  local  efficiency  occurred  only  in  left  TLE.  The
reater  prevalence  of  decreases  in  local  efficiency  in  left
LE  may  reflect  the  greater  cognitive  deficits  often  clinically
resent  in  left  TLE  (Mayeux  et  al.,  1980).  However,  whereas
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he  right  hippocampus  exhibited  decreases  in  clustering
oefficient  and  local  efficiency  in  right  TLE,  the  left  hip-
ocampus  was  spared  with  respect  to  changes  in  clustering
oefficient  and  local  efficiency.  Less  pronounced  changes  in
dgewise  functional  connectivity  may  be  responsible  for  rel-
tive  sparing  in  left  TLE.  Functional  preservation  of  the  left
ippocampus  may  also  be  a  mechanism  to  avoid  cognitive
eficits  in  left  TLE.  The  observed  interhemispheric  pattern
f  increased  functional  connections  in  left  TLE  may  con-
ribute  to  left  hippocampal  preservation  through  increased
onnectivity  to  the  contralateral  intact  hemisphere,  offset-
ing  decreases  in  clustering  coefficient  and  local  efficiency.
n  comparison,  the  majority  of  increased  functional  connec-
ions  present  in  right  TLE  were  intrahemispheric,  with  much
ewer  compensatory  connections  to  the  intact  hemisphere.

Other  than  the  right  hippocampus,  ipsilateral  decreases
n  local  efficiency  of  the  posterior  cingulate  gyrus  and  supe-
ior  temporal  gyrus  were  observed  for  left  TLE,  with  the
ost  marked  decrease  in  local  efficiency  observed  in  the

psilateral  superior  temporal  gyrus.  Using  structural  data,
ecreases  in  left  TLE  local  efficiency  have  also  previously
een  found  to  occur  primarily  ipsilaterally,  with  the  most
arked  reduction  in  left  TLE  local  efficiency  occurring  in

he  left  superior  temporal  gyrus  (Liu  et  al.,  2014).
This  study  has  some  limitations.  Based  on  the  moderate

ample  size  of  this  study  (N  =  37),  the  differences  iden-
ified  in  lateralized  TLE  limbic  connectivity  in  this  study
arrant  follow-up  confirmatory  studies  based  on  larger  sam-
les.  Another  limitation  is  heterogeneity  in  AED  usage  and  in
nderlying  pathology,  which  may  have  affected  connectivity
ifferently.  As  functional  connectivity  often  reflects  struc-
ural  integrity,  functional  connectivity  would  be  expected
o  differ  between  patients  with  MTS  or  normal  hippocampus
n  MRI.  Although  we  did  not  find  a  difference  in  the  pro-
ortions  of  patients  with  MTS  or  normal  MRI  between  left
nd  right  TLE  groups,  our  sample  size  was  small,  and  these
esults  need  to  be  confirmed  in  larger  studies.  Heterogeneity
n  epilepsy  duration  and  seizure  frequency  also  complicate
omparison  of  our  results  to  previous  fMRI  studies  of  TLE.  In
articular,  functional  connectivity  in  epilepsy  and  other  dis-
rders  involving  limbic  structures  is  increasingly  recognized
s  a  dynamic  property  which  changes  depending  on  the  level
f  disease  progression  (Pitkanen  and  Sutula,  2002;  Yao  et  al.,
014),  relation  to  recent  seizure  activity  (Jayakar  et  al.,
002),  and  treatment  (Jansen  et  al.,  2006;  Vlooswijk  et  al.,
011).  Variability  in  these  factors  may  play  a  role  in  diver-
ent  results  between  fMRI  studies  on  TLE.  Within-subject
esting  state  functional  connectivity  has  also  been  found
o  exhibit  less  than  expected  reliability  across  and  within
canning  sessions.  However,  within-subject  functional  con-
ectivity  has  been  found  to  exhibit  higher  reliability  among
etworks  linked  by  structural  connectivity  (Honey  et  al.,
009),  such  as  the  limbic  system  explored  in  this  study.
here  is  increasing  evidence  that,  while  patterns  of  resting
tate  functional  connectivity  may  be  constrained  by  a  stable
natomical  architecture,  there  is  a  level  of  within-subject
ariability  in  functional  connectivity  which  is  caused  by
ynamic  changes  in  signal  transmission  time  delays  and  local

nteractions  between  cells  (Deco  et  al.,  2011;  Mehrkanoon
t  al.,  2014).

In  order  to  construct  the  nodes  of  subject-level  graphs,
e  used  the  average  time  series  across  all  voxels  in  a  given



s
M
r

m
p
v
t
M
C
#
(
(
S
P
F
t
t

A

S
b
1

R

B

B

B

B

B

B

B

B

Functional  graph  connectivity  in  TLE  

region.  Averaging  as  a  method  of  estimating  a  prototypical
time  course  may  not  optimally  reflect  the  most  represen-
tative  time  course  for  all  subjects  equally.  Additionally,  a
region  of  interest  based  approach  was  employed  for  defin-
ing  the  network  examined  in  this  study.  Other  data-driven
approaches,  such  as  independent  component  analysis,  may
allow  for  the  extraction  of  other  TLE  networks  while  avoid-
ing  experimenter  bias  in  the  selection  of  seed  regions.
Approaches  such  as  seed-based  analyses  and  Granger  causal-
ity  offer  alternative  hypothesis-based  approaches  which  do
not  require  a  priori  knowledge  of  connectivity.  Another
important  limitation  is  the  choice  of  multiple  compar-
isons  adjustment.  Whereas  FWER  was  controlled  in  this
study,  false  discovery  rate  (FDR)  could  have  alternatively
been  controlled  for  less  conservative  statistical  significance
thresholds.  However,  increased  power  of  FDR  procedures
comes  at  the  cost  of  increased  Type  1  error  probability.
Control  of  FWER  thus  may  be  considered  a  strength,  by
decreasing  the  probability  that  our  results  reflect  false  posi-
tives.

Conclusions

We  identify  several  lateralized  differences  in  the  functional
connectivity  and  graphical  reorganization  of  the  limbic
network  in  TLE.  We  found  that  right  TLE  involves  more
pronounced  reduction  in  limbic  network  connectivity  and
preliminary  evidence  that  the  right  hippocampus  is  more
vulnerable  to  loss  of  local  functional  connections  in  both  left
and  right  TLE.  Preservation  of  the  left  hippocampus  through
interhemispheric  increases  in  functional  connectivity  to  the
contralateral  intact  hemisphere  may  be  a  compensatory
mechanism  to  avoid  cognitive  deficits  in  left  TLE.  These
differences  may  help  explain  lateralized  variations  in  neu-
robehavior  and  cognition.  In  addition,  differences  in  graph
theory  measures  provide  potential  quantitative  markers  of
TLE  laterality,  disease  severity,  and  prognosis,  which  are
worthy  of  further  investigation  as  a  technique  for  TLE  later-
alization  and  disease  monitoring.
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